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FOFEWORD 

The eighth International Cryogenic Materials Conference 
(ICMC~ was held on the campus of the University of California 
at Los Angeles in collaboration with the Cryogenic Engineering 
Conference (CEC) on July 24-28, 1989. The continuity of the 
bond between these two major conferences in the field of cryo
genics is indicative of the extreme interdependence of the 
subject matter. The main purpose of the conference is sharing 
of the latest advances in low temperature materials science 
and technology. However, the many side benefits which accrue 
when this many experts gather, such as identification of new 
research areas, formation of new collaborations which often 
cross the boundaries of both scientific discipline and politics, 
and a chance for those new to the field to meet the old-timers, 
may override the stated purpose. 

This 1989 ICMC Conference was chaired by R. M. Scanlan 
of the Lawrence Berkeley Laboratory. J. W. Morris, of U. C. 
Berkeley served as Program Chairman with the assistance of seven 
other Program Committee members. Special contributions to the 
Conference were made by Committee members D. C. Larbalestier 
of the U. of Wisconsin and D. o. Welch of Brookhaven National 
Laboratory in the f9rm of a Symposium on Critical Currents in 
High Temperature Superconductors which preceded the formal 
opening of the Conference. 

We especially appreciate the contributions of the CEC Board 
and its Conference Chairman, T.H.K. Frederking of UCLA, to the 
organization of this joint conference. UCLA hosted the confer
ence; the local arrangements and management, unaer the direction 
of D. C. Hustvedt, were excellent. 

The combined conferences are held biennially. The next 
CEC/ICMC will be hosted by the University of Alabama at 
Huntsville and held on June 9-13, 1991, on the UAH campus. 
J. B. Hendricks of Alabama Cryogenic Engineering will be the 
CEC Chairman and F. R. Fickett of the National Institute of 
Standards and Technology will be the ICMC Chairman. The ICMC 
Board sponsors conferences on special topics in others years. 
In 1990 two topical conferences will be held: (1) High
Temperature Superconductors - - Materials Aspects will be held 
May 9-11, in Garmish-Partenkirchen, FRG, under the chairmanship 
of H. C. Freyhardt, (Institut fur Metallphysik, U. of Goettingen, 
Goettingen, FRG) and co-sponsored by ICMC and the Deutsche 
Gesellschaft Metallkunde e. V. and (2) Nonmetallic Materials 
and Composites at Low Temperatures, V. at Heidelberg, FRG, on 
May 17-18, organized by G. Hartwig (KfK, Karlsruhe, FRG). 
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Participation in the conference continues to increase with 
about 780 registrants for the combined conference. The ICMC 
attracted more than 180 contributed and invited papers covering 
all aspects of cryogenic materials research. Plenary papers 
addressed two aspects of superconductivity applications, the 
first, by A. Das Gupta from DoE, discussed materials problems 
related to large-scale applications of the high temperature 
materials, and the second, by C. Taylor of LBL, described the 
array of modern low temperature superconductors and their 
applications in present-day devices. Low temperature super
conductors continued to dominate the contributed papers in 
superconductivity, representing about 60% of the total, with 
the remainder treating various aspects of the high temperature 
materials. In both areas, the subjects discussed ranged from 
the very practical to the truly exotic with the material taking 
forms ranging from wires and bulk to very thin film structures. 
International cooperation was evident in the full session devoted 
to the VAMAS studies. The topic of cryoconductors appeared 
this year with two sessions devoted to these normal conductor 
composites which take advantage of the very low resistivity 
of pure metals at low temperatures to provide a rugged, high 
current conductor for application in liquid hydrogen. 

Special topical sessions were held on mechanical test 
standards at low temperatures for structural composites. Shear 
and compression testing and irradiation effects were emphasized. 
Contributions from the United States, Japan and Europe, hope
fully, will lead toward more uniformity in testing these complex 
materials. 

This volume is, once again, the largest ever published 
by ICMC, a measure of the growing interest in the area of low 
temperature materials research and the importance of this 
research to numerous international programs. Our thanks goes 
to Mrs. Lynn Preston for her diligent work in the assembly of 
this volume. 
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BEST PAPER AWARDS 

A,vards for the best papers of the 1987 ICMC proceedings, 
Advances in Cryogenic Engineering - Materials, volume 34, were 
presented--at the 1989 conference. Selection is made by the 
awards committee from nominations of the editors in the cate
gories of superconductors, structural materials, and student 
paper. It was a pleasure to present these three awards. We 
thank the authors for their exemplary contributions. 

ANALYSIS OF AC-LOSS MEASUREMENTS ON 
SUPERCONDUCTORS USING COIL CONFIGURATIONS 

A.J.M. Roovers, H. A. van den Brink and L.J.M. van de Klundert 
University of Twente 

MANGANESE-MODIFICATION OF GAMMA'-STRENGTHENED 
IRON-BASE SUPERALLOYS FOR CRYOGENIC APPLICATIONS 

Keijiro Hiraga and Keisuke Ishikawa 
National Research Institute for Metals Tsukuba Lab. 

A MODEL FOR THE RESISTIVE CRITICAL CURRENT 
TRANSITION IN COMPOSITE SUPERCONDUCTORS 

William H. Warnes 
Applied Superconductivity Center 

University of Wisconsin 
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THE VAMAS INTERCOMPARISON IN THE AREA OF SUPERCONDUCTING AND 

CRYOGENIC ISTRUCTURAL MATERIALS 

ABSTRACT 

K. Tachikawa 

Faculty of Engineering 
Tokai University 
Hiratsuka, Kanagawa 259-12, Japan 

The international cooperation on the characterization of relevant 
properties of superconducting materials and those of cryogenic structural 
materials necessary for the construction of superconducting equipments are 
successfully proceeding under the framework of VAMAS intercomparison. 
The progress and present status of the VAMAS intercomparison are outlined 
in this paper. Fairly large coefficient of scatter in critical current 
of Nb 3 Sn wires was obtained depending on the wire manufacturing process 
and the measurement conditions. The strain in the specimen was 
considered to be a major origin of the scatter in critical current. 
Meanwhile, relatively good agreement was obtained in the round robin test 
of AC loss measurement of Nb-Ti wires. The results of tensile and 
fracture toughness testing of SUS 316LN and YUS 170 steels at 4.2K also 
show rather small scatter. An intercomparison on the electrical strain 
gauge calibration at cryogenic temperatures has been recently initiated. 

INTRODUCTION 

The Versailles Project on Advanced Materials and Standards, commonly 
referred to as VAMAS aims at promoting the development of economic growth 
and employment through more rapid application of new technologies. In 
response to the request of the VAMAS Steering Committee, an international 
technical working party (TWP) on superconducting and cryogenic structural 
materials was organized in 1986 (area No.6 of VAMAS cooperation) I. The 
TWP meeting has been convened five times since then, 1st in April 1986 
at KfK, FRG, 2nd in July 1987 at NBS, USA; 3rd in May 1988 at Sunshine 
City, Japan, 4th in July 1988 at Univ. of Southampton, UK and 5th in July 
1989 at UCLA, USA. Two subgroups, L e. subgroup I for superconducting 
materials and subgroup II for cryogenic structural materials, were 
organized in the TWP. The performance of following intercomparison 
(round robin test) programs has been agreed at the TWP. 

1. Round robin test programs on superconducting materials: 
1.1 Critical current, Ic, measurement in Nb~Sn multifilamentary wires. 
1.2 AC loss measurement in Nb-Ti multifilamentary wires. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1 List of Participant Labs in the Round Robin Tests on 
Superconducting Materials 

Ic measurment on NbaSn Wires 

Europe 
Atomnist. Ost. Univ. (Austria) 
lnst. Expml. Phys. Ost. Univ. (Austria) 
S. C. K. ,IC. E. N. (Be 19 i um) 
S. N. C. I., C. N. R. S. (France) 
KfK (F. R. G. ) 
Siemens (F. R. G. ) 
Yakuumschmelze (F.R.G.) 
E.N.E.A., Centro di Frascati (Italy) 
Univ. Nijmegen (The Netherlands) 
Clarendon Lab (UK) 
Rutherford Appleton Lab (UK) 

USA 
Brookhaven National Lab. 
Francis Bitter National Mag. Lab. 
Lawrence Livermore National Lab 
N. I. S. T. 
Univ. Wisconsin 

Japan 
Electrotechnical Lab. 
Furukawa Electric Co. 
J. A. E. R. I. 
Hitachi 
Kobe steel. 
N. R. I. M. 
Osaka Univ. 
Tohoku Univ. 

AC Loss Measurment on Nb-Ti Wires 

Europe 
Atominst. Ost. Univ. (Austria) 
Alsthom D. E. A. (France) 
KfK (F. R. G. ) 
Siemens (F. R. G. ) 
C. I. S. E. (Italy) 
Univ. Twente (The Netherlands) 
Clarendon Lab. (UK) 

USA 
Battelle 
Brookhaven National Lab 
N. I. S. T. 

Japan 
Center Res. lnst.Elec.Power Ind. 
Electrotechnical Lab. 
J.A.E.R. I. 
Kyushu Univ. 
Nihon Univ. 
N. R. I. M. 
Tohoku Univ. 
Tokai Uni v. 
Toshiba 

2. Round robin test programs on cryogenic structural materials: 
1.2 Tensile measurement at 4.2K on SUS 316LN and YUS 170 steels. 
1.3 Fracture toughness measurement at 4.2K on the same steels. 
1.4 Electrical strain gauge calibration at cryogenic temperatures. 

ROUND ROBIN TEST ON THE CRITICAL CURRENT IN Nb 3 Sn WIRES 

Critical current measurements on multifilamentary NbaSn wires were 
successfully completed with 24 participant labs from 9 different countries 

.listed in Table 1. The distribution of test samples and accumulation of 
resulting Ie data in EC, Japan and USA were performed by the respective 
central labs; BCMN, NRIM, and NIST. The BCMN in Belgium served as the 
central lab in Europe, although the BCMN itself did not perform the Ic 
measurement. 

Three samples wires were supplied, one from each of EC, Japan and USA; 
these samples are labelled as sample A, Band C in no specific order. 
The specification and respective heat treatment conditions of three wires 

2 
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Table 2 Specifications and Heat Treatment Conditions 
of Nb 3 Sn Test Samples 

Sample A Sample B Sample C 

Fabrication process Bronze Bronze Internal Sn 
Wire diameter(mm) 0.8 1.0 0.68 
Composite component NbTa/CuSn Nb/CuSnTi Nb/Cu/Sn 
Cu/non-Cu ratio 0.22 1. 68 0.88 
Bronze/Cores ratio 2.8 2.5 3.1 
Fi lament diam. ()J.ffi ) 3. 6 4.5 2. 7 
No. filament 10. 000 5.047 5. 550 
Heat treatment 7WCX96h 670"C X 200h 700°C x48h 

are indicated in Table 2. Upper critical fields. HC2. for sample A and 
sample B are enhanced by additions of Ta and Ti. respectively. Each 
laboratory was asked to prepare two spec imens from each wire. One of 
these they heat treated themselves. whilst the other they sent for heat 
treatment at a central laboratory (central heat treatment). The round 
robin test procedure of central heat-treated specimen is illustrated in 
Fig. 1. 

The round robin test results were intercompared to examine the effects 
of test holder materials. specimen mounting methods. measurement details· 
etc. on the scatter in measured Ie. To ensure a meaningful inter-

central laboratories (A). (B), (e) :NRIM (Japan) , BCMN(Ee)' NIST(USA) 

~ 
fabrication 

distribution of 
~ 

~ 
mounting 

collection of 
mounted samples 

I --i participants 

F;-lab.!(A)l{ ce~~~;-~iCiPants f-fcentral lab (B) 

L{central lab ~ participants /-Gentral lab (e) 

. heat treatment redistribution of 
heat-treated samples 

measurement 

~-. -l 
r------------ll partlClpantsJ 

I 

. (---~---, 

Y central lab (e) 

Fig. 1 Test process chart of round robin test for sample A of central reaction. 
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Fig.2 Averaged Ic at 10 ~v/m versus magnetic field for central heat-treated 
Nb 3 Sn sample B. The bars on the Ic curve indicate standard deviation 
a at respective field. a/ave. is coefficient of scatter. 

comparison, homogeneity in Ie values of sample A and B was inspected, and 
found to be wi thin ± ca. 1 %, good enough for the intercomparison. The 
homogeneity in Ie of sample C was not inspected. Preliminary reports on 
the present round robin test on Ie have been published in elsewhere 2.3. 

Fig~ 2 is an example of the test results that shows averaged Ie data 
and coefficient of data scatter on sample B as a function of magnetic 
field. The semi logarithmic plots show that for samples A and B the logs 
of the Ie decreases almost linearly with increasing field up to about 15 
Tesla, and then drops off more rapidly above this field. Ic's in sample 
C decrease in a simi lar way, and start to drop off above about 12 Tesla. 

Coefficients of scatter of Ie's at 10 )J.v /m and 12 Tesla are about 7, 5 
and 19% of the averages for samples A, Band C, respectively, and become 
larger at higher magnetic fields. These values are appreciably larger 
than those obtained in the homogeneity studies. Sample C shows much 
larger scatter in Ic as compared to samples A and B. The origin of 
scatter in Ic among labs may be due to the different sample holders, 
sample mounting, the mea.surement method, and va.riations in instrument 
cal ibration. 
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Fig.4 Cross-sections of wires E and F. Left: wire E, outer diam. 0.35mm, 
filament diam. 6. 3 ~m, No. of filaments 760. Right: wire F, 
outer diam. 0.14mm, fi lament diam. O. 50 ~IIl, No. of fi laments 14280. 

As an example, Fig. 3 demonstrates the effect of holder materials on 
the scatter in Ic for sample B. The figure suggests that there seems to be 
a systematic effect on Ic originated by holder materials. Goodrich and 
Bray studied more quantitatively the effect of wall thickness of FRP 
holder on Ic 4 . Strain effect measurements on all sample wires have been 
also carried out in high magnetic fields. The tensile strain sensitivity 
of Ic is largest for sample C and smallest for sample B. This may be 
related partly to the HC2 of these samples; sample C has a relatively low 
HC2 of ~ 19 Tesla. while it is ~ 24 Tesla for samples A and B. The 
imposition of compressive strain to sample C may cause a large depression 
in Ie, whilst that to sample B may cause a smaller depression. 

In Ic measurement, the strain in a specimen varies from lab to lab, 
depending on the thermal contraction of the holder material and the 
details of the fixing of the specimen to the holder. The scatters in Ie 
of round robin test results may principally be assigned to the strain 
effect of samples. 

ROUND ROBIN TEST ON THE AC LOSS IN Nb-Ti WIRES 

Following the critical current measurement in Nb 3 Sn wires, an intercom
parison program for AC loss measurement on Nb-Ti multifilamentary wires 
was started with 19 participant labs from 8 different countries listed in 
Table 1. Taking into account a large variety of measurement techniques 
and the absence of a predominant practice, this program assumes that the 
measurement be carried out by means of exising techniques and on-site 
apparatus at each participant lab. 

Four Nb-Ti sample wires, two from Japan and one from each of EC and 
USA. have been suppl ied. These wires are coded as wire D, E, F and G in 
this paper. The wires D and E are for accelerator magnet and pulsed 
magnet use, respectively. Relatively large AC losses are expected in 
these wires. Meanwhi Ie, the wires F and G are for power frequency 
application, and expected to have much smaller AC losses than those of 
wires D and E. Fig.4 shows the cross-sections of wires E and F. The 
outer diameter and filament diameter of wire Dare 0.74 mm and 4.6 ~m 
(10980 filaments), respectively, while those of wire G are 0.20 mm and 
0.18 ~m (242892 filaments), respectively. The wires F and G were wound 
into test coi Is, and then circulated for the round robin test. The 
length of wires in the coil F and coil G were 590 m and 250 m, respec
tively. 
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Table 3 Comparison of Hysteresis Loss Measurement for a 
0-+1-+0 Tesla Cycle on Nb-Ti Test Wires 

Laboratory Measurement 
Method 

a Integration 
b Calorimetric 
d YSM 
e Integration 
f YSM 
g Integration 
h YSM 
i Integration 
k Integration 
m Integration 
n Integration 
0 YSM 

* Bmax=0.42T, full cycle loss. 

Cycle Hysteresis Loss(mJ/m) 

Wire D Wire E 

1/2 5.0 0.47 
1/2 5. 7 0.54 
1 4.3 0.48 

1/2 4.39 0.412 
1/2 4. 78 0.475 

O. 7* 
1/2 0.46 
1/2 0.54 
1/2 4.88 O. 508 
1/2 5.89 0.531 
1/2 5.6 O. 60 
1/2 4.5 0.45 

1/2: half cycle [O-I]Tesla 
1: full cycle [-1-+1]Tesla 

Electric, magnetic and calorimetric AC loss measurements were performed 
on these wires. This round robin test is still underway, but preliminary 
results on samples D and E are summarized in Table 3. The average 
hysteresis losses are 4.9 and 0.50 mJ/m for sample D and E, respectively 
with corresponding standard deviations 0.49 and 0.051 mJ/m, respectively. 
The coefficient of scatter in the present AC loss measurement is ca. 10 % 
which is rather small referring the variety of measuring details. 

Meanwhile, an example of coil loss measurement for wire G is illus
trated in Fig. 5 5. A calorimetric measurement was performed with 
induced current of different frequency. The loss is much smaller than 
that of wire D and E as expected. A tan {) method was also performed for 
the loss measurement in coils F and G. A summarized result for Japanese 
participant labs will be published in this issue 6. The round robin test 

1000r---,.--,.--,-"'T"""'1---" 
Coil Sample G 

10~-~-~~-L~--~ 

1 2 4 6 610 
IEFF[A] 

20 

Fig. 5 
Total power loss in Nb-Ti coil G as 
a function of transport current of 
three different frequencies. 
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Table 4 List of Participant Labs in the Round Robin Tests on 
Cryogenic Structural Materials 

Tensile Measurement 

Europe 
Tech.Univ.Wien (Austria) 
KfK (F. R G.) 
EMPA (Switzerland) 
Rutherford Appleton Lab. (UK) 

USA 
Lawrence Livermore Natl.Lab. 
Master. Res. Engr. Inc. 
N. l. S. T. 
Teledyne Engr. Service 

Japan 
Hitachi 
J. A. E. R 1. 
Kawasaki Stee 1 
Kobe Steel 
Nippon Kokan 
Nippon Steel 
N. R. I. M. 
Tohoku Univ. 
Toshiba 
Univ. Tokyo 

Fracture Toughness 
Measurement 

Europe 
KfK (F. R G.) 

USA 
N. I. S. T. 

Japan 
Hitachi 
Kobe Steel 
N. R. I. M. 
Tohoku Univ. 
Toshiba 
Univ. Tokyo 

Strain Gauge 
Cal ibration 

Europe 
Atominst. Ost. Univ. (Austria) 
lnst. Expml. Phys. Ost. Univ (Austria) 
KfK (F. R G.) 
Ansaido (Italy) 
1t.KlC (Italy) 
INFN-LASA (Italy) 
EMPA (Switzerland) 
Rutherford Appleton Lab. (UK) 

USA 
N. 1. S. T. 

Japan 
Hitachi 
Kobe Steel 
N.RI.M. 
Univ. Tokyo 

on AC loss measurement will be completed in the near future, and a recom
mended test procedure will be proposed based on the discussions at the TWP 
meeting. 

ROUND ROBIN TESTS ON CRYOGENIC STRUCTURAL MATERIALS 

Two austenitic steels, SUS 316LN and YUS 170 steels, were chosen as the 
round robin test materials. These steels are commercially available and 
have high yield strength and good fracture toughness favorable for 
cryogenic structure use. The participant labs in the tests are listed in 
Table 4. Tensile and fracture toughness test specimens were machined at 
NRIM according to specifications designed by each participant. Each 
participant applied a different measurement method; there were no strict 
requirements on the measurement details, except that the strain rates were 
recomlilended to be low. Instead, detai led measurement condi tions were 
reported along with the mechanical properties. 

In general, tensi Ie data reported are in a relatively good agreement 
with each other. Statistical analysis showed small scatter for Young's 
modulus, yield strength, and tensile strength of both steels. For these 
properties the ratio of the standard deviation to mean value was between 
0.01 and 0.06. This means the current test methods have been fairly 
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Fig.6 Comparison of scatter in yield strength normalized by tensile strength between 
strain gauge and extensometer methods for SUS 316LN steel at" 4.2 K. 

improved for precise and reliable determination of liquid helium tempera-
ture properties. The scatter of elongation and reduction of area was 
also not too large, and was about 0.05 to 0.12 7. 

It seems that the scatter in tensile strength measurement arises from 
load cell calibration error. Strain gauges were found to give a larger 
scatter of data on the yield strength than did extensometers. Fig. 6 
compares the scatter in yield strength data for the two methods. In the 
determination of elongation, we found that the influence of 'serration', 
indicative of localized defDrmation. was important. 
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Fig.7 Effect of specimen thickness on fracture toughness of SUS 316LN 
and YUS 170 steels at 4.2K. 
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The fracture toughness measurement results are being analyzed. The 
scatter in fracture toughness data reported seems to be attributed to 
the measurement variables including the machine type, the strain rate, the 
deformation control-mode, etc. Fig.7 indicates the relationship between 
fracture toughness and sample thickness for both steels. The complete 
result of the fracture toughness round robin test was reported at the TWP 
meeting in July, 1989. 

In addition, round robin test on the electrical strain gauge cali
bration at cryogenic temperatures has been recently initiated with 13 
participant labs from 7 different countries as listed in Table 4. 
The technical format for the round robin test has been distributed to the 
participant labs, and the test hardwares will be circulated shortly. 

CONCLUSIONS 

The round robin test on critical current measurement in multifila
mentary Nb 3 Sn wires with 24 participant labs from 9 different countries 
was successfully completed. The coefficient of scatter of Ie depends 
both on the wire manufacturing process and the measuring techniques. 
Several parameters affecting Ie have been extracted. The strain in the 
sample was suggested to be a major origin for the scatter in Ie. 

The round robin test on AC loss measurement in multifilamentary Nb-Ti 
wires was carried out using electric, magnetic and calorimetric methods. 
The results so far obtained show relatively small coefficient of scatter. 
The round robin test will be completed in the near future, and the results 
will be summarized. 

In the area of cryogenic structual materials, the round robin test on 
tensile testing at 4.2 K was completed, and summarized reports was 
published. The test data showed good agreement among participant labs. 
Following this, the round robin test on fracture toughness at 4.2 K using 
the same steels has been completed. Effects of testing parameters on the 
results are being analyzed. More recently the round robin test on strain 
gauge calibration at cryogenic temperatures has been started. 

Now, new round robin test programs are being considered for different 
measurements and materials. These may involve Ic measurements on new 
and large scale conductors, strain effect measurement on superconducting 
materials, tensile and fracture toughness measurement on Ti and Al 
alloys, etc. Complementary round robin tests on Ie and AC loss measure
ments with more strictly defined experimentil conditions are also under 
consideration. 

The application of supercondutivity should be developed under a concept 
of long term project whereby international cooperation would play an 
important role. The methods of performance characterization for 
superconducting and cryogenic structural materials would be effectively 
established through the international cooperation. The worldwide 
technical exchanges would be also enhanced through such cooperation. 
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THE RESISTIVE STATE OF A RANDOM WEAK UNK NE1WORK 

M.G. Blamire and J.E. Evetts 

Department of Materials Science and Metallurgy. Cambridge University 
Pembroke Street. Cambridge CB2 3gZ. U.K.and 
Interdisciplinary Research Centre In Superconductivity 
Cambridge University. West Site. Madingley Road. Cambridge CB3 OHE. U.K. 

While the equilibrium response of superconducting weak link networks has been studied for a number of 
years. the dynamic or resistive state has received little attention. This paper develops a model for the 
resistive state in such networks. and shows that at low voltages there exist phase-locked regions within the 
network. which are separated by phase-slip paths which generate the observed voltage. The characteristic 
dimension of these phase-locked regions A. is shown to determine the power-law or n-value response of the 
resistive state of such networks. The results of this model agree well with experimental results on sintered 
ceramic superconductors and fabricated tunnel junction arrays. 

INTRODUCTION 

The accepted picture of polycrystalline high temperature superconductors is of high quality 
superconductivity associated with the oxide grains or subgrannular regions. with only weakly 
superconducting connections between the grains or subgrruns. The stmplest of the conceptual pictures which 
has emerged Is that of a composite constructed of perfectly superconducting material connected at each 
interface by a Josephson weak link. A phenomenological model based on this Idea has produced reasonable 
agreement with some experimental datal. There are also a number of existing theoretical models of 
superconductivity in such networks based on analyses in terms of percolation theory which predict the 
behaviour ofTc and diamagnetism in superconductor I non-superconductor composite structures2 -5. These 
do not however address the practical problem of critical current densities and the magnetic field suppression 
of these currents. or the dynamic behaviour of the system above Its zero-voltage state. 

This paper describes a theoretical method of treating the dynamic state of such arrays which successfully 
describes the main observed features of the resistive response of such networks. Including non-linearlties in 
voltage vs current curves which can be approximately fitted by a power law of the form V=kIn or "n-value". 
the magnetic field suppression of the critical current and the change of n -value with magnetic field. 

The simplest limit of such a network Is a one-dimensional chain of weak links. Such series arrays have 
been fabricated for many years and their resistive response is well-understood: Fig. 1 shows a typical V vs I 
characteristic from a 1-0 SIS tunnel junction array. As the applied current reaches the critical current ic of 
each of the junctions there Is an increase In the voltage of the array corresponding to twice the gap voltage d. 
The junctions have a distribution of critical currents and so this results in a curvature of the characteristic. 
This portion of the curve can be analysed by conventional resistive transition techniques to give plots of the 
n value (dLog(V)/dLog(I)) against various parameters; and since the voltage increment due to each junction 
entering the resistive state Is constant. plotting dV IdI gives directly the probability distribution of ics fHc}. 

If the weak links all have the same I the transition will be sharp; however. for a normal flic} the n-value 
of the transition will depend on 0'. the s~dard deviation of fli }. and Inversely on the mean critical current 
<ic>' The application of a magnetic field to such a system results In the partial or complete suppression of a 
number of weak links within this distribution. 

Fig. 2 shows a plot ofn vs the electric field (E) for a sample ofYBa2Cu307; which shows the characteristic 
structure of decreasing n with Increasing E exhibited by all weak link networks including series arrays of 
tunnel junctions. In a previous publicatlon7 we showed that the resistive behaviour of oxide superconductor 
samples tended to that of a series array as the sample compaction density was decreased. In order to directly 
compare different samples it is necessary to use reduced units nIno and B/Bo. where no is the n-value in zero 
magnetic field at a particular electric field criterion. and Bp is the characteristic width of the decay of 
critical current with magnetic field; this is shown in Fig. 3. The agreement between the low density sample 
and the series array shows that provided the different field behaviour and flic} distributions are taken into 
account then these two apparently different types of network are comparable and that a simple measure of 
the behaviour can be drawn from plots such as this. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Fig. 1. Current vs voltage plot for a series array of 600 Nb/AiOx/Nb tunnel junctions. 
The critical current portion of the curve shows a smooth curvature due to random 
variations In device size. 

However, to further understand the behaviour of samples such as these, it is necessary to consider the 
underlying mechanisms of current transfer within multiply-connected weak link networks. The following 
sections describe a model for the resistive behaviour of such systems and will then show a quantitative 
comparison between the theoretical results and the experimental data. 

FLUX VORTEX PINNING ARRAYS 

The standard model of a weak link network consists of a rectangular network with identical 
microbridges or other weak links lying between each node. Plots of critical current against magnetic field 
have been obtained from microfabricated test structures which show a characteristic peak structure In the 
field dependence of the critical current corresponding to the presence of integral number of flux vortices 
within each ce1l4 ,5. J c vs B peaks of this type are also known to occur in measurements on systems described 
as ordered pinning arrays8.9; indeed as the ratio of hole diameter to spacing increases then the simplest 
weak link network consisting of a regular array of holes in a superconductlng film becomes identical to flux 
vortex pinning array structures. There Is thus at least one limit in which the response of WLNs can be 
modelled on the basis of vortex pinning. This section will consider the behaviour of Imperfect pinning 
arrays as a means of introducing the general WLN problem. 

In such systems there is a well-defined zero-voltage critical current density at all magnetic fields; being 
that required to displace vortices (or defects in an otherwise commensurate vortex lattice) from pinning 
centres and maintain continuous vortex flow throughout the samplelO. Vortex behaviour in these systems is 
translationally isotropic on a scale larger than the pin spacing and the behaviour can be summarised as 
follows: below the zero-voltage critical current J co there is no continuous vortex motion. and above this 
value all vortices or lattice defects (which mediate the dynamic response of the vortex lattice when this is 
incommensurate with the pinning array) move with a common average velOCity. 

We will now conSider the effect of superimposing a random potential on such a system. so that the 
pinning array now consists of potential barriers which are Similarly shaped and uniformiy spaced, but 
which vary In height In a random fashion. In sucha 2-D array there is a time-averaged translational 
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Fig. 3. Reduced n-value vs reduced magnetic 
field. Dashed line shows data from tunnel 
Junction array shown in Fig. 1. Points a.h.c 
represent theoretical CUlVes with parameters 
C=l. 0=1; C=l. 0=0.5 ; C=2. 0=1 respectively. 
Inset Is the zero field n-value vs sample 
compaction density. 

Isotropy provided that vortex motion Is continuous at all points within the sample. since all vortices will (In 
time in an Infinite array) experience the same random pinning potential. If this condition of continuous 
motion is satisfied then the motion of a single vortex will represent the behaviour of the vortex lattice as a 
whole. Since vortices have zero Inertia. the equation of motion for a vortex Is simply f=T]v. where" Is the 
vortex flow viscosity. and f is the net driving force on the vortex which In this example may be expanded so 
that f{x)=fo(x)+g(x). where fo Is the sum of the periodic pinning potential and the Lorentz driving force and 
g(x) represents the net force due to the random pinning potential and the vortex lattice restoring forcell. 
This equation of motion can be Integrated (Appendix A) to give the average vortex velocity and hence the 
electric field 

~ia JI LJa _ -L.. g(na) 
E- '11 0 fo(x)! 1+ (fo(xJ + ... dx (1) 

This shows that as the random force term becomes smaIl compared to periodic term (which Includes the 
Lorentz driving force) then the electric field tends to 

E= n11a -L dxJI (2J TIl fo(x) 
which Is the electric field obtained from the perfect periodic pinning array. Thus we can say that as the 
current Is decreased from a high value. well above J co• the electric field of the random pinning array 
initially decreases faster than the perfect periodic array. and that the magnitude of this field depression 
Increases as the magnitude of the random potential variation Increases. 

So far we have presented a qualitative argument for the existence. for a pinning array In the resistive or 
dynamic state. of regions within which the electric field is zero (phase-locked regions) separated by channels 
or paths along which vortex motion occurs. Treatments of weak link networks (WLN) are usually based on 
consideration of the static energy Hamiltonian of an array of coupled loops containing two or more weak 
links. The derivation of the dynamic characteristics of such networks has proved intractable. The starting 
point here is to assert the formal equivalence of an irreversible superconductor In the mixed state. and a 
WLN. There Is a continuum of physical systems ranging from a random pinned vortex lattice through an 
Inhomogeneous type II system with zero pinning regions or even normal Inclusions or voids to an 
interconnected system of microbrldges and finally to a random Interconnected array of SNS or SIS tunnel 
Junctions. Since the problems of interaction and non-locality in a pinned elastic vortex lattice have been 
fully treated1 2-14 without introducing the additional concept of frustration It is clear that a similar 
treatment for WLNs can lead to a transparent Interpretation of the dynamic state. In what follows we 
present a model that yields the dimensions of the phase-locked regions In a random WLN. and thence 
predicts the dynamic response of the WLN. 

WEAK UNK NEtWORKS 

In discussing this problem two key terms will be employed: (a) the global critical current distribution 
f{lel; this is the probabtlity distribution of the critical currents In all the junctions In the material which in 
an Isotropic material will be a scalar distribution but directional In textured or non-Isotropic materials; (b) 
the macroscipic current flow; the direction of flow of the total current. averaged over the whole sample 
width. 
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Fig. 4. Schematic plot of the effect of 
increasing the random potential 
superimposed on a regular pinning array. 

Before considering the general WLN there Is a particular limiting case which Is very illuminating. In this 
limit the WLN Is to be Imagined as a rectangular lattice with the macroscopic transport current flowing 
parallel to one of the principal axes. The lines which make up this lattice each contain a single weak link. 
The simplifying feature in this limit is 'to assume that the weak links which lie on arms normal to the 
macroscopic current flow are completely superconductlng at all times. Thus the lattice is represented by a 
series array of sets of weak links: each set lies on a line or plane normal to the macroscopic current flow. 
and quantum coherence distributes the current over all weak links in the set up to their critical current. The 
critical current of each set (Ic) Is thus simply the sum of the critical currents of all the weak links In the set. 

K 

Iem= L ick.m 
o 

(~ 

where K Is the number of weak links normal to the net current flow direction. The distribution of critical 
currents in the sets F(Ic) Is gaussian by the central limit theorem. and consequently the standard deviation 
of F(lclls given by !JF(Ic) = CJf(lc)/..JK. The problem thus reduces to a series array of sets. each of which behaves 
as a single weak link and the distribution of whose critical currents Is given by a standard statistical 
summation over the original global distribution. The effect of this Is to produce a much sharper distribution 
of total critical currents In the series array with a consequent Increase In n-value. However. unless f(le) Is a a 
function. CJf{lc) and hence n will still be finite and the V'vs I characteristic will still exhibit curvature and a 
transition from zero to finite voltage state which occurs at different currents in different parts of the array. 
This refutes the argument5. impliCit in some existing work. that a 2-D or 3-D coupled arrangement of weak 
links must inevitably reach a critical state simultaneously. 

The effect of magnetic field is to alter the overall distribution of critical currents in the way discussed 
under the one-dimensional limit above. Since the weak links remain coupled normal to the macroscopic 
current flow by fully superconducting links. the same statistical treatment described above can be applied to 
this new f(lc) to give the distribution of critical currents in the sets of weak links which form the series 
array. 

Isotropic weak link network 

We now consider the effect of replacing the network described above with one in which weak links lie 
along all segments of the array. In this case it is those weak links. transverse or normal to the mean current 
flow. with the lowest critical current which will make the significant difference. in that they will limit the 
current transfer which gave rise to the complete summation of sets of weak link critical currents described 
in the section above. However. a proportion of the Iransverse weak links (even those with very low ics) will 
not be significant: if the local environment of a transverse weak link is sufficiently symmetrical. then there 
will be only minimal current transfer across it. 

The important quantity determining the behaviour of this lattice Is the mean spacing between weak 
links which affect transverse current transfer. This allows us to think In terms of a transverse current 
transfer decay length A. This characteristic lenglh was introduced earlier. when it was defined as 
characterising the non-linearity of vortex motion paths and it was shown that the non-linearity gave rise to 
a partitioning of the network into regions of constant voltage. We now equate the current decay length with 
the mean size of these phase-locked regions normal to the local current flow. since the mean of an 
exponential probability decay of the form p=e-X/A/A is also A. 

Current within a particular region can transfer laterally with a probability which decreases with a decay 
length A since the sample is partitioned into regions of constant voltage with this mean transverse width. 
Consequently. instead of the problem being viewed as a simple series array of sets of weak links summed 
across the whole width of the sample (as in 2.1 above). the flow structure can now be imagined as a system of 
multiple series arrays. each of width A. Since the summation width has been reduced from that of the whole 
sample to A, the variance of the sets of critical currents will increase. If the sample is homogeneous on a 
scale larger than A. then in the definition of A. we have already accounted for all current exchange. and so 
the current flow is completely described by an appropriate distribution of series arrays of the form 
described. Thus the dynamic response of the WLN is determined by a summation of range A over the global 
critical current distribution. A must itself derive directly from the global critical current distribution and 
the topology of the WLN (since these completely specifY the' problem). A first order calculation of A is 
presented below. 
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mean current flow ---- - --..-
Fig. 5. A single node from a 3-D cubic lattice. 
The weak links which lie on each of the 
internode arms are represented by Xs. 

THE CALCULATION OF A FROM TIiE PROBABIIJ1Y DISTRIBUTION 

This calculation of A is based on the probabUity of transverse current transfer' from a single node 
exceeding the critical currents of the avaUable weak links. As such it is the first order approximation to the 
complete solution. The treatment starts by again assuming a cubic lattice of weak links. with the net current 
applied parallel to one of the principal axes. Fig. 5 shows a node viewed from the direction of net current 
flow. In general the critical current izl of the junction leading to the node in the direction of mean current 
flow will be different to the critical current of the junction leading out of the node in the z direction (fz2). In 
other words liz 1-iz2 I o!O. This first order approximation is based on a number of assumptions: 

(1) An equal applied current is taken to flow initially through all nodes before any redistribution; the 
calculation is therefore self-consistent in terms of the total current flow. 

(2) If this applied current exceeds either of the critical currents IzI and ~2 then in order to maintain the 
critical state in the region of this node a finite current (IV must be transferreato or from neighbouring nodes 
in the XY plane. 

(3) 'In this first order approximation. we assume that the neighbouring nodes. and their associated 
junctions are capable of receiving the current without themselves entering a finite voltage state. 

(4) The probability of the critical state being exceeded in the region of the original node is the probabUity 
of the critical currents of the four transverse junctions being less than It. The total transverse critical 
current is Ixy (=ix l+ix2+"'); therefore we wish to determine Pc(It>Ixy)' 

Of these assumptions only 3 and 4 need careful consideration. (3) describes a first order apprOximation 
which can be extended to cover any degree of accuracy reqUired; so that the next order would consider the 
probability of reverse current transfer from neighbouring nodes in all directions in the manner of a typical 
mean-field type calculation. The relationship between the local transfer probability calculated in (4) and A 
is less obvious. but within the first order approximation the only information describing A is Pc(It>ixy). and 
so it isreasonable to derive one from the other. provided the latter is defined as before as the critica.t state 
decay length normal to the direction of local current flow. Using the standard relationship between a decay 
probability and decay length we can relate the two parameters by I-pc = e-r/A/A where r is the internode 
spacing. To calculate the n-value we assume that the critical currents of junctions lying within A in any 
dtrection may be summed. Following the previous example. this will produce a I/'lK reduction In ailcl; thus 

Op(IC> = Of(ic) V (r/Ar (4) 

It has been shown elsewhere6 that for a gaussian critical current distribution n is inversely proportional to 
standard deviation. so that , 

n IX (Of(i.,)ln(I -pc> r 1 == 1/ Of(ic)Pc ~ 

which implies that 

(~ 

for a given global probability distribution. 

Thus as the probability of critical state decay at any node increases. the observed n-value will decrease. 
Since an increase in the transport current will lead to a increase in Pc. it can be seen that a fall In n with 
increasing current would be expected from this resull 

MONrE-CARLO CALCULATION OF A 

A monte-carlo solution of the inequalities describing Pc was performed. This calculation sampled the 
critical currents I.z1-2 and I,xyl-C from a global critical current distribution. where C is the transverse 
connectivity (C=4 lor a cubic lal:ticej. The follOwing criteria were then applied to each set of sampled values 

(a) If I SIzl and I S 1z2 where I is the mean current flowing longitudinally through each node. then the 
result was false. 
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30r---.---,....---.------, 

(b) If Izl $ I < Iz2 or Iz2 $ I < Izl then if 

Fig. 6. plot of n value vs 1/12 for 93% dense 
YBa2Cu~07 sample measured at 1,2,3,4mT 
(from top). 

c 
I-min(izl,iz2) > L ixy k 

k=l 

where minta, b) represents the smaller of critical currents a or b, the result was true, otherwise false, 

(c) If I <! Izl and I <! Iz2 then the result was true. 

(7) 

Mter completing a number of tests the number of true outcomes divided by the total number of trials was 
taken as the value of Pc' The n-value was then calculated from Pc using equation (6) above. 

This calculation was performed for comparison with two different types of data. Firstly results obtained 
from sintered YBa2Cu307 wires which clearly form a 3-D network, and secondly microfabricated 2-D SIS 
tunnel junction arrays, The experimental details are described in the next section. 

EXPERIMENTAL RESULTS 

Experimental results were obtained from measurements of sintered YBa2Cu307 wires fabricated by a 
polymer precursor processing route. Both the preparation route and the experimental arrangement have 
been described more fully elsewhere7 . The samples had a uniform circular cross-section of ~ O.8mm 
diameter. By varying the sintering times and temperatures the density of the wires could be varied over the 
range 65-93% of the theoretical bulk value. Measurements were performed in liquid nitrogen and the 
magnetic field was provided by a copper wound magnet external to the dewar, 

The tunnel junction arrays were prepared from !'IIb/AlOx/Nb whole wafers by the SAWW processing 
route l5, The mask set was designed with a Single 46x148 2-D rectangular array, and two 400 junction I-D 
series arrays on the same O. 5"xO.125" chip. Although the masks were designed to produce constant 5x51lm2 
junction areas, the small stze and consequent lithographic distortion was sufficient to ensure a random 
variation in area and critical current. These samples were measured at 4.2K. 

Plots of voltage vs current were digitally recbrded at various values of applied magnetic field. Log E vs 
Log J plots were constructed from this data and numerically differentiated to give the n-value. The Log E vs 
Log J plots invariably showed significant depariures from linearity, and to demonstrate the variation of n
value with current and voltage, plots of dLogE/dLo!§J vs logE and dLogE/dLogJ vs 1-2 were constructed. 
Typical plots are shown in figures 2 and 6. Plots of the latter type invariably show a characteristic linearity 
which emerged from the theoretical model discussed above. The plots against Log E show an approximately 
linear decrease with increasing E for all values of applied magnetic field and for all values of sample density. 

The behaviour of the critical current as a function of applied field was examined at different voltage 
criteria. All samples showed an extremely rapid .decrease in critical current with applied field. The 
interpretation of this result in terms of a simple model of interconnected tunnel junctions has been 
discussed previously!,7, and this variation is ascribed to a progressive increase in the mean junction area as 
the sample density is increased. 

COMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 

In a previous publication we briefly described the application of the current transfer model to 
experimental results from high temperature superconductors and showed that there was good qualitative 
agreement. In this case we used an f(lc) which was gaussian in zero magnetiC field with mean unity and 
variable standard deviation S. The weak links were taken to be SIS tunnel junctions with a Fraunhofer 
dependence of the critical current on the magnetic field, and for simplicity it was assumed that the critical 
current was proportional to the junction area. The plot of nIno against B/Bo lfig. 3) also shows these 
modelled results determined for different connectlvities and f(ic) distributions. The curves have a very 
similar characteristic shape, and the negative gradient is increased by either increasing the connectivity C 
or redUCing the standard deviation S. The values of connectivity used In the model calculations are lower 
than would be expected In a close-packed three dimensional sample, but this reflects the fact that a simple 
gaussian distribution of junction areas was used. In a real sample we would expect a distribution of Critical 
currents which was much more heavily skewed towards zero l , reflecting the fact that (particularly in low 
density samples) a majority of the weak links are poorly conducting. In this sense, the form of the Critical 
current distribution and the connectivity can be used Interchangeably to describe the overall behaviour, the 
use of a gaussian distribution and a low connectivity imply a procedure which pre-selects for high current 
weak links and treats low current paths as insulating. 
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Fig. 7. Plot of n-value vs log of the transport current. The points represent data from a 2-D tunnel junction 
array at two different magnetic fields (OmT crosses and 1.3mT diamonds). Solid lines represent theoretical 
curves modelled using the I-D critical current distributions at the respective fields. 

The use of a probably unrealistic gaussian distribution with a rather Simplistic magnetic field variation 
has meant that quantitative comparison with experiment was not possible. ThIs was the main motivation 
for the investigation of the fabricated 2-D arrays. In this case the I-D arrays could be measured and 
analysed to directly give f(!el. Since the I-D and 2-D arrays were Identical In construction apart from a 
meander etch mask which removed the transverse connections. this allows a calculation of the 2-D response 
using a known fUel at each value of magnetic field. A plot of n vs login obtained from the 2-D array at two 
different field values Is shown In Fig. 7. Superimposed on this plot are the results of the modell!ng 
calculations. using the I-D f(!c)' The quantitative agreement Is good. even allowing for the rather noiSy 
original data. and It Is Imprtant to note that there are no free Variables In the modell!ng technique. The 
extent of the agreement Is discussed In the next section. together with an interpretation of the results. 

THE INTERPRETATION OF THE RESULTS 

In section 2 we showed that a periodic pinning array with random barrier height gave rise to a low 
electric field behaviour In which the sample was partitioned transversely and longitudinally Into phase-

10000 

100 200 300 400 500 600 700 
Current density (uA/junction) 

Fig. 8. Plot of critical current distributions from I-D (upper curve) and 2-D (lower curve) tunnel junction 
arrays. 
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locked regions. We believe that this Is the behaviour of all random WLNs, and that the size of these regions 
determines the dynamic response of the network, In modelling the problem we Introduced the transverse 
current decay length A, which In the first order calculation simply provides a scale to the problem, but does 
not directly predict the existence of closed phase-slip boundaries. However, the prediction of a mean 
transverse distance between transverse phase-slip centres does Imply that such boundaries exist, since such 
centres must be connected to form lines or planes. 

The results for the 2-D array are of central Importance. Firstly V vs I curve of the 2-D array is 
considerably sharper than that for the I-D array. This Implies that a summation of the form described In 
the model is in fact occurring. Secondly. a field and current Independent summation of Critical currents 
across the Width of the 2-D array would lead to gaussian distribution of critical current sets as described in 
section 2.1. A plot of the critical current distribution from the 2-D array F(Icl compared With the I-D f(ic} is 
shown in Fig. 8. F(Iclls neither gaussian, and Is even skewed In the opposite direction to f(ic}' This Implies 
(as the model predicts) that the range of summation Is not fixed but falls With Increasing current. The same 
effect Is reflected also In the rapid decrease In n With increasing current shown In fig. 7. 

Fig. 6 shows the variation of n With current for the high Tc samples. Modelled results show strikingly 
similar behaviour, and the qualitative agreement extends even to the variation of the y axis Intercept With 
applied magnetic field; at high fields the Intercept Is negative, while at low fields It is positive. This overall 
behaviour Indicates that as the current Is reduced towards zero electric field, n Increases Without bound. 
This infinite n-value is physically reasonable and Is an Inevitable consequence of a finite zero-voltage 
Critical current, since formally there must at some (non-zero) applied current be a transition from 
superconductlng to resistive behaviour somewhere Within the sample and thus be a discontinuity In the V vs 
I curvature. While the linearity of this type of plot Is not yet understood, it seems a universal feature of all 
data including the 2-D tunnel junction arrays. Its presence In the modelled results provides a measure of 
Independent support for the validity of the model. 

CONCLUSIONS 

We have described and used a model for the resistive behaviour of a multi-dimensional WLN. The 
quantitative agreement between the model and data for 2-D tunnel junction networks is very good and is 
already of value In assessing the Interconnectedness of different samples of slntered high temperature 
superconductor. The model should apply to all systems of strong superconductivity Interconnected by weak 
links and should allow the Investigation of more complex samples, such as anisotropically compacted 
material. The development of higher order approximations Is being Investigated. 
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APPENDIX A 

This appendix describes an approximate solution to the vortex equation of motion (section 2). Since 
E=Bxv and so <E>=B.<v> where <V> Is the mean vortex velocity normal to the net current flow, then 

E _ B.Lf fL 1 dxl-1 
(AI) -111Jo fo(x)+g(x) 

where L Is the length of he integration path. Using a mean field treatment deSCribed In a previous 

pub"~tlonH =d ,p"- "'" "": ::ri~ .::. ,= ~' - bo :JP~Oxlmated by (A2) 

- ~ 0 ~ fo(na+x)+g(na+x) 

Now since fo Is a periodic function With wavelength a, and since g is a random function With no phase 

'n'o=tlon tlll' ~y bo ~"'E ~ :ria 1 Ua 1 dx]_l (~ 
- ~ 0 fo(X)~ l+g(na)/fo(x) 

Th" = 'h~ bo 7. ~r~:i,: ;; + (~:~; r-(~; r + 

Since g is a random function, the periodic sampling under the summation Will give a value for the 
summation which provides an unbiassed measure of the spread of this function. Furthermore, as the mean 
vortex velocity Increases g will tend to equal weighting about zero and hence the odd terms of this 
summation to zero. The complete expression for the electric field is then as given In equation 2. 
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BOSE-EINSTEIN GAS MODEL FOR Tc AND ENERGY GAP FOR MOST 

SUPERCONDUCTORS, ESPECIALLY THE CERAMIC OXIDES 

ABSTRACT 

Mario Rabinowitz 

Electric Power Research Institute 
Palo Alto, CA 94303 

A generalized Bose-Einstein gas model is sufficient to derive reasonable estimates of T c, 
the energy gap, and the coherence length for all classes of superconductors such as the 
ceramic oxides, the metallics, heavy-fermion metals, metallic hydrogen, and neutron stars 
for 3-dimensional, quasi-2 and quasi-l dimensional states. Analysis of the new high
temperature ceramic oxide superconductors determines upper limits of T c using as input the 
number density of conduction electrons and the effective mass of the charge carriers. This 
calculation for the ceramic oxides yields 10K, 40K, and 300K in 3, Q2, and Ql dimensions. 
Interpreting the ceramic oxide case as one in which the interchain interactions are equal to the 
intrachain interactions, leads to 

Tc = (Tc1 Tc2)l/2 = (300K x 40K)112 = 1l0K = lOOK 

as the approximate transition temperature for these materials when there is clearly a combined 
linear and planar structure. It is noteworthy that without specifying a coupling mechanism or 
coupling strength, this general model does well in calculating transition temperatures, and 
coupling strengths over nine orders of magnitude (lK to 1Q9K and meV to MeV) from the 
heavy fermion metals to neutron stars. 

INTRODUCTION 
For an idealized non-interacting point-particle Bose-Einstein gas, the condensation temp

erature is considerably higher than the pairing temperature of electrons in a conductor. Thus 
there is no manifestation of superconductivity until the electrons pair, because there can be no 
condensation until bosons are formed. Therefore calculation of a pairing temperature would 
be equivalent to determination of the superconducting transition temperature, Tc. If the 
opposite were true, and the condensation temperature were less than or equal to the pairing 
temperature, it would suffice to calculate the condensation temperature to find the critical 
temperature, T c' In this case since superconducting properties could not manifest themselves 
until the condensation temperature were reached, it would be difficult to ascertain that the 
electrons had paired. 

This paper is presented in the spirit that the feature common to superconductivity in all of 
its manifestations may be the condensation temperature, rather than the pairing temperature. 
Thus it may be quite secondary or incidental that there are a variety of pairing mechanisms 
with a range of pairing strengths. In the midst of a panorama of coupling mechanisms and 
diversity of strengths,it may suffice to calculate the condensation temperature and in the pro
cess also obtain the pairing strength. It may be possible to do all this without reference to any 
particular coupling model. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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At this stage of this theoretical approach, no attempt is made to discriminate between 
superconductors and other conductors. Although it is generally believed that the original 
BCS theory discriminates well between superconductors and non-superconductors, it in fact 
does not for two reasons. 

In the origmal BCS theoryl, 

Tc = 1.14 (hvlk)exp[-{N(EF)V}-l] where, (1) 

h is Planck's constant, k is the Boltzmann constant, v is the average phonon frequency (much 
like the Einstein frequency), N(EF) is the density of Bloch states of one spin (i.e. ignoring 
spin) per unit energy for electrons at the Fermi energy of the normal metal, and V is the 
constant average matrix element (neglecting anisotropic effects) for scattering interactions of 
pairs making transitions in the region -hv < E < hv. Because of the exponential dependence of 
Tc, the parameters must be known quite accurately, as there is a correspondingly larger 
uncertainty in the calculated value of T c' So lack of sufficiently accurate input data is one 
reason why the BCS prediction is sometimes off. The second reason is that for some mater
ials like the alkali metals where the parameters are well known, BCS theory predicts 
superconductivity at easily attainable temperatures, but none has been found at even the lowest 
measurable temperatures. 

The first objective of this analysis is to derive an upper limit for T c for different classes 
of superconducting materials in different dimensionalities. There call be many mechanisms 
which poison T c to lower temperatures, but it is of some value to be able to put an upper limit 
on Tc for a given class of superconductors. The second object is to derive an approximate 
coupling strength i.e. the energy gap for these classes. As will be shown, the ability of this 
simple theory to predict general ranges of critical temperatures is particularly striking. In 
addition it gives reasonable predictions in areas such as the heavy fermion (heavy electron) 
metal superconductors and the ceramic oxide superconductors where neither the BCS theory 
nor other theories do very well. 

CHARGED THREE-DIMENSIONAL QUANTUM GAS 

In a Bose gas, particles may be expected to start a Bose-Einsteiri condensation into a 
ground state in momentum space when the quantum mechanical wavelength A is much greater 
than the interparticle spacing. If this is to occur for real particles such as electrons at T c, it is 
necessary to modify the usual condensation derivation which yields a condensation temper
ature »T c. Superconductivity can occur if the Fermi particles pair near the Fermi level. 
When this happens, the paired panicles have integral spin and obey Bose-Einstein statistics 
rather than Fermi-Dirac statistics. 

At temperature T:::; T c, we have 

10./4 ~ (ns)" 1/3, where 
ns - (kT dEF)n. 

(2) 
(3) 

n is the number density of free charged particles, ns is the number density of particle pairs 
whose condensation temperature is T c, k is the Boltzmann constant, and EF is the Fermi 
energy. 

EF == (h2/8m)n2/3, (4) 

where m is the effective mass of the charge carrier. 

For a particle pair gas, of momentum p, mass 2m, and incremental energy E near the 
Fermi level: 

A=h/p=h/[2(2m)E] l/2=h/[ 4m(f/2)kT el l /2, (5) 

where f is the number of degrees of freedom per particle. 
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Combining eq's. 2,3,4, and 5: 

(6) 

where DF is the density of states at the Fenni surface. 

In order to estimate T c for some materials like the ceramic oxides, we should consider the 
possibility that the conduction paths for superconductivity may be two and/or even one 
dimensional. The oxide superconductors such as Y 1 Ba2CU307_y are not strictly of lower 
dimensionality, as mechanisms such as Josephson tunneling through non-conducting regions 
tend to produce in equilibrium a Fermi energy corresponding to three dimensions EF rather 
than to two- or one- dimensional Fermi energies EF2 or EFI. Eq. 6 is also obtained for lower 
dimensions, as these systems are 3-dimensional with respect to EF and thermal equilibrium, 
and only the degrees of freedom of the paired fennions are restricted to 2 and 1 dimensions. 
Anisotropy may produce a sufficiently higher effective mass in some directions as to practical
ly reduce the dimensionality. These systems may be considered to be of quasi-lower dimens
ionality where only the degrees of freedom f2 and f1 of the paired fermions are restricted in 
their nontunneling conduction paths. 

For the ceramic oxides eq.6 yields 10K, 40K, and 300K in 3, quasi-2, and quasi-1 
dimensions. Interpreting the ceramic oxide case as one in which the interchain interactions are 
equal to the intrachain interactions, leads to 

Tc = (Tc1 Tc2)lf2 = (300K x 40K)1/2 = 1l0K';' lOOK (7) 

as the approximate transition temperature for these materials when there is clearly a combined 
linear and planar structure. 

MODEL INDEPENDENT ENERGY GAP 
Most superconductors have an energy gap,2~. Non-interacting point particles would not 

be expected to have an energy gap. However, for any real neutral or charged gas, there is an 
interaction potential energy which can result in an energy gap. The particles exhibit no flow 
viscosity when kT < 2~, because this minimum energy must be supplied before they can 
leave the states they are in. 

Without assuming any particular coupling mechanism or coupling strength, let us intro
duce a minimum excitation energy or binding energy ~ per particle which must be provided to 
break up a particle pair. The energy gap is designated 2~, since both particles must be taken 
out of the superconducting state. One cannot be left behind, as only particle pairs can exist in 
the superconducting state. In the BCS theory, the energy gap is 

2~BCS = 3.52kTc . (8) 

Twice the number density of particle pairs is roughly the fraction (N2)IEF of conduction 
electrons that have a strong interaction near the Fermi level, where 2~ is the energy gap. This 
fraction may be a function of the class of superconductors as the number of states expelled 
from the gap is related to the size of the gap and the density of normal states. 

Thus, in place of eq.3, 

2ns - (~/2)nIEF . 
Eqs. 2,4,5 & 9 yield 

2~ =8(4fkTc)3!2EF-1!2 =128(2m)1!2(fkTc)3!2h-1n-1I3 

As before, eq. 10 is obtained for quasi-2 &quasi-l dimensions.2,3 

(9) 

(10) 
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Table 1. Compari~on of Estimated T c and 2 ,1. with Data for Wide Range of Matter 

Material n Dim. Est. Tc,K Tc*,K 2,1.,meV 2,1.BCS,me V 

Heavyelec. 1029/m3 3 0.5-5 0.5-1.5 0.68 0.304 
metal 

Q2 2-20 2.9 

Q1 10-100 11 

Mettalic 
Supercond. 1029/m3 3 50 23.2 10 7.04 

Q2 200 140 

Q1 1000 560 

Ceramic 1028/m3 3 10 13 19 3.95 
Oxide 

Q2 40 35 44 10.6 

Ql 300 125 110 38.0 

Li-Be-H 5x1029/m3 3 200 160 60.8 

Q2 500 330 

Ql 4000 2600 

MetallicH 103O/m3 3 300 120-260 180 79.0 

Q2 800 520 

Q1 7000 4800 

Neutron 1043_ 1029/m3 3 108-109 1010_1011 1.8x 10 10 3.04x109 
Star 

Q2 108-109 1011 

Q1 109-1010 1011 

Table 1 shows that eqs. 6 & 10 do well in representing experimental and calculated 
results over a range of T c and ,1. of 9 orders of magnitude. T c * is the experimental or 
literature value 4-12 of critical temperature. Although only one significant figure may be 
warranted for ,1., two are listed for the purpose of comparing ,1. and ,1.BCS . 

For Table 1, eq.lO is considered independent of eq.6, and only experimental values of Tc 
should be used as input into eq.lO. However, if eqs. 6 and 10 are combined, then 

2,1. = 8kTc (11) 
in good agreement with the ceramic oxides. Using experimental values of T c causes the ratio 

2LVkTc to vary. 

CONCLUSIONS 

As shown by Table 1, this simple theory does well in predicting critical temperatures and 
energy gaps over a range of nine orders of magnitude. The agreement with experiment is 
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good. The theory agrees well with the BCS predictions where BCS does well. In addition 
this theory makes reasonably good predictions where BCS does not, as in the case of the 
heavy fermion metals and the ceramic oxides. Equation 6 is indicative of the Tc that may be 
expected for a given class of materials in a given conduction dimensionality. The experimental 
and literature data are presented in support of the estimates calculated from this equation. Be
cause of the low number density of electrons, the ceramic oxides are not likely to be three
dimensional superconductors except at the lower transition temperatures. 

It is both interesting and noteworthy that this theory does so well, without specifying a 
coupling mechanism or strength, and with only three variables f, n, and m, which can be 
determined from experiment. The variation of m from that of a free electron mass may be able 
to account for small differences in T c within a given class of materials, as would more detailed 
knowledge of the Fermi surface in general. Particularly important are mechanisms which act 
to impair T c, i.e. poison the superconductivity. 

The mass variation appears to work well for the heavy electron metals, where T c oc 11m, 
as predicted by eq. 6. Crystallographic data can help determine f. The combination of 
different dimensions, such as Ql and Q2 in the ceramic oxides, may be an important factor in 
determining T c' 
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FLUX CREEP IN MULTIFILAHENTARY CONDUCTORS OF NbTi and Nb3Sn* 

ABSTRACT 

A. K. Ghosh, Youwen Xu and M. Suenaga 

Brookhaven National Laboratory 
Upton, New York 11973 

Long term decay of the sextupole field has been observed in accelerator 
dipole magnets, and this effect has been linked to "flux creep" in the 
superconductor. To study this problem, the decay of the magnetization of 
multifilamentary conductors of NbTi and Nb3Sn have been measured as a 
function of time. Measurements show that as a function of Inc this decay 
cannot always be characterized by a single decay rate. Long time decay 
rates are sometimes approximately half that which is observed at short 
times < 1000 secs. Creep rates are found to: (1) scale with filament 
diameter, (2) change slowly with field, (3) change rapidly as H is backed 
off from the critical state and (4) is fairly insensitive to temperature 
for 0.3Tc < T < O.STc' Results of this investigation are compared to 
sextupole field decay observed in magnets. 

INTRODUCTION 

In recent years, the problem of flux creep in type II superconductors 
has attracted attention following the observation of large time dependent 
magnetization decay in high Tc materia11 • However, this decay, which had 
been observed by early researchers2,3 of type II superconductors did not 
generate much interest in traditional low Tc superconductors like NbTi, 
since the effect was small and well understood within the context of the 
critical state model4 of critical currents and the Anderson5 theory of flux 
creep. 

During the commissioning of the ring of sUferconducting magnets of the 
TEVATRON Collider at Fermilab, Finley et al. reported that the 
chromaticity of the beam changed slowly over a long period of time during 
particle injection at 150 GeV. While the high energy particles are being 
injected into the ring, the magnets are at a fixed dipole field of - 0.66T. 
However, the chromaticity changes are related to the sextupole harmonic 
field b2 . At injection field, most of the b2 arises from the persistent 
current magnetization of the superconductor, which in this case is NbTi. 
It was subsequently established by measurements on model TEVATRON dipole 
magnets7 , that b2 indeed decays with a logarithmic time dependence at a 
rate which is consistent with the observed InC chromaticity changes seen in 

* Work done under the auspices of the U. S. Department of Energy 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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the Collider operation. S There are now other published reports that record 
similar behavior in Superconducting Super Collider SSC model dipole 
magnets9 and Hadron-Electron Ring Accelerator HERA magnets 10. 
Kuchnir11 et al. have recently reported on flux creep measurements on the 
TEVATRON dipole cable. Their data, which extend to fields - 0.3T, show 
that the Inc creep rate as a fraction of the initial magnetization is 
fairly small, - 0.2-0.3%. 

In this paper, we report on magnetization measurements as a function of 
time for NbTi and NbaSn multifilamentary wires in transverse applied 
fields. 

THEORETICAL BACKGROUND 

The Critical State Model 

The magnetization of multifilamentary NbTi and NbaSn is well understood 
within the framework of the critical state model. 4 In this model, once the 
critical state is established, the irreversible or hysteretic part of the 
magnetization is related to the critical current density of the super
conductor, J c ' If M+(~) denotes the increasing (decreasing) applied field 
branch of the magnetization loop, then the irreversible part of the 
magnetization, Mi' at a fixed temperature is given by 

(1) 

where for a cylindrical wire sample in transverse field 

(2) 

A is the volume fraction of superconducting filaments of diameter d in the 
wire. Jc is a function of both temperature and field. 

(3) 

is the equilibrium magnetization at a given H which is assumed to be time 
independent and reversible with H. 

Flux Creep 

The long time persistent current decay in type II superconductors that 
was observed by Kim et al. 2 was explained by Anderson's5 theory of flux 
creep due to thermally activated motion of flux lines which are normally 
pinned at defect sites in the material. The theoretical details of this 
mechanism was described by Beasely et al.a They verified their analyses 
by careful measurements of magnetization decay of solid cylindrical rods of 
PbTl alloys using a superconducting quantum interference (SQUID) device to 
record the flux changes. They showed that the observed InC dependence of 
the flux change is given in terms of the effective pinning energy U(VB) 
which depends on the B field gradient in the cylinder. In a recent paper, 
Welch et al. 9 have reexamined the theoretical treatment of Beasley et al.a 
and have expressed the creep rate as 

dM/d(lnC) = - (kT/Uo*) MI (1 ± 0) (4) 

where Uo* = - I BI (au/alvBI) is an apparent pinning potential. The 
relationship of Uo* to the true barrier height, Up, depends on the nature 
of U-versus-driving force relation. For non-linear dependence of U on 
IVBI, Uo* as determined from Eq. (4) can be much less than Up' 0 is a 
parameter which takes into account small differences in creep rate for 
increasing and decreasing fields and is usually « 1. 
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Figure 1. Magnetization of a 15 ~m filament diameter NbTi wire sample 
in transverse field. Tho field cycle followed is 
0~5T~0~0.3T. The filled circles indicate the fields at 
which decay measurements are made. 

EXPERIMENTAL PROCEDURES 

Magnetization measurements were carried out in a commercial SQUID 
magnetometer (Quantum Design), with the applied field normal to the wire 
sample. Scan length, the distance over which the sample travels through a 
set of detection coils is set such that the variation in H at this setting 
is < 0.05%. After a temperature is set, field is incremented gradually to 
avoid overshoot in H. At each field setting the superconducting magnet is 
switched into the persistent mode prior to measurement. Flux creep is 
measured during the hysteresis cycle by stopping at several magnet field 
values and measuring M over time lengths - 12000 secs. The first 
measurement is made -45 secs after the field is locked in the persistent 
mode. In the text, magnetization and field are given in tesla(T) which is 
equivalent to ~oM and ~oH, where ~o = 4~ X 10-7 Him is the permeability of 
vacuum. 

RESULTS 

In this section are presented the decay rate measurements made on a 
series of SSC prototype NbTi multifilamentary wires and a Nb3Sn internal
tin wire. Since the Tc of Nb3Sn is higher than NbTi, the Nb3Sn sample was 
measured at several temperatures ranging from 3K to 12K. Preliminary 
results of the temperature dependence of the creep rate are given. 

1.00 
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.... 
--:Ji. 0.94 

0.92 

0.9°2 

IGC 5212 
0 0.1 T 
+ 0.3T 
0 I.OT 

'" 2.0T 

4 6 
In (t) 

8 10 

Figure 2. Magnetization decay at several fields for IGC5212 sample at 
4.5K. M1 is the first measurement for the time sequence. 
Time is measured in seconds. 
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'l'able l. Parameters of NbTi Wires 

Wire Filament Jc(5T) A/mm2 
Dia.mm A Dia. J1.m 

IGC5212 0.65 0.370 15.0 2400 
SC12006 0.81 0.385 6.0 2650 
OST1738 0.81 0.385 5.0 2560 
SCN2l20 0.65 0.357 2.6 2010 

NbTi 

Fig. 1 shows the 4.5K hysteresis measurement for sample IGCS2l2 which 
has 15 J1.m filaments with an interfilament spacing of > 4 J1.m. At various 
fields indicated by filled circles in Fig. 1, decay measurements were made. 
An example of the long time decay as seen in the magnetization measurements 
for the initial field sweep of the sample is shown in Fig. 2, where we have 
plotted the ratio M(t)/M1 against lnt. M1 is the first measurement taken 
in the time sequence. We note that the decay is not always linear in lnc. 
However, for long times> 1000 secs, the creep rate is fairly constant. 

The creep rate observed for IGC 5212 is summarized in Fig. 3. We note 
the following: (1) when the filaments are fully penetrated and the critical 
state has been established, i.e., for H> 0.2T the creep rate is a slowly 
varying function of field. Since (dM/dlnc) is proportional to (M·/Uo*) , 

* I then from the known field dependence of MI we infer that Uo and hence Up is 
,decreasing slowly with field. (2) After a cycle to high field and back to 
H=O, a subsequent increase in H-0.02T drives the creep rate to almost zero. 
A further increase in H changes the creep rate from negative to positive, 
as the magnetization currents are fully reversed and the critical state is 
re-established in the opposite direction. In the critical state, the 
differences in the rates for field increasing and decreasing is < 10%, 
thereby showing that 0 « 1. 

To examine the behavior of creep rate as the filament diameter is 
changed, we measured the magnetization decay of four wires whose parameters 
are listed in Table 1. The wires were all processed so as to produce a 
high transport J c at 5T. The comparison is made at lT and 2T where the 
filaments are in the critical state and known to behave independently. 
SCN2l20 has 0.5% Mn doped copper in the interfilament region to suppress 
proximity coupling of the filaments. 13 Table 2 lists the average creep 
rate measured for the various wires. From this table we note that although 
Mi changes by almost an order of magnitude, the normalized creep rate R 5 

(l~) (dM/dlnc) varies only by - 30-40%. This establishes the fact that 
the creep rate is proportional to ~, and hence to d, for similarly 
processed wires. 

The sample of Nb3Sn measured is an internal-tin processed wire with 3.5 
J1.m filaments. The percentage of superconductor in the wire is - 13%. In 
Fig. 4 is shown the hysteresis curve obtained at 4.5K. Similar curves were 
obtained for temperatures ranging from 3K to 12K. A plot of ~ at lT and 
2T versus temperature shows that MI linearly decreases with temperature for 
T > 4K. By extrapolation, Tc at lT was found to be l4.5K and at 2T it was 
l3.2K. The magnetization decay at 1.OT for different temperatures is shown 
in Fig. 5 where the ratio M(t)/M1 is plotted against lnC Here too we 
observe that for a long time the decay is constant in lnC. Although the 
ratio of M(t)/MI decreases with T, it is found that the long time decay 
rate is independent of T for 3K < T < 12K. Details of these measurements 
is being published elsewhere. 
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Sample 

IGC5212 
SC12006 
OSTl738 
SCN2l20 

Table 2. Fl~Greep Datil at LOT and 2.0T 

LOT 2.0T 

~ dM/d(lnt) R ~ 
(mT) (mT) (mT) 

9.95 0.059 0.0059 6.56 
4.63 0.034 0.0073 2.87 
4.46 0.035 0.0079 2.77 
L65 0.0153 0.0093 0.96 
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Figure 3. The creep rate dM/d(lnt) for IGC5212 plotted as a function 
of applied field. Note the rapid change in rate as the 
field is cycled from 0 to 0.3T. 
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Figure 4. Magnetization hysteresis for a Nb3Sn sample at 4.5K. 
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Table 3. b'2 decay rates :tn dipole magnets 

Fil. Dia. of Field Cycle to ! ~ 
Magnet Conductor (IJm) (T) Field b2 d(lnt') 

(0.8 m Model)7 0.32 o -> 0.32 0.0065 
TEVATRON 9 0.65 o -> 0.65 0.014 

0.65 0-+4->0.4->0.66 0.036 

HERA Dipole 10 14 0.17 not known 0.04 

SSC Mode19 6 0.33 o ->6.6->0.05->0.33 0.06 
Dipole @ LBL 

DISCUSSION 

The creep rate observed for NbTi is small and not very different from 
those reported by Kuchnir et al. 11 At 0.15T they measured an R - 0.002 
for the 9 IJm filament TEVATRON Cable. This compares favorably with low 
field values - 0.0035 for the 15 IJm filament conductor. Since at low 
fields, the sextupole field in a dipole magnet is mainly due to the 
filament magnetization, the question now is: How do these measurements 
compare with the b2 harmonic decay measurements in accelerator magnets? In 
Table 3 is listed some of the published data on dipole magnets, where we 
have expressed the sextupole decay as the normalized decay rate 

From this table we note that (1) the normalized b2 decay, which is assumed 
to be due to the time dependent magnetization of NbTi is usually quite 

Figure 5. 
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large compared to the short sample data presented here and (2) from the 
TEVATRON magnet data, the b2 decay at the same field of O.65T is seen to 
depend on the cycle followed to reach that field. Clearly, to correlate 
short sample measurements of dM/dln~ to b2 changes, it is necessary to 
compute the effect of measured magnetization decay rates for the magnet 
cross section including the effect of magnet history at each point in the 
cross section. 

CONCLUSION 

Creep rate measurements on NbTi and Nb3Sn have shown that the rate 
(dM/dln~): (1) scales with filament diameter (2) is a slowly varying 
function of H in the critical state (3) rapidly reduces as the field is 
backed away from the critical state and (4) is fairly insensitive to 
temperature for O.3Tc < T < 0.8Tc . These conclusions are essentially 
similar to those reported by Beasley et al. 3 Correlation of short sample 
data to magnet observations have yet to be established. 
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Results are presented of magnetic-field calculations for multifilamentary (MF) 
superconductors, taking into account the penetration of magnetic flux into individual 
filaments. The filaments are assumed to be circular in cross section, infinitely long, and 
arranged parallel to one another on a hexagonal lattice. The externally applied magnetic 
field is taken to be directed perpendicular to the filament length. The problem is simplified 
by treating the medium as being effectively uniform in a plane perpendicular to the filament 
length, and a self-consistent formalism is used to calculate the interfilamentary magnetic field. 
Flux penetration into the filaments is described using the London theory. Magnetic fields 
outside and inside the filaments are calculated as functions of filament radius, the London 
penetration depth, the area fraction covered by filament cross sections, and the shape of the 
filament bundle. 

INTRODUCTION 

The magnetic field in an MF superconducting body is affected by several factors, such 
as the geometry of the filament array, the filament size and interfilamentary separation 
distance, the magnitude of the London penetration depth, the cross-sectional shape of the 
filament bundle, and the strength and direction of the externally applied field. In an earlier 
work, 1 the interfilamentary magnetic field was calculated for the case of a system of infinitely 
long, parallel filaments, having equal circular cross section, and arranged on a hexagqnal 
lattice. The externally applied magnetic field was taken to be perpendicular t~ the filament
length direction, and the filaments were assumed to totally exclude the magnetic flux. Effects 
of filament-bundle shape were included by considering a bundle that was elliptical in cross 
section. 

The assumption of total flux exclusion from the filaments was equivalent to assuming 
that the magnetic field around each filament did not exceed the value of the lower critical 
field, Hel, and in addition, that the filament diameter was very large compared to the London 
penetration depth. However, in cases of practical interest, the filament diameter may be 
quite small (less than one pm), in which case flux penetration may indeed be significant. In 
the present work, the same problem as before is examined except that the flux-exclusion 
assumption is relaxed, the London theory being used to describe the field inside a given 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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Plenum Press, New York, 1990 
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filament. Effects on magnetic properties of varying the geometric factors that define the 
filament bundle are considered, particularly as related to penetration of magnetic flux into a 
filament. 

CALCULATION OF TIlE FIELD AROUND A SINGLE 
FILAMENT IN AN INFINITE ARRAY 

A portion of an essentially infinite, hexagonal array of filaments is shown in cross 
section in Fig. 1, the cross-sectional plane being taken as the.,ry plane. The host matrix is 
assumed to be a normal metal having unit permeability. Following our previous approach, 
as well as that used in other applications,2 we regard this complex, two-phase system as being 
effectively uniform in the .,ry plane and characterized by constant permeability, Po, in this 
plane. An effectively uniform (constant) magnetic field, Ho, arising from external sources, is 
taken to exist within this region and to be directed parallel to the x axis. 

With this picture in mind, we focus our attention on a single filament, of radius a, and 
examine the details of the magnetic field in its vicinity. (Note that all filaments are equiva
lent, since we consider the system to be infinite in extent.) As before,l we construct a 
hexagonal Wigner-Seitz cell around the filament, as shown in Fig. 1, and for computational 
simplicity, replace this cell with a circle of radius b having the same area. The region outside 
this circle will be treated as the effectively uniform region discussed above, and the magnetic 
field inside the circle will be calculated on this basis. In this manner, we assess, at least to an 
approximation, details of the magnetic-field distribution around a given filament while still 
regarding the overall medium as effectively uniform. 

The pertinent regions of space are illustrated further in Fig. 2, as are the polar 
coordinates, rand (), used to define position. Region 1 is regarded as effectively uniform; 
Region 2 contains normal-metal host matrix; and Region 3 consists of the superconducting 
filament itself. 

The magnetic field in Region i (i = 1 or 2) can be conveniently described in terms of 
a magnetic scalar potential, ¢i' which is given by 

(1) 

where ai and Pi are constants to be determined by imposition of boundary conditions. The 
pertinent H field is given by ~ = - V¢i" In addition, the B fields are given by Bi = Pi~ 
with PI = Po and P2 = 1. 

Clearly, we must set PI = - Ho. Also, self-consistency requires that we set a l = 0 
in keeping with our assumption that Region 1 is effectively uniform. We require that the 
tangential component of the H field and the normal component of the B field be continuous 
at r = b, which is the boundary between Regions 1 and 2. 
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Fig. 1. 

Portion of an infinite array of filaments arranged on a 
hexagonal lattice. The filaments are shown in cross section 
as shaded circles, with a hexagonal Wigner-Seitz cell 
constructed around one filament. The dashed circle is 
concentric with the enclosed filament and has the same area 
as the Wigner-Seitz cell. 
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y 

Bo 

Fig. 2. Illustration of the division of space into three distinct regions 
for magnetic-field calculations. Cylindrical polar coordinates 
used in the calculations are also shown, as is the effectively 
uniform field, Bo, assumed to exist in Region 1. 

Magnetic-field calculations for Region 3 are more difficult because of its superconduc
ting nature. Assuming that the field existing in Region 2 at the filament surface is nowhere 
larger than H el, we use the London equation, expressed as follows, for Region 3: 

(2) 

where P (which has no relation to the Pi above) is the reciprocal of the London penetration 
depth. The boundary conditions pertinent to the filament surface (r = a) are that the 
normal and tangential components of the B field are continuous across this interface. 

The field ~ can be calculated as follows: First, since V . ~ = 0, it follows that Eg. 
2 can be expressed as 

(3) 

We now assume that ~ can be expressed in the following general form: 

~ = e,u(r) cos9 + eov(r) sin9 (4) 

where e, and eo are the usual polar-coordinate unit vectors and u(r) and vCr) are functions 
to be determined. One can substitute Eq. 4 into Eq. 3 and show that 

(5) 

with 

_ Io(x) 
~(x) = x Il(x) - 1 (6) 

where C is a constant and In is, in general, a modified Bessel function of the first kind of 
order n. 

37 



www.manaraa.com

Determination of values for the remaining constants is now a straightforward matter 
of applying the boundary conditions. Omitting the details, we simply state the results, 
namely: 

~ = ::0 {er [-(1 - #o)(~Y + 1 + #0] cos8 

- eo [(1 - #0) (~y + 1 + #0] sin8} , 

#0 = 1 + A + (1 - A){(pa) 
(1 + A){(Pa) + 1 - A ' 

A == (alb)2 , 

_ 2Bo a 
C - 1 + A + (1 - A){(pa) . /1(pa) 

(7) 

(8) 

(9) 

(10) 

(11) 

The quantity Bo is equal to #rflo. Moreover, A, defined in Eq. 10, is clearly the area fraction 
occupied by filament cross sections in the ..ty plane. In addition, ex is a unit vector in the x 
direction. 

It should be emphasized that Bo is not the externally applied field, Ba. The latter is 
the uniform field taken to exist in space, parallel to the..ty plane, at distances far from the 
filament bundle. The relationship between these two fields can be determined by consider
ing the filament array to be finite in extent, and characterized in the..ty plane by the constant, 
effective permeability, #0' as given by Eq. 9. This should be valid as long as the characteristic 
dimensions of the bundle are large compared to the filament diameter. As an example, we 
consider a bundle that is elliptical in cross section, with semi-axes d and e parallel to the x 
and y axes, respectively. The medium outside the bundle is assumed to have unit permeabili
ty. Following a procedure similar to that used in Ref. 1, it can easily be shown that 

Bo = ------r---"""".......,..--"--- Ba (12) 
1 + 1] 

where p == die, and where the fields Bo and Ba are both parallel to the x axis. Clearly, Bo is 
a function of A, pa, the bundle-shape parameter, p, and the magnitude, Ba' of the applied 
field. 

Finally, we calculate one additional quantity of interest: the total magnetic flux, cf>, 

passing through unit length of one filament. This can be obtained from the expression 

1f/2 

cf> = jIB3,ca,8)la d8 (13) 
-1f/2 

where ~r is the r-component of B3. From Eqs. 5, 11, 12, and 13, we obtain 

4Baa 

cf> = 1 + {CPa) + A(~ ~ D [{Cpa) - 1] 
(14) 

One interesting feature of Eq. 14 is that cf> is independent of A for a circular filament bundle 
(for which p = 1). 
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DISCUSSION 

The effective permeability, Po, is seen in Eq. 9 to be a function of both>.. and fJa. One 
interesting limiting case is that for which pa --+ 00, which corresponds to complete flux 
exclusion. For this case, one can show that {(JJa) --+ pa, and Po becomes dependent only 
upon >.., as seen from Eq. 9. Mo(eover, the value that Po approaches is consistent with that 
obtained previously (Eq. 6 of Ref. 1). At the other extreme is the limiting case for which 
pa --+ 0, which corresponds to complete flux penetration. For this case, {(JJa) --+ 1, and we 
find, as expected, that Po --+ 1. 

The variation of Po with >.., as predicted by Eq. 9, is illustrated in Fig. 3 for selected 
values of pa. We make several observations: First, the tendency for Po to decrease with 
increasing >.. can be seen, although this tendency becomes less pronounced as fJa becomes 
smaller. Second, effects of flux penetration become quite important as pa decreases (for a 
fixed value of >..), with Po increasing toward unity as pa decreases toward zero. Finally, it 
should be noted that our model actually does not apply all the way to >.. = 1; for example, 
nearest-neighbor circles arranged on a hexagonal array would touch at a value of 'K/..j'f2 
(~0.907) for the fractional area covered. 

Flux-penetration effects are illustrated graphically in Fig. 4, in which lines of magnetic 
flux around a filament are plotted for selected examples. The uniform field seen to exist in 
Region 1 is a consequence of our "uniform-medium" approximation and is therefore not a 
physical representation of the actual field. 

In Fig. 4, the dependence of flux penetration upon>.. and p is demonstrated, the value 
of b being the same for all the cases illustrated. For example, the tendency for flux exclusion 
from the superconductor to occur is quite small for the examples for which p = 1.5/b. 
However, for the larger value of p (i.e., smaller penetration distance), flux exclusion is much 
more pronounced and its dependence upon >.. can be seen as well. It should be noted, 
however, that the flux density in Region 1 is itself related in a complex manner to that which 
is incident upon the filament bundle, as seen from Eq. 12. 

cia 
0.4 0.3 0.2 0.1 

1 

Sa = 1 

O.B 

0.6 

}Joo 

0.4 

0.2 

0 
0.5 0.6 0.7 O.B 0.9 

>.. 
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Fig. 4. Calculated lines of magnetic flux for selected examples. 

The quantitative relationship between the flux that penetrates a filament and the 
parameters pa, A, p and Ba is given in Eg. 14 for the particular case of an elliptical filament 
bundle. To illustrate this relationship, contours of constant R :: ~/(2Baa) are plotted in Fig. 
5 as a function of A and pa for selected values of p. This ratio is clearly just the actual flux 
penetrating a filament divided by that which would penetrate if the filaments were completely 
"transparent" to the flux that is incident upon the filament bundle. It should be noted that 
p < 1 and p > 1 correspond to the elliptical bundle being oblate and prolate, respectively, 
relative to the direction of the applied field (the x axis). In Fig. 5, we observe the following: 
The relative extent of flux penetration increases markedly as pa becomes smaller, although 
even for the larger values shown (pa ~ 10) substantial flux penetration can still occur. As 
expected from Eg. 14, no dependence of flux penetration upon A is seen for p = 1. Finally, 
the contours themselves, particularly at the lower values of R, are seen to undergo significant 
variation as the value of p is changed. 
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CONCLUSION 

We have shown that flux penetration can indeed be significant in MF superconductors, 
the factors of importance being the product pa of reciprocal penetration depth times filament 
radius, the area fraction ). covered by the filaments in cross section, and the shape of the 
filament bundle, exemplified here by the parameter p. Some important quantities, which we 
have not considered in this work, are the current density and magnetization inside a filament, 
the field enhancement in Region 2 at the filament surface, the filament susceptibility, and the 
magnetic-energy density and critical magnetic field; we plan to include these in a future 
study. Finally, we note that some experimental studies of flux-penetration effects in MF 
superconductors are described elsewhere in these Proceedings.3 
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INTEGRITY TESTS FOR HIGH-Tc AND CONVENTIONAL 

CRITICAL-CURRENT MEASUREMENT SYSTEMS* 

ABSTRACT 

L. F. Goodrich and S. L. Bray 

Electromagnetic Technology Division 
National Institute of Standards and Technology 
Boulder, Colorado 80303 

Critical-current measurement systems must be extremely sensitive to the 
small differential voltage that is present across the test specimen as it 
changes from the zero resistance state to the flux-flow resistance state. 
Consequently, these measurement systems are also sensitive to interfering 
voltages. Such voltages can be caused by ground loops and by common mode 
voltages. Specific methods for testing the sensitivity of critical-current 
measurement systems and for detecting the presence of interfering voltages 
are discussed. These include a simple procedure that simulates the zero 
resistance state and the use of an electronic circuit that simulates the 
flux-flow resistance state. 

INTRODUCTION 

The determination of a superconductor's critical current (Ic) requires 
the measurement of extremely low voltages, 1 on the order of 1 ~V. 
Consequently, the Ic measurement system must be quite sensitive to the 
resistive voltage that appears as the test specimen changes from the 
superconducting to the normal state, and be insensitive to other sources of 
voltage that might otherwise corrupt the measurement. The Ic measurement 
system is susceptible to sources of interfering voltage that might be 
negligible for many other measurements. Ground loop and common mode 
vOltages 2 are prime examples of these sources of interference. 

Because of the nebulous character of these voltages, it is often 
difficult to predict, based simply on the design of the measurement system, 
whether or not the system is prone to these problems. However, some 
practical test methods that are useful for checking the sensitivity and 
accuracy of the measurement system and for detecting the presence of 
interfering voltages have been developed. The test methods do not directly 
indicate the sources of problems; they simply indicate their presence. 
Consequently, the solution of these measurement problems depends on 
knowledge of their likely sources. As a diagnostic tool, these tests are 
best used for evaluating the success of specific changes that are intended 
to alleviate these problems. 

*Contribution of NIST, not subject to copyright. 
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There are two general test methods, the zero resistance test and the 
finite resistance test. The zero resistance test is used to detect the 
presence of interfering voltages, and the finite resistance test is used to 
evaluate the sensitivity and accuracy of the measurement system. Both tests 
can be conducted at either room or cryogenic temperature. The room 
temperature tests are usually more convenient, but less definitive because 
they do not depict the actual measurement conditions as precisely as the 
cryogenic tests. 

Finally, the development of an Ic measurement system is complicated by 
the expensive and volatile nature of the liquid cryogen. This is 
particularly true when the cryogen is helium and the measurement system is 
computer controlled. During the first Ic measurements for a new or modified 
measurement system, large quantities of liquid helium are often expended 
during the inevitable debugging process. To address this problem, a simple 
electronic circuit that simulates the voltage-current (V-I) characteristic 
of a superconductor has been developed and tested. The simulator is an 
effective tool for developing the measurement system to a high level, before 
expending liquid helium. Also, for complex Ic measurement systems, the 
simulator has proven useful as part of a pre-operation check. In this way, 
problems can be detected and corrected prior to transferring liquid cryogen 
from the storage Dewar to the measurement system cryostat. 

TEST METHODS 

Finite Resistance Test 

The finite resistance test is simply a four-wire resistance measurement 
where the superconductor specimen is replaced in the measurement system by 
an appropriate copper conductor. The idea is to measure a specimen that has 
a known resistance to assess the accuracy and sensitivity of the measurement 
system. In order to closely approximate the actual measurement conditions, 
it is important for the copper specimen's resistance, over the length that 
is spanned by the voltage taps, to be similar to that of the superconductor 
at its critical current. This allows testing of the measurement system at 
an appropriate voltage and current. 

Zero Resistance Test 

Interfering voltages are often difficult to detect because they are not 
always easily distinguished from actual specimen voltages. For example, the 
interfering voltages can have the character of a current-transfer voltage3 
or even a flux-flow voltage. This is particularly true of the high
transition-temperature (high-Tc) superconductors because their V-I 
characteristics are not as well understood as those of the conventional, or 
low-Tc , materials. The zero resistance test effectively simulates an ideal 
superconductor where the V-I characteristic is V(I) = O. 

Ideally, the test is carried out with the measurement system configured 
exactly as it would be for an Ic measurement, with one exception: the 
voltage tap leads are not both connected to the superconductor specimen. 
Rather, one of the leads is connected to the specimen and the second lead is 
connected to the first lead close to, but not in direct contact with, the 
specimen. This forms a null voltage tap pair (see Fig. 1). There are 
situations where the null voltage tap pair should have enhanced inductance 
to simulate the inductance of the differential voltage tap pair. 4 In this 
configuration the measured voltage should be equal to zero regardless of the 
current carried by the specimen. Any voltage that is detected, as the 
current is cycled, is an interfering voltage. The important point is that 
all of the electrical current paths that are present for an Ic measurement 
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are preserved in this configuration and the common mode 
the input terminals of the voltmeter is also the same. 
is that the differential voltage has been eliminated to 
recognition of any interfering voltages. 

voltage applied to 
The only difference 
allow easy 

If the current is increased from zero to some maximum value and then 
decreased back to zero with a linear current ramp, equal and opposite 
inductive voltages will be generated for increasing and decreasing current. 
These voltages are easily recognized because they are of constant magnitude. 
In the case of a continuous data acquisition system, where the specimen 
voltage is recorded while the current is being continuously increased, the 
inductive voltages can be reduced by tightly twisting the voltage leads, but 
they cannot be eliminated. However, the inductive voltage is just a dc 
offset and, thus, it does not affect the determination of the Ic. For 
discrete measurement systems, where the voltage data are acquired with the 
current held constant at selected set points, inductive voltages are not a 
factor. Like inductive voltages, thermal electric voltages are always 
present and, if they are held constant during the data acquisition cycle, do 
not affect the Ic measurement. 

The interfering voltages that present a problem for Ic measurements are 
those that change with changing current. These are the ground loop and 
common mode voltages. The zero resistance test is effective for detecting 
the presence of these voltages. 

A more convenient, but less definitive, zero resistance test can be 
made at room temperature using a copper conductor, as in the finite 
resistance test. Once again, the voltage tap leads must be connected 
together and then connected to a single tap to eliminate the differential 
voltage. It is still important to retain as much of the actual Ic 
measurement system as possible. For example, all instruments that are used 
during Ic measurements (chart recorders, computers, and so on) should be 
connected for the zero resistance test. These peripheral devices often have 
ground connections and are sometimes the source of interfering voltages. 
For some measurement systems, the test fixture and specimen are not 
electrically isolated from ground. When this is the case, the room 
temperature test should be made with the copper conductor connected to 
ground through an appropriate resistance. 

NULL VOLTAGE 
TAP PAIR 

NULL VOLTAGE 
TAP PAIR WITH 
ENHANCED 
INDUCTANCE 

Fig. 1. Illustration of sample and lead 
configuration for zero and finite 
resistance tests. 
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Superconductor Simulator 

A simple electronic circuit was designed to simulate the intrinsic V-I 
characteristic of a superconductor. This circuit was used to characterize 
the response of a nanovoltmeter when subjected to a highly asymmetric 
periodic voltage that results from passing a dc-biased ac current through a 
superconductor. 4 A more general application of this circuit has been to aid 
in the development and testing of critical-current data acquisition systems. 

Another important parameter in the determination of Ic is the 
measurement of the n value. The parameter n is defined by the approximate 
intrinsic voltage-current (V-I) relationship, 

where 10 is a reference Ic at a voltage criterion Vo , V is the sample 
voltage, I is the sample current, and n reflects the shape of the curve with 
typical values from 20 to 60. A higher number means a sharper transition. 
In the measurement of the V-I characteristic, the sensitivity of the 
voltmeter is the key factor. Voltage accuracy is less significant in the 
determination of the Ic for a sample with a high n value. For example, with 
n = 30, a voltage error of 10% translates into a 0.3% current error. 

The details of the circuit design are given in Ref. 4. The input to 
the circuit comes from a shunt resistor connected in series with the current 
supply. The output current from the simulator passes through two shunt 
resistors, a "high output" and "low output." Typically, the nanovoltmeter 
being tested is connected to the low output resistor, which generates a 
signal in the microvolt range, and a recording instrument is connected to 
the high output resistor, which generates a signal that is 104 times as 
large as the low output signal. Another channel of the recording instrument 
is connected to the analog output of the nanovoltmeter. These two channels 
are then compared and the measurement system may be thus characterized under 
conditions similar to an Ic measurement. The simulated values of the Ic and 
n can be adjusted. 

The simulator does not reproduce all of the possible elements of an 
actual superconductor's V-I characteristic. Current-transfer voltages and 
the complex voltage patterns associated with flux dynamics, for example, are 
not produced by the circuit. However, the simulator does produce the 
predominant element of a superconductor's V-I characteristic, its abrupt 
increase in voltage with increasing current. It also produces a very low 
and well defined output voltage. These two capabilities make the simulator 
very useful for the development and trouble shooting of Ic measurement 
systems. 

EXAMPLES OF TEST RESULTS 

Measurement System Details 

The copper specimen used for this study was cylindrical and measured 
14.6 cm in length and 8.9 cm in diameter, and it had a voltage tap 
separation of about 0.1 cm. All of the tests made using this specimen were 
conducted at room temperature. Two different Ic measurement systems were 
used for these tests. The details of these measurement systems are given 
elsewhere. S For both the finite resistance test and the zero resistance 
test, the current was steadily increased from zero to a maximum level and 
then steadily reduced to zero while the voltage was recorded with a digital 
processing oscilloscope~ 
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Current. A 

Fig. 2. Finite resistance test, voltage 
versus current for a copper sample. 

Finite Resistance Measurements 

Figure 2 shows the results of a finite resistance test. The hysteresis 
in the data is due to inductive voltage. The lower portion of the 
hysteresis loop is for increasing current and the upper portion is for 
decreasing current. The measured resistance is approximately 1.4 nO. Based 
on the diameter of the copper conductor (8.9 cm) and the voltage tap 
separation (0.1 cm), this implies a copper resistivity of 0.9 ~O-cm. 

The actual resistivity of the copper is probably closer to 1.7 ~O-cm. 
The discrepancy is probably due, primarily, to the lack of precision in the 
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Fig. 3. Successful zero resistance test, 
voltage versus current for a copper 
sample. 
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measurement of the voltage tap separation. To allow space for soldering, 
the voltage taps are staggered around the circumference of the conductor. 
Given the relatively small tap separation and the finite size of the taps, 
an accurate measurement of the longitudinal separation is difficult. 
Another source of the discrepancy is nonuniform current distribution within 
the conductor. For an accurate resistivity measurement, the separation 
between either current contact and its adjacent voltage tap should be at 
least five times the diameter of the conductor. This allows uniform current 
distribution in the region of the voltage taps. For the conductor used in 
these tests, the separation between the current leads and voltage tap leads 
is less than the diameter of the conductor. Ideally, a longer conductor 
with a greater tap separation would be used for this test. Nonetheless, 
this test demonstrates the sensitivity of the measurement and, to the extent 
that the measured and actual values of the copper's resistivity are in the 
same range, the accuracy of the measurement is demonstrated. 

Zero Resistance Measurements 

The results of a zero resistance measurement are shown in Fig. 3. This 
test was made using the same measurement system that was used for the finite 
resistance test. The voltage scale for this plot is nanovolts. Again the 
hysteresis is caused by inductive voltage. The continuous curve (upper 
portion of the loop) is for increasing current and the discrete data are for 
decreasing current. The important point is that, if the inductive voltage 
is subtracted from the data, the measured dc voltage is essentially equal to 
zero. This measurement system has a voltage noise of about ±S nV and a 
voltage measurement uncertainty of about ±2 nV ±2% of the signal. 

In contrast, Fig. 4 shows the results of a zero resistance test for 
another measurement system. In this case, the voltage scale is in 
microvolts and, even if the inductive voltage is subtracted from the data, 
the measured voltage is not equal to zero. This is an example of an 
interfering voltage. In an actual Ic measurement, the interfering voltage 
would be detected along with any differential voltage, thus altering the Ic 
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measurement. In fact, the abrupt increase in voltage that occurs at 
approximately 900 A might be mistaken for a superconducting transition. The 
features of the increasing current (continuous curve) are reproduced for the 
decreasing current (discrete points). 

DISCUSSION 

Other examples of integrity tests can be found in Ref. 5, where various 
combinations of voltmeters, power supplies, and load grounding conditions 
are given. These combinations can change the results significantly; a 
voltmeter that works well with one current supply may not work with another. 
In general, if the load can be grounded near the test sample, the level of 
interfering voltages can be reduced. The resistance of the voltage tap 
leads can also be a factor; the higher the lead resistance is, the larger 
the interfering voltage. 

The required cross sectional area of the copper test specimen used in 
the finite resistance test depends on the Ic of the superconductor, the 
selected Ic criterion, and the test temperature (room or cryogenic). For 
high-current systems the required size of the copper specimen can become 
impractical. However, low-current systems may require only a copper test 
specimen that is comparable in cross sectional area to that of the 
superconductor. The length of the copper specimen is also important to 
ensure an accurate measurement of its resistivity. It should be long 
enough, in comparison with its cross sectional area, to ensure uniform 
current distribution in the area of the voltage taps. 

CONCLUSIONS 

A set of simple procedures that will test the integrity of measurement 
systems used for critical-current determinations on high-Tc and conventional 
superconductors has been developed. These tests include a finite 
resistance, a zero resistance, and a superconductor voltage-current 
simulator. In the measurement of the critical current, voltage sensitivity 
is a key factor. The zero resistance test is the most effective test to 
detect the presence of interfering voltages such as ground loop or common
mode voltages and will determines the voltage sensitivity limit of a 
measurement system. 
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CONVERSION OF A 11 MN EXTRUSION PRESS FOR HYDROSTATIC EXTRUSION OF 

SUPERCONDUCTING MATERIALS 

ABSTRACT 

T .S. Kreilick 
Supercon Inc., Shrewsbury, MA 

R.J. Fiorentino, E.G. Smith, Jr., WW. Sunderland 
Battelle Columbus Division, Columbus, OH 

The purpose of this program was to demonstrate the feasibility of modifying an 
existing mid-size conventional extrusion press to permit, with a simple tooling change, 
hydrostatic extrusion of superconducting materials. Hydrostatic extrusion is considered by 
many the ideal method for low-temperature processing of superconductors in order to (a) 
maximize current densities and (b) successfully coextrude widely dissimilar materials that 
are typically within multifilament superconductor billets. Successful conversion of a mid
size press could then ultimately lead to a similar modification of a much larger existing 
production extrusion press. This would provide the U.S. with a production capability at a 
much lower cost than would otherwise be pOSsible. Battelle Columbus Division (BCD), as a 
sub-contractor to Supercon Inc., undertook the task of converting a 11 MN press located at 
Battelle's Pacific Northwest Division (BPND). The converted press was designed to 
accommodate billets up to 94 mm in diameter x 559 mm long. Also, the converted tooling 
was designed to operate at extrusion pressures up to 1517 MPa. Feasibility of the converted 
press was demonstrated by successfully extruding Cu/NbTi, AI/NbTi, and Cu/Nb/Sn billets 
under conditions comparable to those used for hydrostatic extrusion of the same materials in 
a 39.1 MN production hydrostatic extrusion press. In addition, enhanced critical current 
densities in Cu/NbTi composites are shown for hydrostatically extruded materials. 

INTRODUCTION 

This research was initiated for several reasons: 

(1) There was a growing recognition of the need for hydrostatic extrusion as 
the ideal method for low-temperature processing of superconductors in order to (a) 
maximize critical current densities, (b) successfully coextrude widely dissimilar materials 
such as aluminum-stabilized superconductors, and (c) to reduce intermetallic compound 
formation .1 

(2) Although the hydrostatic extrusion process was actually being used in 
production in Japan2-4 and Europe5 on up to 39.1 MN production hydrostatic extrusion 
presses, there were only small laboratory presses in the United States. 

The lack of comparable production hydrostatiC extrusion facilities in the U.S. was due 
to two main reasons: 

(1) The size of the superconductor market, especially prior to the proposed 
Superconducting SuperCollider (SSC) project, was never considered large enough to justify 
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the purchase of a costly, new hydrostatic-extrusion-press facility by any U.S. company, 
particularly those companies engaged in toll-extrusion work of superconductors. 

(2) A new hydrostatic extrusion press, as designed in the 1970's, was made to 
be used for hydrostatic extrusion exclusively. Since the hydrostatic extrusion process is 
neither required nor cost-effective for extrusion of many commodity materials and products, 
it does not make economic sense to invest in a costly new press that cannot be utilized 
sufficiently to obtain a reasonable return-on-investment. 

It appeared that there was only one viable alternative to this technical/economic 
dilemma, i.e., conversion of an appropriate existing conventional press to permit both 
hydrostatic and conventional extrusion by a simple and quick change in tooling. Such a tooling 
change would involve mainly the container and ram, both of which are now changed routinely 
for conventional extrusion of billets of various sizes. This increased extrusion capability 
would expand the use of an existing press, thus making it far easier to justify the investment 
compared to a purchase of a new press to be used exclusively for hydrostatic extrusion. 

A careful analysis of the situation indicated the following important reasons for 
conversion of a mid-size press before undertaking the conversion of a large production press: 

(1) It was considered essential that the technical/economic feasibility of 
conversion be first demonstrated on a mid-size press before a private company and/or the 
U.8". Government could be convinced to fund the conversion of a large production press. 

(2) The opportunity to test the conversion tooling on a mid-size press may 
lead to important design improvements that could be incorporated later in the deSign for the 
conversion of a production press. 

The expertise for conversion of existing presses for hydrostatic extrusion resided at 
Battelle Columbus Division (BCD). This expertise was based on BCD's extensive experience, 
being at the forefront of hydrostatic extrusion technology in the U.S. since its early stages of 
development. 6·9 

PRESS CONVERSION 

The specific mid-size press selected for conversion was a 11.1 MN horizontal Loewy 
extrusion press (see Figure 1) owned by the Department of Energy and located at Battelle's 
Pacific Northwest Division (BPND). Conversion of this conventional press for hydrostatic 
extrusion required the replacement of three major components: 

- container 
- stem or ram 
- die. 

The new container was designed to withstand fluid pressures up to 1517 MPa (220 
ksi). It consists of four press-fitled rings with the required amount of interference to 
permit operation at the target maximum pressure. The bore surface of the liner was ground 
and honed to the high finish required for sealing the hydrostatic media at high pressures. The 
outer ring was designed so that the overall container could be inserted and keyed in place 
inside the standard container housing of the press. 

The replacement stem was also made to withstand the target maximum pressure of 
1517 MPa. The front end of the stem was designed with a stem cap to hold the seals for 
dynamic sealing of the hydrostatic fluid during the extrusion stroke. The seals consisted of a 
standard O-ring/miter ring combination commonly used in hydrostatic extrusion. 

The basic extrusion die was designed to fit inside the liner bore of the container. The 
seal between the liner bore and the die can be achieved by several methods, including the 
standard O-ring/miter ring approach. However, Battelle chose its own proprietary method 
of sealing by means of a press-fit between the die and liner surface. 
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Figure 1 View of 11.1 MN 
conventional extrusion press 
proposed for conversion to 
permit hydrostatic extrusion. 

Figure 2 Die holder, container 
and ram fabricated for the press 
conversion. 

The container bore is sized 10 accommodate billets up to 94 mm (3.7 in) in diameter 
and 559 mm (22 in) long. This represents a billet length-to-diameter (lid) ratio of almost 
6:1, an amount much greater than that considered typical for conventional extrusion. 

Figure 2 shows the die holder, container and ram fabricated for the press conversion. 
Figure 3 is a view of the opposite end face of the container and the four press-fitled rings are 
clearly evident. Figure 4 shows one method of inserting a billet into the container. In this 
case, the billet is inserted at the "die-side" or "muzzle-end" of the container. Once the billet 
is positioned between the container and die, the container is shifted over the billet and sealed 
tightly against the die. Fluid can then be injected into the liner bore through the collar on the 
"stem-side" of the container. If required, the billet can also be loaded on the "breech-end" or 
"stem-side" of the container. 

HYDROSTATIC EXTRUSION TRIALS ON THE CONVERTED PRESS 

Four composite superconductor billets were fabricated by Supercon for extrusion on 
the converted horizontal press. Three billets contained NbTi filaments in either copper or 
aluminum matrices. Filament hardness differed in the two copper-matrix billets (BPND-1 
and BPND-2) because of preprocessing differences. The fourth billet was a Cu-Nb powder 
metallurgy (P/M) mixture with Sn reservoirs, all within a copper matrix. This discussion 
will concern only the copper matrix NbTi composites. 

Figure 3 View of the "die-side" 
of the container and its four 
press-fitted rings. 

Figure 4 View of billet loaded 
between the die and container. 
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Copper clad NbTi monofilament, incorporating a Nb diffusion barrier, was drawn to a 
diameter of 3.3 mm. One half of the material was annealed in vacuum for 1.5 hours at 800 
°C. The other half of the material was heat treated for 40 hours at 375°C in an argon 
atmosphere. All of the material was then drawn and shaped into a hexagonal cross-section 
1.16 mm (0.0455 in) flat-to-flat. The "hexed" monofilament was straightened and cut to 
equal lengths for restacking as multifilamentary composites. The designed values of filament 
spacing to filament diameter (SID) and copper to superconductor ratio are 0.15 and 1.54:1, 
respectively, for these composites. At a final wire diameter of 0.81 mm (0.0318 in) the 
filaments are 8.6 ~m in diameter. 

The diameter of the CDA alloy 101 copper cans used in the multifilament assembly 
were 94 mm (3.7 in). The total length of an assembled billet was 560 mm (22 in). A 
total of 3450 filaments were assembled in each of two billets. Billet #BPND-1 incorporates 
monofilaments that were annealed (800°C) prior to assembly. Billet #BPND-2 
incorporates monofilaments that were heat treated (375°C) prior to assembly. Both billets 
were hot isostatically pressed (593 °C, 103 MPa, 2 hours) prior to extrusion. The second 
billet (#BPND-2) was heat treated once more (40 hours at 375°C) prior to hydrostatic 
extrusion in the converted Battelle-Northwest press. 

Both billets were pre-heated at 200 °C and extruded at a ratio of 18.5:1 yielding a 
product 21.8 mm in diameter. After loading the billet and fluid, the stem was advanced into 
the container until the fluid surrounded the billet and began to pressurize. The stem was then 
advanced in an automatic mode at a pre-set speed (6.1 mm/sec.), further pressurizing the 
fluid and extruding the billet. The extrusion stroke was continued for a given ram 
displacement where the stem was stopped and withdrawn from the container. The container 
was next moved off the die, exposing the un extruded butt. The butt was pulled away from the 
die and a rotary saw used to separate it from the extruded product. A continuous record of 
ram pressure and ram speed as a function of ram displacement was made for each trial. 
Differences in pressure levels recorded for billets BPND-1 and BPND-2, although not great, 
reflect the relative hardness of the NbTi filaments present. Breakthrough pressures for 
billets BPND-1 and BPND-2 were 1103 and 1241 MPa, respectively. These values are 
comfortably within the 1517 MPa capacity of the converted tooling. 

Samples of the extruded Cu/NbTi stock from both billets were examined 
metallographically to verify that satisfactory coextrusion of the NbTi filaments and copper 
matrix took place. A cross-section macrograph of the stock from billet BPND-1 is shown in 
Figure 5. The filaments in this stock, as well as the BPND-2 product, were uniform in size, 
indicating they had fully coextruded with the copper matrix. 

COMPARISON OF HYDROSTATICALLY AND CONVENTIONALLY 
EXTRUDED CiJlNbTi MATERIALS 

The strand diameter required for the inner cable of an Superconducting SuperCollider 
(SSC) dipole magnet is 0.81 mm. If one starts with a 305 mm diameter billet, the total 
strain to which the material is subjected is approximately 12. If the first precipitation heat 
treatment is delayed until a strain of 6, and the strain after the last heat treatment is 4, then 
there there is room for only three heat treatments. 10,11 More recently, Lee has shown that 
the pre-strain can be reduced to 4 if high homogeneity Nb 46.5 wt% Ti alloy is used with a 
420°C heat treatment.12 Reduction of the pre-strain to lower values could form 
Widmanstatten a-Ti and/or (0 phase precipitates which could lead to ductility problems. 

An available strain of 12 assumes that relatively hot extrusion has the same strain 
effect as cold drawing. If cold work is not retained throughout conventional b.<trusion than 
the total strain available is significantly reduced from the calculations referenced above. It 
is the belief of the authors that some, but, not all of the cold work present at the time of the 
extrusion is retained. Experiments designed to help quantify the retained cold work are 
described below. 

Lowering the temperature of conventional hot extrusion has long been identified as a 
possible means of increasing the retained cold work, but, lower temperatures must be 
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compensated for in higher available press tonnages or smaller diameter billets. Insufficient 
bonding of the various components is one drawback to this approach. Supercon Inc. has 
introduced a hot isostatic pressing (HIP) step to enable bonding prior to extrusion at lower 
temperatures. In this way, one is able to retain the cold working gained during the extrusion 
process. If hydrostatic extrusion can be employed in both the monofilament extrusion and the 
multifilament extrusion the available strain space can then be increased to 18 or more. 

It was with this knowledge base that two hydrostatically extruded Cu/NbTi composites 
were compared with two identical composites extruded utilizing conventional hot extrusion 
techniques.13 The purpose for these billets was to determine the advantages of hydrostatic 
extrusion on the largest available press. This experiment was carried out concurrently with 
the mid-sized press conversion described above and timed to identify any potential problem 
areas prior to our trials on the converted press. 

The diameter of each multifilament billet was 168 mm (6.61 in) with a nominal 
copper to superconductor ratio of 1.8:1. All four composites contain 516 NbTi filaments, 
each incorporating a Nb diffusion barrier and clad with copper designed to yield an average 
SID ratio of 0.15:1. 

The material for these billets was processed in a manner similar to that processed for 
billets BPND-1 and BPND-2, described above. One billet from each series contains 
filaments that received an anneal of the monofilament at an intermediate diameter prior to 
further drawing and shaping to a hexagonal cross-section. Annealing parameters were 800 
ac for 1.5 hours. The second billet of each series contains filaments that received an (X-Ti 
precipitation heat treatment (40 hrs at 375 ac) rather than an anneal at the same 
intermediate size followed by a second heat treatment (40 hrs at 375 ac) as a hexed 
monofilament. All four billets were hot isostatically pressed (593 ac, 103 MPa, 4 hrs) 
prior to extrusion to ensure bonding of all billet components. 

The billets are identified as follows: 

Billet Number 

SCN-1 
SCN-2 
SCN-3 
SCN-4 

Method of Extrusion 

conventional 
conventional 
hydrostatic 
hydrostatic 

Condition of NbTi 

annealed 
heat treated 
annealed 
heat treated 

# of Heat Treatments 

3 or 4 
5 or 6 
3 or 4 
5 or 6 

Conventional extrusion of billets SCN-1 and SCN-2 took place after a pre-heat at 593 
ac. The extrusion ratio was 25.5:1 yielding a product 33.3 mm in diameter. Hydrostatically 
extruded billets SCN-3 and SCN-4 were processed to the same diameter following a pre-heat 
at 200 ac. Figure 6 shows a cross-section of the hydrostatically extruded billet processed 
with an anneal of the monofilament (Billet #SCN-3). This cross-section is representative 
of all four billets. 

Figure 7 is a flow-chart of the thermomechanical processing sequence for the material 
that received an anneal (800 ac) of the monofilament prior to assembly as a multifilament 
(Le. billets SCN-1 and SCN-3). Figure 8 is a flow-chart outlining the processing sequence 
for billets SCN-2 and SCN-4, those materials that received a heat treatment (375 ac) prior 
to assembly as a multifilament composite. For all four billets, when the total number of heat 
treatments is specified as "four" or "six" this is an indication that the material received a 
precipitation heat treatment at the "as extruded" diameter of 33.3 mm. All of the 
intermediate precipitation heat treatments were 40 hours at 375 ac and were spaced equally 
by a nominal strain of 1.0. 

Figure 9 shows the critical current density (Jc) at 5T and 4.2 K versus the strain 
after the last intermediate precipitation heat treatment for the conventionally extruded 
materials. Figure 10 shows the same information for the hydrostatically extruded materials. 
"HTA" refers to "heat treatments after" the extrusion and "HTB" refers to "heat treatments 
before" the extrusion. 
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Figure 5 Cross-section of 
hydrostatically extruded 
Cu/NbTi multi filamentary 
composite (BPND-l), 

EXTRUDE ANNE ALED MONOF IL AMENT 
178 mm H -+ 25.4 mm H 

E = 3.89 

E=2.30 

E=0.98 

ASSEMBLE "REST ACKED" BILLET 
@ 0.47 mm HEX (ff) 

HIP 4 hr. ~ 593 ·C 

EXTRUSION: HYDROSTATIC (200 ·C) 
CONVENTIONAL (593 'C) 

4 3 
HEAT TREATMENTS HEAT TREATMENTS 

Figure 7 Flowchart of the thermo
mechanical processing for billets 
SCN-l and SCN-3, both annealed at 
800°C prior to assembly as mUlti
filament composites. 

Figure 6 Cross-section of 
hydrostatically extruded 
Cu/NbTi multifilamentary 
composite (SCN-3). 

EXTRUDE ANNE ALED MONOF IL AMENT 
178mm H -+ 25.4mmH 

E =3.89 

E=2.30 

E=0.98 

ASSEMBLE "REST ACKED" BILLET 
@ 0.47 mm HEX (ff) 
HIP 4 hrs ~ 593 ·C 

HEAT TREAT BILLET 40 hrs ~ 375'C 

EXTRUSION: HYDROSTATIC (200 ·C) 
CONVENTIONAL (593 ·C) 

6 5 
HEAT TREATMENTS HEAT TREATMENTS 

Figure 8 Flowchart of the thermo
mechanical processing for billets 
SCN-2 and SCN-4, both heat treated 
at 375°C prior to assembly as 
multifilament composites. 
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Figure 9 Critical current 
density (5T, 4.2 K) versus strain 
for billets SCN-l and SCN-2 
(conventional extrusion). 

Figure 10 Critical current 
density (5T, 4.2 K) versus strain 
for billets SCN-3 and SCN-4 
(hydrostatic extrusion). 

The following observations can be drawn from this comparison of hydrostatic and 
conventionally extruded Cu/NbTi materials: 

1) Hydrostatically processed material is superior to conventionally processed 
material in all comparisons, except in the case of four heat treatments after extrusion 
(4HTA). 

2) Heat treatments carried out before extrusion are much more effective with 
hydrostatically processed material than with conventionally processed material. They show a 
behavior similar to applying all heat treatments after extrusion in finer filament work.14 
Also important to note, is the observation that conventionally extruded material dQ..e..s. retain 
some degr~e of cold work throughout conventional extrusion. 

3) Hydrostatically processed material, which is presently limited to 170 mm 
diameter, can be made to exhibit good properties with an acceptable number of heat 
treatments after extrusion. 

4) Hydrostatic extrusion shows potential for higher Jc's in large diameter wires, 
particularly if the new heat treatments are applied and if larger presses could be converted. 

TECHNICAUECONOMIC ASSESSMENT OF CONVERSION 
OF A PRODUCTION EXTRUSION PRESS 

It is clear from the foregoing that the hydrostatic extrusion process offers important 
advantages for processing of Cu/NbTi superconducting materials. The conversion of an 
existing, larger, production extrusion press to permit hydrostatic extrusion would be 
important to the full range of metallic superconductors, and perhaps even to the high T c 
ceramic superconductors sometime in the future. However, because the largest pending U.S. 
superconductor requirement is for copper-stabilized NbTi for the SSC, the main emphasis in 
this discussion will be on this material. 

A current government effort in this regard is directed at the conventional extrusion of 
billets nominally 356 mm (14 in) diameter x 762 mm (30 in) long (excluding nose and tail 
portions). The plan is to extrude these billets down to rod approximately 76.2 to 101.6 mm 
(3 to 4 in) in diameter, the actual size depending on the availability of suitable draw benches 
for each of the U.S. superconductor manufacturers engaged in this effort. The nominal 
extrusion ratios calculated for three potential rod product sizes are: 
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Rod Size. mm 
101.6 

88.9 
76.2 

Extrusion Ratio 
12.3:1 
16.0:1 
21.8:1 

In view of the fact that the conventional extrusion press being considered for this 
extrusion work is limited to 62.3 MN, the maximum extrusion pressure available on a 356 
mm diameter bJllet is only 586 MPa (85 kSi). This means that the billet temperature will 
have to be quite high, e.g., perhaps 650 °e or higher, in order to extrude the billets within 
the available extrusion pressure. Such high temperatures are considered undesirable 
because they reduce the amount of overall cold work that can be introduced into the NbTi 
filaments which, in turn, reduces the critical current capability of the final conductor. 

In order to maximize the cold work in the NbTi, it is desirable to extrude the billets at 
minimal temperatures, preferably in the range of 200 °e. Hydrostatic extrusion at this 
temperature requires, for extrusion ratios of about 18:1 to 22:1, extrusion pressures in the 
order of 1103-1241 MPa (160-180 ksi), depending on the level of cold work in the NbTi 
at this pOint. 

Therefore, if an existing extrusion press were to be converted, it would be prudent to 
design the extrusion tooling to operate at extrusion pressures as high as 1379 MPa (200 
ksi) to allow for contingencies and other superconductor materials. With this in mind, the 
potential billet and product sizes that would be possible with hydrostatic extrusion on 
existing presses were calculated for three relatively high, but practical, extrusion pressure 
levels, i.e. 1103, 1241, and 1379 MPa. This information is given in Table 1 for existing 
presses that range from 34.3 to 137.9 MN (3850 to 15,500 tons) in capacity. The billet 
length is based on an estimate of the maximum filament length that could fit into the existing 
known length of container for each press size. This assumption ignores the possibility that 
still longer containers may be possible in some of the existing presses when converted. It 
should also be pointed out that still larger diameter billets could be extruded in a" the 
presses cited, at extrusion pressures lower than 1103 MPa (160 ksi). 

It can be seen from Table 1 that the billet weights are influenced by both the billet 
diameter and length that are possible with the various extrusion presses. In general, the 
higher the billet weight as we" as the billet length-to-diameter ratio, the greater the 
product yield. Thus, the larger extrusion presses would be favored because the cost per 
pound of extrusion should be lower due to both the greater billet weights possible as we" as 
the attendant greater product yield. 

However, recommendation of a specific large press cannot be made until a" important 
factors are properly considered. Among such factors are: 

(1) company interest in the conversion option; 

(2) conversion cost and the availability of a governmental subsidy; 

(3) availability of the specific press for superconductor billet extrusion on a to" 
basis; and 

(4) potential business for the converted press for both superconductor and non
superconductor billet extrusion. 

It seems reasonable to expect that the willingness of a company to consider conversion 
would depend greatly on the amount of governmental subsidy, if any, and the projected 
increased usage of its press due to a hydrostatic extrusion capability. A factor that should be 
kept in mind is that the largest production hydrostatic extrusion presses available in the free 
world today are limited to 39.1 MN capacity. Thus, conversion of a substantially larger 
press, e.g. 62.3 MN (7000 tons) or more could, perhaps, lead to a significant increase in 
business volume from many new sources, both domestic and foreign, simply because of the 
uniqueness of such a press worldwide. 
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Existing 
Press Size, 

MN 

137.9 

124.5 

106.8 

77.4 

62.3 

48.9 

34.3 

Table 1. Potential billet and product sizes possible with 
hydrostatic extrusion on existing extrusion presses 

at various assumed extrusion pressure levels 

Assumed 
Extrusion 
Pressures, 
~ 

1103 
1241 
1379 

1103 
1241 
1379 

1103 
1241 
1379 

1103 
1241 
1379 

1103 
1241 
1379 

1103 
1241 
1379 

1103 
1241 
1379 

Potential Billet Size 

Diameter, Est. Filament, Superconductor 
mm Length(al. cm Weight(bl. kg 

399 152 1842 
376 152 1637 
358 152 1488 

378 152 1660 
358 152 1642 
345 152 1334 

351 127 1188 
330 127 1052 
315 127 957 

300 114 785 
279 114 689 
267 114 621 

269 89 485 
254 89 435 
239 89 386 

239 76 327 
224 76 290 
213 76 263 

198 66 195 
188 66 177 
179 66 159 

Product Size 
at 20:1 

Extrusion Ratio 

Diameter, Length, 
mm Jll 

88.9 30.5 
83.8 30.5 
81.3 30.5 

83.8 30.5 
81.3 30.5 
76.2 30.5 

78.7 25.3 
73.7 25.3 
71.1 25.3 

66.0 22.9 
63.5 22.9 
58.4 22.9 

61.0 17.7 
55.9 17.7 
53.3 17.7 

53.3 15.2 
50.8 15.2 
48.3 15.2 

43.2 10.1 
40.6 10.1 
38.1 10.1 

(a) Estimate of maximum filament length possible with existing container length for each 
press size, excluding billet nose and tail. 

(b) Estimate is based on an assumed copper-to-superconductor ratio of 1.5:1 and excludes 
billet nose and tail portions. 

CONCLUSIa-JS 

(1) The feasibility of converting a 11.1 MN conventional press to permit hydrostatic 
extrusion by a simple tooling change was successfully demonstrated. 

(2) Feasibility was demonstrated by successful extrusion of Cu/NbTi, AIINbTi, and 
Cu/Nb/Sn superconductor billets under conditions comparable to those used for extrusion of 
the same materials in a 39.1 MN production hydrostatic extrusion press. 

(3) Successful conversion of this mid-scale press indicates that there should be very little 
or no risk involved in conversion of a much larger existing production press for hydrostatic 
extrusion. 
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ABSTRACT 

The strain characteristics of critical current, I c , in three kinds of 
VAMAS round robin test wires were evaluated. The multifilamentary Nb3Sn 
samples measured are: bronze route Ta added and internally stabilized wire 
A, Ti added and externally stabilized wire B and internal tin diffusion 
processed wire C, respectively. The strain for Ic peak ranged 0.20-0.30 % 
and the reversible strain limit 0.8-1.1 %. The results obtained at 15 T in 
three institutes, NIST, Rutherford Lab. and Osaka/Tohoku Univ., are 
compared. Fairly good agreement was obtained. The strain sensitivity was 
higher in the order of C, A and B. This can be mainly attributed to the 
effect of addition of the third element. The correlation between the 
strain sensitivity and the scatter of critical currents measured in the 
round robin test participant laboratories is briefly discussed. 

INTRODUCTION 

Interlaboratory comparison of the critical current, I c , measurements 
using common multifilamentary Nb3Sn sample superconducting wires (round 
robin test) have been successfully carried out as an activity of VAMAS 
(Versailles Project on Advanced Materials and Standards).1-3 The summary 
report suggested that there exists a strong correlation between the scatter 
of Ic values and strain effects associated with the measurements. This 
paper describes interlaboratory comparisons of the strain effects of VAMAS 
wires measured in three laboratories and discusses how strain effects in the 
conductor influence Ic measurements. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Specication of samples 

Wire A Wire B Wire C 
Fabrication Method Bronze Bronze Internal Sn 
Wire Diameter (mm) 0.8 1.0 0.68 
Structure NbTa/CuSn Nb/CuSnTi Nb/Cu/Sn 
Cu/non-Cu 0.22 1.68 0.88 
Bronze/Cores 2.8 2.5 3.1 
Filament Diam.(~m) 3.6 4.5 2.7 
No. Filaments 10,000 5,047 5,550 
Heat Treatment 973 K 943 K 973 K 

96h 200h 48h 

EXPERIMENT 

Samples 

Three multifilamentary Nb3Sn sample wires were tested. The first and 
the second, A and B, are bronze route wires with Nb3Sn filaments containing 
the third additional elements of Ta or Ti, respectively. Wire A is 
stabilized by copper internally and B externally. The third, C, is an 
internal Sn processed wire with no third element addition. Brief sample 
specifications are given in Table 1. Further details have already been 
previously reported. 1 

Apparatus and Measurement 

Three groups of laboratories participated in the strain effects 
evaluation tests using apparatus of their own. They are Inst. Sci. Ind. 
Res., Osaka Univ./Mater. Res. Inst., Tohoku Univ., National Inst. Standard 
Technology and Rutherford Appleton Lab.; these institutes are labeled 
disorderly as Laboratory I, II and III in this Ea5er. Laboratories I and II 
used a short straight sample testing apparatus.' Axial tensile strain was 
applied in the magnet bore perpendicularly to the magnetic field; the Ic was 
measured using custom low-force clip-on gauge. The sample was cooled in a 
force-free state. Laboratory III used a long coil shape sample soldered on 
the outer periphery of a spring sample holder. Twisting the spring results 
in tensile or compressive strains in the sample. 6 

Only the data at magnetic fields of 15 T were provided by laboratory I, 
whereas more detailed results measured as a function of the magnetic field 
were presented by laboratories II and III. The results are compared based 
on the data at this field using an Ie criterion of 1 ~V/cm. The data at 
15 T of laboratory II are obtained through simple interpolation using points 
at 14 and 16 T. 

RESULTS AND DISCUSSION 

Strain Effect 

As an example of results, the strain dependence of Ic in wire C is 
shown in Fig. 1. The Ic increases with strain to the peak, I cm , at £m where 
compressive pre-strain in Nb3Sn induced by the other constituents with 
different thermal contraction coefficients on cooling is released. It 
decreases on further straining. The irreversible strain limit £irrev is 
determined as a strain beyond which the Ic value on unloading does not fall 
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Fig. 1. Ic vs. strain characteristic for wire C (laboratory I). 
(Open circles are obtained on loading, solid unloading) 

Fig. 2. Fracture surface of wire C. (4.2 K, 15 T). 

on the curve obtained by previous loading. Figure 1 indicates Em = 0.2 % 
and Ic is reversible until the wire is nearly strained to fracture, Ef. 
The highly reversible characteristics of this wire is ascribed to the wire 
construction: The fractograph of this wire at 4.2 K, 15 T indicated that the 
size of voids observed in the distributed Sn core is small, which does not 
induce a significant strain concentration (Fig.2). This is in contrast with 
the large voids observed in internal tin diffusion processed wires with 
larger core size, in which the Eirrev is small and the strain sensitivity of 
Ic is high. 7 ,B 

Comparison of Measurements Among Laboratories 

Values of Em, Eirrev, and fracture strain Ef obtained in each 
laboratory are compared in Table 2. The prestrain value Em agrees within 
0.06 % for laboratories I and II. The Em values differ somewhat from the 
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results obtained by others for laboratory III. The irreversible strain 
limit values, or its lower limit values, agreed well, within 0.05 %, in wire 
B and are somewhat scattered in wires A and C. The reason for large scatter 
of Eirrev is that the reversible strain limit coincides with the wire 
fracture strain at which Ic can be no longer determined. The fracture is 
controlled by the weakest defect in wires A and C, whereas the reversible 
strain limit in ductile wire B is determined by micro-fracture in the 
filaments prior to the final fracture. 

The strain dependence of Ic for the three wires obtained by the three 
laboratory groups are shown in Fig. 3. The Ic is normalized to that at peak 
strain, Icm. The agreement of Em, as mentioned above, as well as the strain 
sensitivity between laboratories I and II is quite good. To make a 
meaningful comparison with the data from laboratory III, in which the wire 
is soldered to a strip of copper firmly laid over the surface of the 
titanium spring, it appears necessary to fit the data to the prestrain 
values determined by laboratories I and II, which are obtained through 
force-free cooling. 

The Em is largest in wire B in which both the bronze-to-core ratio, R, 
and the copper-to-non-copper ratio, S, are high. The smallest Em in wire A 
is presumed to be the consequences of low Rand S and the position of the 
stabilizer. 9 

Strain Sensitivities and Scatter of Ic Measurements 

Figure 4 shows comparison of tensile strain sensitivities for three 
wires obtained in laboratory I. The sensitivity is highest in the wire C 
and tends to decrease lower in the order of A and B. These are mainly 
controlled by their upper critical field, Bc2; 19 T, 24.5 T, and 26 T, 
respectively. The change in Bc 2 is attributed to the species and the amount 
of additional elements to Nb3Sn; no addition, Ta, and Ti respectively. The 
strain sensitivity of Ic is known to be higher in the conductor with a 
higher R ratio and higher Em. 10 The ratio S is also supposed to contribute 
to it in the same direction. It seems worthy to note that Ic in the wires 
stabilized internally are more sensitive as compared with that in externally 
stabilized wires. 9 However, it appears that these effects are masked by the 
vast difference in Bc2. 
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According to a summary of the round robin test of Ic determined by the 
criterion of 10 ~V/m, the coefficient of variation in Ic data, slAve where 
s is standard deviation and Ave is averaged value of Ic's, increases as the 
magnetic field is increased. Further, the variance is larger in the order 
of samples C, A, and B; slAve are 29.4, 12.1, and 5.4 % at 15 T, 
respectively. The order coincides with that of the strain sensitivity of Ic 
mentioned above. These facts indicate that the scatter in the Ic 
measurements is closely related to the strain characteristics of the wire; 
the intrinsic sensitivity of the conductor associated with the prestrain 
during handling and/or cooling down. The systematic differences among 
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Table 3. Comparison of Icm 

Icm, A 
lab.I 115 

Wire A lab. II 132 
lab. III 114 

lab.I 116 
Wire B lab. II 124 

lab. III 107 

lab.I 40 
Wire C lab. II 41 

lab. III 

laboratories in the round robin test have also been mainly attributed to the 
strain effect associated with the sample holder (Fig. 5 in the reference 1). 

So long as the value of the prestrain experienced before the Ic 
measurement is small, the importance of the magnitude of Em is to be 
emphasized. Because the extent of change in Ic is directly associated with 
the strain sensitivity around the zero applied strain, the value of Em, the 
deviation from the peak, has significant meaning not only for the Ic value 
itself but also the scatter of Ic measurement. 

It must be noted, however, that the values of Icm, the Ic free from 
strain are also different among the laboratories (Table 3). This indicates 
that factors other than strain still can exist in the measurements of each 
laboratory; variation of magnetic field, parameters specific to the 
apparatus (excluding strain effect), recording equipments, and variation of 
sample itself. The parameters excepting the last one can partly be 
responsible for the systematic differences among laboratories. Difference 
in heat treatment condition also leads to variation of Bc2, Icm and, 
therefore, the strain effect. More significant variation is induced in the 
samples with shorter heat treatment time in the order of wire C, A, and B. 
The situation for wire C is particularly bad because there is another 
problem with inadequate confinement of internal tin in short sample during 
heat treatment. The filament diameter (increasing in the order of wire C, A 
and B) may in part be responsible for a variation in the longitudinal 
homogeneity of the wires. The results of a homogeneity check for wires has 
been reported, except wire C. The scatter in wires A and B is rather low • 

Strain Sensitivity of "n" Value 

In the course of Ic round robin tests, n values specifying the 
relationship between the voltage V and the transport current I in a 
empirical expression V ~ In has been also evaluated. A larger n value 
corresponds to a sharper transition in the specimen and is an index of good 
homogeneity.11 The dependence of Ic on criterion voltage is higher for 
conductors of smaller n values. 12 Changes in n values determined within the 
voltage range of 0.5 to 5 ~V/cm versus strain for three wires are shown in 
Fig. 5. Although the scatter of n is rather large, especially in wire C, n 
changes with strain as in the case of Ic. Because n reflects the 
homogeneity of the conductor, the irreversibility in n value is presumed to 
be caused by damage in the filaments. The change in n is larger in the 
wires C and A. The value of n near the peak Icm is larger in wire A, but at 
strains other than the peak region it is rather small as compared to wire B. 
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The effect of the difference in position of stabilizer on the n value is 
not clear at present. The n values in wire C are erratic and small. A dull 
increase in voltage, i.e. smaller n value, will result in scatter of Ic if 
Ic criteria is of high accuracy, 1 ~V/cm or smaller, or when the voltage 
base line in measurement has some fluctuation. 

CONCLUSIONS 

1. Interlaboratory comparisons of strain effects in three VAMAS sample 
superconductors showed fairly good agreement in prestrain em, 
irreversible strain eirrev, and strain sensitivity of Ic. 

2. Scatter of Ic measurement in the round robin test samples is mainly 
ascribed to strain effects; strain sensitivity and magnitude of 
prestrain. 
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AN APPARATUS FOR EVALUATING STRAIN EFFECT OF CRITICAL CURRENT 

IN SUPERCONDUCTING WIRES IN MAGNETIC FIELDS UP TO 16.5 T 
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An apparatus to evaluate the strain effect of critical current, Ic, in 
practical superconducting wires was fabricated. The apparatus was installed 
in the 16.5 T superconducting magnet of High Field Laboratory for Super
conducting Materials, Tohoku University. Total length of a specimen is 44 
rom. Each end of it is soldered to a copper grip which also serves as a 
current terminal. The load is applied by moving the lever arm. The strain 
is measured by use of a extensometer set between the movable grip and the 
fixed one. The accuracy is 0.05 % strain. The voltage taps are soldered at 
a distance of 10 mm. The capacities in load and current of the apparatus 
are 500 Nand 200 A, respectively. A good operation is confirmed by 
comparing results with those in the conventional apparatus. Reasonable 
agreement with the data obtained at NIST in VAMAS international round robin 
test samples gave a proof for reliability on the apparatus. Using this 
apparatus, strain characteristics of a wire fabricated by liquid 
infiltration method is evaluated. 

INTRODUCTION 

The influence of tensile stress upon the properties of superconducting 
materials, particularly Nb3Sn, has been the subject of research. Changes in 
the critical current, Ic, above all, in the superconducting wires associated 
with mechanical behavior is important from the practical view point of 
magnet design and operation. The effect of strain is known to become more 
significant as the magnetic field is increased close to the upper critical 
field Bc2. Hitherto, there have been constructed many types of apparatus 
which facilitate the measurement of Ic in the course of tensile test at 4.2 
K under high field above 12 T. Specking et all constructed an apparatus 
which works in the gap of split pair magnet of the field up to 14 T in a 
cryostat. The tensile housing, "sword", is essentially the same as one in 
the conventional low magnetic field test consisted of a fixed copper block 
at the bottom and a movable one at the top which is pulled by driving device 
out side of the cryostat. The advantages of this apparatus are that the 
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accuracy of strain measurement is high because the long straight sample is 
available and the instability caused by heat generation is minimized because 
the sample can be soldered in the region of low field. 

Aiming at the measurements at higher field, Rupp2 used an apparatus 
which work in the 2.5 cm bore of Bitter magnet capable of producing 23 T. 
Axial tensile strain transverse to the magnetic field is applied to the wire 
specimen by moving a wedge in the direction of bore axis separating two 
copper blocks on which each end of sample is soldered. Prior to the 
apparatus of Rupp, Ekin3 succeeded in measurement of Ic change with strain 
including reversibility at 23 T using a compact apparatus, in which a 
movable copper block was pushed by lever arm. Strain in the wire is 
measured by a custom low-force extensometer attached to the copper blocks. 
Because the gauge length is short, the accurate strain measurement is the 
key technique. Walters4 fabricated a sophisticated apparatus for extreme 
strain sensitivity, using thick spiral spring sample holder. Twisting the 
spring, long coil sample attached on the out side of the turn is strained. 

In this paper, a brief description is given of another apparatus 
fabricated for measurement of strain effect of short straight samples at 
high field. Results of the operation check and an evaluation on a conductor 
under development are also presented. 

APPARATUS 

Superconducting Magnet 

A superconducting magnet consisting of 30 double pancake wound with a 
surface diffusion processed Nb3Sn tape conductor in the High Field 
Laboratory for Superconducting Materials, Tohoku University is used. The 
magnet generates high field up to 16.5 T in a 50 mm diameter bore. Detailed 
description has been given previously .5 

Sample holder 

A schematic illustration of the sample holder which can apply tensile 
load to the specimen is shown in Fig. 1. The 310 stable austenite stainless 
steel was used for structural component. The sample was gripped at either 
end by soldering on to two copper blocks of the length of 12 mm. The copper 
blocks serve as current terminals at the same time. The right block is 
fixed to the support structure through FRP insulator. The left block was 
mounted to the lower end of the lever arm. It can be moved by lifting the 
pull rod connected to a cam link which press the upper end of the lever arm. 

Strain in the specimen was measured as a displacement of the copper 
block, using a custom 2-strain gauge extensometer (clip on gauge). The 
knife blades shaped at the ends of phosphor bronze arms of the extensometer 
were attached to the V-shaped grooves of both the copper block and a FRP 
calibration plate to be mentioned below. The extensometer applies only 0.5 
N of spring tension to the sample. Linearity of the extensometer is 
excellent and no hysteresis was measured on calibrating experiment at room 
temperature. The feature of this holder is that the calibration of strain 
is made at 4.2 K and in the magnetic field on each Ic measurement. By 
pulling up the calibration rod, we can turn the calibration plate around the 
knife edge shaped in the right (fixed) copper block by certain angle 
corresponding to a calibration gap. This gives pre-determined amount of 
displacement of 0.185 mm in the extensometer arms (the left copper block is 
supported by the specimen). Releasing the calibration rod, the calibration 
plate is pressed again to the left side of the gap by the spring. Strain 
was determined to within 0.05 % strain. Load was applied to the pull rod 
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Fig. 1. Schematic illustration of sample holder. 

by a screw driven device via a load cell of 1 kN capacity out side of the 
cryostat, and was measured to within 1 %. Stress-strain curves were plotted 
on an X-Y recorder. 

After the sample was set, whole apparatus is purged by He gas in order 
to avoid freezing of air at movable portions in the apparatus. The sample 
holder is slowly lowered in the cryostat (it took approximately 1 h), 
sliding through vacuum tight movable seal at the flange attached to the 
cryostat. In order to ensure strain free cooling down, attention was paid 
to secure free rotation of lever arm during cooling; hollow pin (shrink 
fast) with a clearance of 0.1 mm was used. 

Current up to 150 A was supplied to the specimen from a DC power source 
with a sweeper. The Lorenz force was supported by a stainless steel block 
covered with FRP sheet exactly aligned in the height level of copper block. 
At the end of the measurement, the sample fractured at random points along 
the 17.5 mm length between the two copper blocks, indicating no stress 
.concentration at the copper-solder grips. Voltage taps separated by 10 mm 
were spot-soldered to the sample near the middle of the gauge length. The 
Ic criterion used was l~V/cm. The critical current could be easily 
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determined on the chart of a high sensitivity X-Y recorder of 5 ~V/cm range. 
The current transfer voltage is separated from the flux flow voltage, if 
necessary. 

Comparison of Strain Effect Evaluation with Conventional Apparatus 

In order to check the operation of the present apparatus, the stress 
strain curve and characteristic strain values obtained with the apparatus 
are compared with those obtained with conventional low field apparatus6 
which has been used by some of the authors. As a test sample with moderate 
Ic, a bronze processed Nb/Cu-13.2 wt% Sn-0.3 wt% Ti submultifilamentary wire 
prepared for VAMAS Japan specimen was chosen. 7 The wire in diameter of 0.4 
mm consisted of 721 filaments in diameter of 6.5 ~m are heat treated at 943 
K for 200 h. The conventional apparatus consisted of tensile test rig with 
gauge length of 165 mm, the accuracy of strain being 0.01 %, is inserted 
within the gap of 6T split pair superconducting magnet. The stress-strain 
curve obtained at 14.4 T, 4.2 K using this apparatus is compared with that 
obtained using the conventional one at 6 T (Fig. 2). Although the stress is 
much the less higher, due presumably to the friction, fairly good 
coincidence can be seen. The Ic vs. strain relations obtained using the two 
apparatus are compared in Fig. 3. Due to the difference of magnetic field 
applied, the Ic and its change with strain are different. The prestrain, 
Em, of 0.2 % as well as the reversible strain limit,Eirrev , of 0.55-0.60 %, 
however, are close to each other. The smaller Em as compared to the VAMAS 
Jpn wire is ascribed to lower copper/non copper ratio coupled with coarser 
filament size. The reason for thg larger Eirrev at high magnetic field has 
already been discussed elsewhere. 

A good agreement of the strain dependence of Ic in VAMAS samples at a 
field of 15 T measured at NIST and that using present system has shown the 
reliability of this apparatus. 9 

Strain Effect in Liquid Infiltrated Multifilamentary Nb-Sn Wire 

The superiority in both critical current and its strain characteristics 
in the multifilamentary Nb-Nb3Sn composite wire by liquid infiltration 
method as compared with those in bronze processed has been reported. 10 
Using the apparatus mentioned above, the strain characteristics in a wire 
fabricated~in our group by liquid infiltration method using laboratory scale 
powder metallurgy processing technique 11 was measured at 15.5 T. The 13-15 
wt(. Sn composite, 10 mm in diameter was drawn down to 0.53 mm in diameter 
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together with Nb barrier and eu stabilizer. Figure 4 shows a optical 
micrograph of the cross-section of the wire. Due to high oxygen content in 
starting Nb powder (900 ppm), reduction of the cross-sectional area was 
small (360). The heat treatment condition adopted by Hong et al 10 could not 
result in good Ic value. It was found that the two stage heat treatment of 
1223 K x 10 min + 973 K x 5 day was effective for formation of 
superconducting A-iS phase. The Tc of 18.0 K with a 50 mK transition width 
and the Bc2 of 23.5 T were obtained. 

Fig. 4. Optical micrograph of the Nb-Sn composite 
as-infiltrated. 
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The Ic vs. strain characteristics of the wire is shown in Fig. 5. The 
non Cu critical current density Jc of the wire around 15 T is higher as 
compared with conventional bronze processed wire and is comparable to that 
of Hong. The Em is 0.1 % and the Eirrev 0.65 %. These inferior strain 
characteristics as compared with those fabricated by Hong et al are ascribed 
to coarser Nb3Sn filaments coupled with higher heat treatment temperature 
with longer duration. 

SUMMARY 

An apparatus for evaluating strain effect of critical current in 
superconducting wires in magnetic fields up to 16.5 T is fabricated and the 
fairly excellent operation is confirmed. As an example for practical 
application, the strain characteristics of a wire fabricated by liquid 
infiltration method is evaluated and its excellent characteristics are 
elucidated. 

Using eventually identical mechanics, an extended apparatus for 
measurement up to 23 T is being constructed. 12 This apparatus can be 
operated remote from the HM-2 hybrid magnet in MRI, Tohoku University. The 
Ic was measured according to the programmed sequence in the strain-control 
or the load-control mode. 
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THE CHARACTERIZATION OF Nb3Sn SUPERCONDUCTORS 

FOR USE IN MAGNETS OF 19 T AND GREATER 

ABSTRACT 

L.T. Summers, M.J. Strum, and J.R. Miller 

Lawrence Livermore National Laboratory 
P.O. Box 5511, L-643 
Livermore CA, 94550 

Increased resolution of NMR spectrometry will require the use of very 
high field Nb3Sn super conducting magnets. Here we report the results of our 
investigation into mechanical and temperature effects on internal-Sn 
superconductors similar to those proposed for use in a 900 MHz, 21 T NMR 
magnet system. Thermal precompression was found to be about 0.225%, and 
the irreversible strain was about 0.8%. Fatigue degradation was not observed at 
cyclic intrinsic strains below 0.575%. Additions of reinforcing steel in cable 
conductors was found to reduce the critical current by as much as 50% compared 
to similar, unreinforced cables. Reduction of the testing temperature to 2.3 K 
did not increase the critical current in steel-reinforced cables to a level 
significantly above that of unreinforced samples. 

INTRODUCTION 

Nuclear Magnetic Resonance (NMR) spectrometry is useful for the study 
of chemical reactions, particularly those of interest to medical and 
pharmaceutical research. The operating limits of these devices are a function of 
magnetic field, higher fields providing opportunities for increased resolution. 
Carnegie-Mellon University has proposed development of a 900 MHz, 21 T 
NMR facility with a warm bore of about 7.6 cm diameter. In support of this 
effort we evaluated several internal-tin superconductors and superconducting 
cables similar those proposed for use in this 21 T magnet. These wires are also 
proposed for use in a 19 T prototype coil to be tested in LLNL's High Field Test 
Facility (HFTF). 

Due to the high current density required for 21 T operation, the proposed 
magnets will be constructed using cabled superconcuctors potted with epoxy 
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and bath-cooled at 1.8 K. The high Lorentz forces generated at these fields will 
put substantial mechanical loads on the superconducting wires. Since the 
magnet will be periodically de-energized for routine maintenance the effects of 
high strain cyclic loading were of interest. It is anticipated that the load cycles 
will be less than 100 over the useful lifetime of the NMR system. 

We have also studied the effects of applied strain on critical current 
degradation, especially precompression effects caused by the inclusion of steel 
reinforcement in cables. It is well known that the strain sensitivity of the 
critical current is a strong function of field and as the operating field approaches 
He2, considerable degradation of Je occurs at small applied strains. Operation of 
magnets at 21 T, close to Hc2, will require magnet designers to critically assess 
the effects of operational strain and precompression and account for possible 
degradation. 

EXPERIMENTAL PROCEDURE 

Two types of internal-Sn Ti-alloyed Nb3Sn test wires were supplied by 
IGC. Although we anticipate that actual magnets will probably use Ta-alloyed 
Nb3Sn, due to its higher upper critical field, our initial studies have focused on 
this readily available material. The first type of wire tested was a 7 subelement 
design drawn to 0.42 and 0.92 mm diameter. The second wire, used for testing 
cables, was also a 7 subelement at 0.615 mm diameter The specifications for both 
wires are shown in Table 1. 

The critical current as a function of applied strain and fatigue loading was 
measured using a system consisting of a screw-driven pull rod, digitally-
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Table 1. Specifications of wires used in this study 

Seven subelement wire 

Diameters 
Nb Diffusion barrier 
Stabilizer 

Remaining non-copper fraction 

Cabled wires 

Diameter 
Nb Diffusion barrier 
Stabilizer 

Remaining non-copper fraction 

0.42 and 0.92 mm 
4% by volume 
50% by volume 

50% by volume 
27% Nb (1.25% Ti) 
19.2% Sn 
53.7% Cu matrix 

0.615 mm 
4.3% by volume 
62.5% by volume 

33.2% by volume 
20.5% Nb (1.20% Ti) 
17.2% Sn 
62.3% Cu matrix 



www.manaraa.com

Table 2. Test cable specifications 

Cable configurations: 

1. 6 around 1 
2. 6 around 1 
3. 6 around 1 

4. 5 around 1 

Cable dimensions 
1. 1.774 mm diameter 
2. 1.714 mm diameter 
3. 1.774 mm diameter 
4. 1.517 mm diameter 

Packing factor 
84% 
90% 
84% 

84% 

Reinforcement 
none 
none 
central steel wire 
0.615 mm diameter 

central steel wire 
0.430 mm diameter 

controlled servo-motor and microcomputer. During testing, the pull rod and 
sample pass through a 12 T radial access superconducting magnet. The magnet 
is equipped with holmium pole pieces which raise the effective field at the 
specimen to 15 T. The details of this apparatus have been described 
previously), 2 

Samples for strain and fatigue studies were given an internal-Sn heat 
treatment, found by testing, to give near optimum critical current at fields of 
about 14 T. This heat treatment consists of 4 steps: 200°C for 24 hours + 340°C 
for 48 hours + 660°C for 72 hours + 725°C for 8-12 hours depending on wire size. 

Four round cables were supplied by ICC in several configurations two of 
which contained a steel reinforcing wire at the center of the cable pattern. The 
cable specifications are shown in Table 2. 

The cables were mounted on 25 mm long, 50 mm diameter stainless steel 
spools with machined vee-grooves. Cable ends were sealed with a welding 
torch to prevent tin leakage. The samples were given a three step heat 
treatment, 200°C for 48 hours + 325°C for 24 hours + 700°C for 90 hours, in 
flowing argon followed by furnace cooling. This heat treatment was selected for 
inter-laboratory comparison of results and is not considered to be optimal. 

The samples were tested on the reaction spools in a 14 T superconducting 
magnet oriented so that the applied field was normal to the cables. Voltage taps 
were placed 975 mm apart. Limited testing at temperatures below 4.2 K was 
achieved by pumping on a vacuum tight anticryostat which surrounded the test 
fixture. Temperature was monitored by carbon glass resistors placed in the 
helium bath near the specimens. The critical current for all samples was 
determined using a resistance criteria of.l x 10-14 nom. The critical currents 
reported are for the non-copper wire fraction. 
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RESULTS 

Je as a function of strain is shown in Figure 1. The initial critical current 
of the 0.42 and 0.92 mm wires were 529 and 486 A mm-2 respectively. For 
reference, a Je versus strain curve calculated using Ekin's expression3 is shown. 
The prestrain resulting from thermal contraction was approximately 0.225% for 

both wires. Critical currents Gem) at zero intrinsic strain (Em) were 610 and 
570 A mm-2 for 0.42 and 0.92 mm diameter wires respectively. No irreversible 
strain degradation (Eirrev) was observed below 0.8% intrinsic strain. 

The results of stress-controlled fatigue tests are shown in Table 3. The 
results are reported as the ratio Je(E)/Jem, where Jc(E) is the critical current at the 
applied field and strain and Jem is the critical current at field and zero intrinsic 
strain. Constant Je(E)/Jem indicates no cyclic degradation. Decreasing Je(E)/Jem 
indicates that degradation has occurred during cyclic loading. No fatigue
dependent degradation was observed until the applied strain reached 0.8% 
(0.575% intrinsic). 

The results of 4.2 K critical current measurements of cabled conductors 
are shown in Figure 2. The data for each type of cable is the average of two 
different samples. Good agreement was found between similar samples. Cable 
packing factor has no apparent effect on critical current. The cables containing 
steel reinforcement have significantly lower critical currents than the 
unreinforced cables. 

Limited studies of temperature effects have been completed. The results 
of testing reinforced 6 x 1 specimens are shown in Figure 3. Each data point is 
the ave~age of tests on two separate specimens. Comparison of Figures 2 and 3 

1.2 

1.0 8=15 T 

0.8 
E 
u .., 
U 0.6 .., 

0.4 
[] 0.42 mm 

A 
0.2 

0.92 mm 

-- Ekin 

o. 0 ..f-, ........ "T""T.....-.,....,...,..., ........ "T""T--r-. ........ T""T.....-,....,..""';:O"~ 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 

Strain, % 

Figure 1. Normalized critical current as a function of intrinsic strain for Ti
alloyed Nb3Sn (IGC). Jem = 610 and 570 A mm-2 respectively for 0.42 and 0.92 
mm diameter wires. samples. At 14 T, the reinforced 6 x 1 cables have critical 
currents that are approximately 50% lower than the unreinforced 6 x 1 samples. 
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Table 3. Fatigue effect on the critical current of internal-Sn Nb3Sn(Ti) at 1ST 

Stress Strain Cycles Jc(E)/Jan 
MPa % 

188 0.4 1 0.90 
5 0.91 

25 0.91 
125 0.92 

1050 0.93 
1051 0.92 

210 0.5 1 0.86 
2 0.84 

50 0.85 
51 0.86 

228 0.6 1 0.78 
2 0.77 

50 0.77 
100 0.75 
101 0.76 

245 0.7 1 0.71 
2 0.72 

50 0.71 
51 0.70 

283 0.8 1 0.56 
2 0.53 
7 0.46 

shows that reducing the operating temperature of the reinforced samples to 2.3 
K yields critical currents that are comparable to the unreinforced samples at 4.2 
K. 

DISCUSSION 

A thermal precompression of 0.225% is similar to that seen in other 
wires and is encouraging. The intrinsic strain to Eirrev is comfortably high for 
magnet designs that emphasize high fields and accompanying high stresses. As 
anticipated, there was reasonable agreement with strain-induced Jc degradation 
predicted using Ekin's formalism. The slight difference seen between the two 
wire diameters may result from inaccuracy in measuring applied strains during 
testing. 

Optimal magnet design would encourage the acceptance of high 
operating loads in order to minimize the magnet space needed for structural 
elements such as the magnet case or reinforcing epoxy insulation. For steel 
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Figure 2. Critical current vs. field for cabled superconductors at 4.2K. 
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Figure 3. Effect of temperature on the critical current of reinforced 
6 x 1 cables. 

structures, prudent design would limit strains to about 0.3%, which is 
equivalent to about 1/2 the yield strength of high-strength cryogenic steels such 
as 316 LN or JBK-75. Additionally, strains above 0.25% may be considered 
impractical for organic insulators, such as G-10 or other epoxies. Designs which 
approach these strain limits have the advantage of relieving a large fraction of 
the thermal precompression. For the wires studied here, for which the 
precompression is about 0.225%, these strain limits would leave the conductor 
near zero intrinsic strain. For operation at extremely high fields where strain 
degradation is excessive, this represents an ideal magnet design scenario. 

The performance of these wires under conditions of fatigue will not 
impact design of the 19 T prototype or 21 T NMR magnets where the number of 
load cycles is small. For the limited number of cycles tested no degradation was 
observed until applied strains of 0.8% were reached. This corresponds to 0.575% 
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intrinsic strain which provides a comfortable margin between Eirrev and the 
optimal operating strain Em. 

Comparison of the critical currents of reinforced and unreinforced cables 
points out one possible pitfall in this approach to stress management. The 
unreinforced 6 x 1 cables clearly have the highest critical currents while the 5 x 1 
and 6 x 1 reinforced cables follow in order. It is interesting to note that the 5 x 1 
and 6 x 1 reinforced cables are 9 and 14% steel by volume. Hence, the 
degradation seems to scale with volume fraction of steel in the conductor. At 
this point the evidence is not irrefutable, however, the indication is clear that 
incorporation of steel reinforcement may result in increased thermal 
precompression hence lower Ie's. The magnitude of this result is surprising 
since the cables were soldered to stainless steel drums which, by themselves, 
should introduce a high precompression on cooling. This indicates that co
winding steel and superconductor leads to very effective coupling and 
transmission of strain. If such precompression were present in an actual 
magnet only a small portion could be relieved by operating strains. Higher 
operating strains, giving near-zero intrinsic conductor strain, would not be 
possible since structural material operating limits would be exceeded. 
Quantitative estimates of the degree of precompression in the cables is 
complicated by soldering to the steel test fixtures. 

In actual magnets, the cable space is filled with epoxy which has a low 4 K 
modulus ('" 5 GPa). To what extent reinforcing core precompression occurs in 
that case, then, is uncertain. Further testing under appropriate conditions is 
advisable. In addition, testing of unsoldered, unfilled cables would be 
interesting to determine the magnitude of direct mechanical interaction that 
exists between the reinforcement and superconductor. This may have 
consequence to cable-in-conduit conductor (CICC) design. A previous study of 
the effects of different core elements4 proved inconclusive. 

Data at temperatures below 4 K are still being collected at this time, and 
the limited information presented in Figure 3 is still inconclusive. However, it 
is interesting to note that a 1.9 K temperature reduction in the reinforced 
samples yields critical currents that are only slightly higher than the 
unreinforced samples at 4.2 K. Clearly, unreinforced cables have a significant 
advantage. 

CONCLUSIONS 

Thermal precompression in the 7 subelement Ti-alloyed internal-Sn 
wires tested was 0.225%. Irreversible strain degradation was not observed until 
the applied strains exceeded 0.8% intrinsic strain. Cyclic fatigue at applied 
intrinsic strains of less than 0.8% did not cause degradation of critical current 
while cyclic intrinsic strains greater than .575% resulted in immediate fatigue 
degradation of Ie. 

Small changes in the conductor packing fraction showed no measurable 
effect on the Ie of small cables. Inclusion of steel reinforcement, on the other 
hand, was found to reduce Ie by as much as 50% at 14 T, presumably due to 
thermal precompression. This effect scaled with the volume fraction of steel 
included in the cable. 
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Decreasing the testing temperature was found to affect large increases in 
Je, however cables containing 14% steel reinforcement (6 x 1) only slightly 
exceeded unreinforced cable critical currents even at 2.3 K Steel reinforcement 
may potentially be unacceptable for high field magnets due to precompression 
effects. 
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Strain effect in a bronze processed multifilamentary (Nb,Ti)3Sn 
superconducting wire with Cu stabilizer at the center of the wire cross
section was studied at a magnetic field of 15 T. The heat treatment 
condition altered the strain characteristics, such as the stress-strain 
curve and the Ic vs. strain curve of the conductor. The results are 
compared with those of externally stabilized one. The difference in strain 
characteristics due to the change in the location of stabilizer is briefly 
discussed from the strain state of the (Nb,Ti)3Sn filament in the composite 
wire after cooling down to cryogenic temperature and during tensile 
deformat·ion. 

INTRODUCTION 

In order to fabricate a superconducting wire for the magnet to be 
operated in persistent current mode at high fields, an internal copper 
stabilized wire has been developed. 1 The wire is constituted with bronze 
matrix and Nb filaments in the outer layer, stabilizing copper at the center 
of wire separated with Nb barrier. Low resistivity joint of Nb filaments is 
capable through etching bronze away by nitric acid. Although the critical 
current density, Jc, of the internally stabilized wire had been improved by 
modifying effective bronze ratio, 2.6x104 at 15 T for example, Jc was still 
slightly lower compared to that in the externally stabilized wire of the 
equivalent constitution. The strain state of the conductor was suspected to 
be one of the reason for the low Jc. In this paper, the strain 
characteristics of J c in the internally stabilized wire is described. 

EXPERIMENTAL 

Two kinds of (Nb,Ti)3Sn multifilamentary wire were manufactured by a 
bronze method. One was stabilized with copper internally (wire I) and the 
other externally (wire E). The cross-section as well as the specification 
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Table. 1. Specification of wires 

Dia. of wire(mm) 
Dia. of fil.(~m) 
Number of fil. 
Bronze/Nb core 
Cu/non Cu 

Internally 
stabilized wire 

0.7 
3.4 

7224 
3.3 
0.33 

Externally 
stabilized wire 

0.85 
3.4 

10285 
2.8 
0.33 

of the wires are shown in Fig. 1 and Table 1, respectively. The details of 
the wire fabrication method have already been described previously.l 

The strain characteristics of the wires were measured at 15 T using an 
apparatus combined with 16.5 T superconducting magnet in HFLSM, Tohoku 
University. 2 Unfortunately, due to the magnet condition, data on wire E was 
obtained at the magnetic field of 14.4 T. Each end of specimen was soldered 
to a copper grip of 12 mm length and tensile load was applied 
perpendicularly to the magnetic field. The axial strain in the specimen was 
measured using an extensometer with the accuracy of 0.05 % strain. The 
gauge length of the specimen is 17.5 mm and the distance of the voltage taps 
10 mm. The criterion of the critical current, I c , was 1 ~V/cm. 

RESULTS AND DISCUSSION 

Change of Ic with Strain 

The stress vs. strain relation in the course of measurement of strain 
dependence of Ic at 15 T, 4.2 K changed with the heat treatment time. 
Longer heat treatment resulted in a steep slope of the curve excepting 
initial stage as well as short fracture strain. This is somewhat different 
from the result in the externally stabilized wires in which the longer heat 
treatment resulted in the gentle slope from the initial to final stage of 
the curve. This is to be interpreted in terms of competitive effects of 
growth of (Nb,Ti)3Sn layer for the longer heat treatment with simultaneous 
lowering of flow stress of bronze by depletion of Sn content3 coupled with 
the specific behavior of stabilizing copper to be mentioned later. An SEM 
observation on the fracture surface revealed the marked growth of compound 
layer with the time of heat treatment (Fig. 2). 

a) Internally stabilized b) Externally stabilized 

Fig. 1. Cross section of the wires. 
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a) 963K, 48h b) 963K, 240h 

Fig. 2. (Nb,Ti) Sn layers. 

Figure 3 shows the strain dependence of Ic in the internally stabilized 
wires of different heat treatment time. When the heat treatment time at 963 
K was changed from 48 h (wire I-s) to 240 h (wire I-I), the peak value of 
I c , I cm , increases from 70 to 89 A. This is mainly due to the increase of 
Nb3Sn layer thickness. The strain value for Ic , Em, decreases and the 
reversible strain limit Eirrev as well as its intrinsic value EO,irrev 
Eirrev - Em decrease. The former is a consequence of the increase of Nb3Sn 
layer thickness and decrease of Sn concentration in the matrix bronze. 
The decrease in EO,irrev indicates the strain limit for the dama~e of 
(Nb,Ti)3Sn filaments is decreased due to thicker compound layer. These are 
consistent with the results obtained in the externally stabilized multi
filamentary superconducting wires. 3- 5 Compared with the strain dependence 
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Fig. 3. Strain dependence of Ic in internally stabilized wires. 
(Open circles are obtained on loading, solid unloading) 
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Table. 2. Strain characteristic values of wires 

Wire H.T.time Icm{A2 Jcm(A/cm2) Em(%) EO,irrev(%) Ef(%) n(max) 
Int. Stab. 240h(I-l) 89 3.1x1Q4 0.25 0.50 0.92 30 

963K 48h(I-s) 70 2.4x104 0.35 0.6 1.12 20 
Ext. Stab. 200h(E-l) 110 2.6xl04 0.35 0.52 2.04 20 

963K 50h(E-s) 105 2.5xl04 0.32 0.47 1.86 20 
non-eu 

of Ic in the equivalent wire stabilized externally (wire E-l, Fig. 4), 
following points are of interest. The peak strain Em is smaller in the wire 
I-I (0.25 %) as compared to wire E-l (0.35 %). The value of Em is known to 
decrease with 1) reaction of (Nb,Ti)3Sn, as described above, and with 2) 
increase of spacing of filaments. 6 Because the bronze ratio of wire I-I is 
slightly larger as compared to wire E-l, the factor 1) leads to larger Em 
and the factor 2) leads to smaller Em. Therefore, the difference in the Em 
is not solely ascribed to the arrangement of stabilizer. The values 
relevant to the strain characteristics\are summarized in Table 2. 

Strain Sensitivity of Ic 

Figure 5 shows the relation of Ic normalized to Icm vs. intrinsic 
strain in the wires I-s, I-I and E-l. The strain sensitivity is defined as 
a slope of curves. In compressive strain region (EO<O), the sensitivity in 
wires I-s and I-I are larger than E-l. In order to comprehend the role of 
stabilizing copper on the strain dependence of Ic, a qualitative analysis 
with rough approximation is tried here. The wire is supposed to be divided 
into two parts; one is the region of superconductor (Nb3Sn filaments 
embedded in the bronze) which behaves elastically, and the stabilizer which 
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Fig. 4. Strain dependence of Ic in externally stabilized wires. 
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Fig. 5. Strain sensitivity of Ic. 

behaves plastically. The coefficient of thermal contraction in the 
superconductor is known to be lower as compared to the others. The supposed 
shapes of components independent of each other and the expected strain state 
in the Nb3Sn in wires before-, after cooldown, and elongated beyond Em 
the peak strain are schematically shown in Fig. 6. In the case of 
externaliy stabilized wire, the strain state as cooled down is much or less 
homogeneous in the three principal strain components, i.e., compressive 
axial, radial and tangential strain. If the wire is subjected to a strain 
above the yield point, stabilizer deform plastically. As the poisson's 
ratio is 0.3 for elastic deformation (superconductor) and 0.5 for plastic 
deformation (copper), larger reduction of diameter in copper will results in 
further compressive radial and tangential strain to the superconductor. On 
the other hand, when the internally stabilized wire is cooled down, the 
radial strain component is positive. This will result in higher effective 
(geometric averaged) strain for certain axial strain as compared to the case 
in the externally stabilized wire. Thus the strain sensitivity of the wire 
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Fig. 6. Schematic illustration of deformation and strain state in the 
superconductors. 
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in the compressive strain region becomes higher. This situation is similar 
to that occurring in the filaments of bronze core Nb tube multifilamentary 
conductor. 7 The detailed computer calculation by Scanlan et al showed 
effective strains are much higher for the bronze core sample. 7 According to 
their result, however, they also showed that the change in the effective 
strain with axial strain is small in the bronze core sample as compared to 
the that of bronze matrix. This is not consistent with the present 
experimental results. 

It must be pointed out that the copper in the internally stabilized 
wire is confined in the superconductor tube. The negative hydrostatic 
stress on cooling down and also by the plastic deformation can not be 
relaxed in spite of its low flow stress. So long as the separation between 
the superconductor and the stabilizer does not occur, this would not 
disappear. (Figure 7 shows the fracture surface of the wire I-I indicating 
that the separation have taken place at fracture with significant necking.) 
In the case of externally stabilized wire, however, stress can partly be 
relaxed by the plastic deformation of copper. 

It has been empirically shown that the stress dependence of Ic in 
multifilamentary wires is generally described in the equation8 

.where u=1.7, a=900 for £0<0 and a=12S0 £0>0. The reason for this asymmetry 
across £0=0, to the authors knowledge so far, is not explained. One 
plausible reason would be the difference in the strain state in radial and 
tangential components in the compression range (from as cooled down to £0 =0 
axial strain) and in the tension range (from £0=0 to tensile strain). For 
the detailed discussion, a quantitative analysis using finite element method 
is required. 

Strain Sensitivity of n Value 

The n value specifying the relationship between the voltage V and the 
transport current I in empirical expression of V ~ In has been calculated in 
these wires. Figure 8 shows strain dependence of n in three wires 
determined in the voltage range of O.S to SwV/cm. Although the scatter of n 
is rather large, n changes with strain in the same manner as Ic. The n 
value in wire I-I is larger as compared to that of I-s. This is because of 
higher Ic in the former. The n in the I-I is also larger as compared to 
that in E-l. The Ic values for both wires are comparable and the magnetic 
field in the Ic measurement is not favorable for high n value in the former 

Fig. 7. Fracture surface of internally stabilized wire (4.2 K, is T). 
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(15 T vs. 14.4 T). Taking these facts into consideration, this result 
suggests that n value in the internally stabilized wire is larger than that 
in the equivalent externally stabilized one, the reason for it is not known 
at present. 

SUMMARY 

An internally stabilized superconducting wire with the critical current 
density comparable to that of equivalent externally stabilized one has been 
fabricated. The strain characteristics of internally stabilized (Nb,Ti)3Sn 
wires are almost the same as that in the externally stabilized one. In 
detailed examination, however, the pre-compressive strain Em in the wire is 
lower and the strain sensitivity is higher as compared to those in the 
externally stabilized wire. This is explained in terms of the change in the 
three axial strain state in the (Nb,Ti)3Sn layer induced by stabilizer 
confined inside of filaments embedded in bronze. 
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EFFECTS OF TRANSVERSE STRESS ON THE CURRENT CARRYING CAPACITY 

OF MULTIFILAMENTARY WIRES 

ABSTRACT 

H. Boschman and L. J. M. van de KI undert 

University of Twente 
P.O. Box 217, 7500 AE Enschede 
The Netherlands 

The influence of transverse compressive stress on the current carrying 
capacity of multifilamentary Nb3Sn wires has been investigated on three 
short samples with a copper, bronze and mixed matrix. A 10 % current 
reduction has been observed at stresses ranging from 50 to 100 MPa for the 
three wires. In the test arrangement both applied force and deformation of 
the wires have been determined during the experiments. It has been found, 
that the critical current degradation can be described more unambiguously as 
a function of the deformation of the wire than as a function of applied 
load. This is caused by hysteresis effects in the stress-strain relation of 
the matrix material. There are indications that the length over which a 
compressive stress is applied is important for the observed current 
reduction. It has been found that degradation effects are more severe when 
small compression lengths are used. 

INTRODUCTION 

For the practical use of multifilamentary superconducting wires and 
cables, it is a necessity to have knowledge about their performance under 
mechanical loads. In magnets, windings are stressed in both axial and 
transverse direction due to Lorentz forces, cooling and prestressing. As a 
consequence the current carrying capacity of the superconductors can be 
affected, thus leading to a disappointing magnet performance. Therefore, 
measurements have been performed in which the critical current is determined 
while an external transverse compressive force is applied to superconducting 
wires. For round wires, this leads to a complicated stress pattern inside 
the wire. Nevertheless, in this paper applied transverse force is written as 
a stress (i.e. force divided by compressed length and diameter of the wire), 
in order to facilitate the comparison of the results of the different wires. 

In the case of multifilamentary NbTi wires, effects caused by stress, 
are generally quite acceptable. According to Ekinl, current degradation 
starts immediately when a wire is stressed axially. However, at fields below 
7 T the critical current is not diminished below 95 % of its initial value, 
until the tensile strain of the wire is over 1 %, which corresponds with a 
stress of approximately 450 MPa. A transverse, compressive stress acting 
upon a NbTi wire does not result in a major current reduction either. It has 
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been found2 , that a round wire with diameter 0.7 mm, which was transversely 
pressed between two parallel plates with a stress of 285 MPa, showed a 
decrease of only approximately 1.8 % of the maximum current at zero force 
(applied field: 6 T). Upon unloading, the current recovered almost 
completely to its initial value, although the cross section of the wire 
remained deformed permanently. 

Degradation effects are much larger in the case of the brittle 
superconducting material Nb3Sn. The effects of axial stress have been 
studied extensively during the past 20 years~ The current reduction pattern 
of multifilamentary Nb3Sn wires is largely affected by the amount of 
compressive pre-stress on the filaments. When a tensile load is applied to a 
wire, first the filaments are freed from the pre-stress, which leads to an 
increase of the critical current. Typically, the maximum Ie is reached at a 
0.1 to 0.3 % overall strain for practical Nb3Sn conductors. After this point 
the filaments start to be under a regime of tensile stress and a rapid 
current reduction is the result (1 % intrinsic strain of the filaments means 
approximately 50 % Ie reduction at 7 T). Irreversible damage occurs to wires 
at intrinsic strains ranging from 0.4 to 0.7 %. Current degradation is 
reported to be much larger, when stress is applied in transverse direction. 
Ekin3 examined a round multifilamentary Nb3Sn wire with a 0.7 mm diameter. 
At 8 T a 10 % reduction of the critical current was found at a uniformly 
applied transverse stress of about 80 MPa. At the maximum applied stress of 
180 MPa the critical current was only half of the original value in the 
unloaded case, but almost complete recovery was reported after unloading. 
Specking et al. 4 ,5 found similar results on preflattened wires, although it 
is not quite clear whether current degradation starts immediately and to 
what extent current recovery is present. 

From the above-mentioned results it can be concluded that, especially 
for Nb3Sn, mechanical loads can affect the current carrying capacity of 
superconducting wires to a large extent. However, in the case of transverse 
stress very little research has been done until now and it is not yet clear 
to what extent this current limiting effect obstructs practical application 
of Nb3Sn wires. An aggravation of the situation can be expected when large 
local transverse loads occur, as can be the case at cross-over points in 
cabled conductors. Further research on this topic may well impose 
limitations with respect to size, materials and shape on the wires. 

EXPERIMENTAL SET-UP 

In order to study the influence of transverse compressive force on the 
current carrying behaviour of small samples, a test arrangement has been 
constructed which fits into the 7.6 cm bore of a 7 T dipole magnet (figure 
1). Samples to be investigated are reacted in a U-formed shape and 
subsequently layed on a stainless steel plate. Current terminals are 
soldered to the ends of the sample and voltage taps are attached in the 
straight middle-section of the sample, which is approximately 7 cm. The 
direction of the magnetic field is perpendicular to the test section of the 
sample, in such a way that the Lorentz force, resulting from field and 
sample current, presses the wire onto the plate. The advantage of this 
design is that there is no need for epoxies or adhesives to fix the sample 
to its place during experiments. Usage of these materials would lead to an 
experiment in which applied stress is divided between wire and epoxy in an 
unknown way. 

Part of the middle section is placed under a pressure block of 
stainless steel which acts as a lever. Transversal force can be applied onto 
the sample by pulling at a wire-rope outside the cryostat. Due to the 
leverage the applied force is multiplied with a factor ranging from 3 to 4, 
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Fig. 1. Front and side view of test arrangement. Sizes in mm. 

which depends on the position of the sample. The maximum externally applied 
force is approximately 500 N. Because several shaped levers can be used, the 
length over which the compressive force is exerted onto the sample is 
between 5 and 40 mm. 

Another feature of this arrangement is a displacement indicator. The 
deformation of the wire under compression, which is in the order of ~m's, is 
transformed into a rotation of the lever over a small angle. As a 
consequence, the vertical displacement of the pressure block is a measure 
for the wire deformation. A quartz rod which rests upon a fixed point on the 
upper side of the block, transfers the displacement to outside the cryostat, 
where it moves the gauge of the indicator. The latter device is connected by 
means of a quartz cylinder with the sample holder. It can move freely with 
respect to the cryostat's lid. In this way, effects of thermal shrinkage are 
minimized and it turns out that relative displacements of the lever with 
respect to the sample holder down to 1 ~m can be detected. However, the 
absolute accuracy of this device is limited, because it is hard to determine 
the zero position of the undeformed round wire. Especially irregularities on 
the sample's surface allow large displacement under small pressure. 

EXPERIMENTAL PROCEDURE 

For all samples, the voltage-current characteristics have been 
registered at 4.2 K in several load cycles. In such a cycle, the critical 
current is first determined without applying any external force onto the 
sample. Next, voltage-current characteristics are measured while the force 
is gradually increased. Finally, the load is released in a couple of steps, 
in order to examine the recovery of the wire. This procedure is repeated 
several times, ever applying a larger maximum load. 

While increasing the current, a small deformation of the sample (up to 
approximately 5 ~m) takes place due to the Lorentz force which amounts 
about 1 to 3 kN/m. In the presentation of the experimental results, only the 
impressions of the samples at Ie are mentioned. 
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Table 1. Characterization of investigated wires 

Wire nr. 1 2 3 
Manufacturer ECN VAC VAC 
Manufacturer's code NS 4500 (0.5) HNST 6000 (0.6) 
Diameter (mm) 0.59 0.50 0.60 
Number of fi l. 192 4500 6000 
Matrix material C;U bronze bronze/Ta/Cu 
Diameter of fil. (J.UlI) 22 5 5 
Twist pitch (mm) none 50 50 
Reaction time (hrs) 48 64 64 
React ion temp. (oC) 675 700 700 
Pressed wire length (mm) 38 30 30 and 5 

RESULTS 

Table 1 shows the characteristics of the 3 wires that have been 
investigated. The voltage taps have been soldered to the samples outside the 
compressed area, except for wire 1. The length over which the voltage has 
been registered is approximately 35 mm. As a criterion for the critical 
current a 1 ~V voltage drop has been adopted, independent of the compressed 
wire length. The accuracy of the critical current is ± 1 A. Note that the 
wires of Vacuumschmelze are industrially produced using the bronze route, 
while ECN follows its own process which leads to relatively large filaments 
containing a powder core? 

The measurements on both wire 1 and 2 were not completely successful: 
it was not possible to determine the critical current through the test 
section at zero load because of early quenching. For wire 2 this was due to 
the high resistivity of the matrix. This type of wire always has problems 
with respect to good conducting joints for high currents, especially when 
the joints and test section are in the same magnetic field. However, upon 
applying only a small compressive force, Ie could already be measured, 
indicating that the original quench current was only a little less than Ie. 

Experimental results of wire 1 are shown in figure 2. It can be seen 
that Ie is reduced by 10 % when a stress of 45 MPa is applied to the wire 
(under the assumption that the initial critical current was 580 A). However, 
there is no clear relation between applied force and current degradation. 

580r--------------, 580 

560 

540 
3: 
~ 

520 

5000 20 40 500 
60 0 20 40 60 80 

r; [MPa] d [pm] 

Fig. 2. Critical current as a function of applied stress and deformation 
for wire 1. Applied field: 6.5 T. 
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Fig. 3. Critical current as a function of applied stress and deformation 
for wire 2. Applied field: 7.0 T. 

When the load is decreased, the current turns out to be significantly 
smaller than with increasing loads. However, in case the current is scaled 
against the deformation of the wire, the relation between both variables is 
much more unambiguous. This phenomenon is due to hysteresis effects in the 
stress-strain relation of copper. The results show that current degradation 
is influenced more directly by wire deformation than by applied force. 

For wire 2 (figure 3) the same hysteresis effect is observed. Note, 
however, that in the relation between current and stress a clear envelop can 
be distinguisghed, for the increasing load line of cycle 2 approaches the 
one of the first cycle. Therefore, expressing current degradation in terms 
of applied stress makes sense when it refers to this envelop. For this wire, 
the degradat ion amounts 10 % for approximately 80 MPa, when the init ial Ie 
is extrapollated to 280 A. 

For the stabilized Vacuumschmelze wire (3) it was possible to measure 
the critical current at zero load. The same behaviour with respect to the 
hysteresis is seen in figure 4. At a compressive stress of 75 MFa a 5 % 
current reduction has been measured. At these loads the current does not 
recover completely to its original value, but a few amperes are lost 
permanently. However, this does not necessarily mean that filaments are 
damaged. In the relation between Ie and the deformation it can be seen that 
the final point is still almost on the line, especially for cycle 1. On the 
completely unloaded wire a small deformation is left, which leads to a 
somewhat lower critical current. 
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Fig. 4. Critical current as a funct ion of applied stress and deformat ion 
for wire 3, with compression length of 30 mm. Applied field: 7.0 T. 
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Fig. 5. Critical current as a function of applied stress for wire 3. Applied 
field: 7.0 T. Cycle 1: compression length of 30 mm, cycle 2 and 3: 
compression length of 5 Mm. Numbers refer to fig. 6. 

A further reduction of the critical current was achieved using another 
pressure block which compresses the sample over a length of only 5 mm. Note 
that the measurement concerns the same sample that had already been 
impressed over a length of 30 mm. Because the critical current of a wire is 
determined by the weakest spot in a wire, approximately the same dependence 
of Ie on applied stress was expected. Figure 5 shows three consecutively 
measured cycles. In the first cycle a 30 mm compression length was used and 
small degradation effects were found. However, in case of the small pressure 
block, Ie was reduced much more severely. This suggests, that the current 
reduction depends on the length over which transverse stress is applied. 

Another phenomenon which has been observed with the compression length 
of 5 mm, concerns the shape of the voltage-current characteristics. In 
figure 6 a few curves are scaled logarithmically in order to check the 
relation7 : U« ID. Usually, a large n-value, which means a sharp transition 
from the superconducting to normal state, is associated with a qualitatively 
good wire. It can be concluded, that when the load on the wire is increased, 
Ie is reduced, but the transition gets sharper. Although the fit to the 
n-power law is not perfect, n-values have been determined between 1 and 5 ~V 
and show an increase after unloading. This latter result is in contrast with 
intuition. 

During the measurements with the 30 mm pressure length, the ECN-wire 
had a constant high n-value of approximately 70. For the wires of 
Vacuumschmelze only n-values below 30 were observed, except for the 
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Fig. 6. Logarithmically scaled U-I curves of wire 3 with compression length 
of 5 mm. The numbers of the curves refer to the points in fig. 5. 
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experiments with the short compression length. Also much higher currents 
were obtained by wire 1, but its sensitivity to transverse loads was a 
little larger. However, from the results, it is not yet clear to what extent 
the sensitivity of wires to transverse stress depends on composition of the 
wire, amount and sort of matrix material, twist pitch etc. Therefore more 
wires have to be investigated to deal with these factors. 

FUTURE DEVELOPMENTS 

Measurements of transverse stress effects on longer samples are 
expected to have a few advantages over ones on short samples, such as 
described above. First, due to longer sample lengths a higher voltage is 
obtained which facilitates a more detailed study of voltage-current 
characteristic (e.g. n-value). Moreover, measured voltages are less 
influenced by effects of current (re)distribution between the filaments, 
which can occur at the soldered joints and at the edges of the compression 
zone. Considering the influence of filament twist, samples should at least 
be a couple of twist pitches long. 

If the homogeneity of the magnetic field is limited to a small plane, a 
wire can be wound spirally to obtain a long sample. It can be pressed 
between two parallel plates. On basis of this geometry, another 
press-arrangement has been constructed. Samples in this apparatus are not 
supported against the Lorentz forces, and need to be precompressed for 
fixation. The allowable amount of precompression without damaging the wire 
is indicated by experiments on short samples. 

CONCLUSIONS 

A considerable current degradation was found in multifilamentary Nb3Sn 
wires under transverse stress. A 10 % current reduction has been found for 
stresses ranging from 40 to 100 MPa for three different wires. The results 
are in reasonable agreement with earlier results reported in literature. The 
history of loading is important for the relation between current and applied 
stress, because hysteresis effects in stress-strain relations. It turns out 
that deformation describes the current degradation more unambiguously. 

A few phenomena observed are not completely understood. An increase 
in the n-value has been measured after compression of a wire. There are 
indications, that current reduction is dependent on the wire length over 
which stress is applied. Perhaps this is due to stress redistribution 
on the edge of the pressure block. Calculations on this issue should be made 
with respect to the stress distribution inside the wire. Preliminary results 
are to be published~ 

ACKNOWLEDGEMENTS 

The authors would like to thank H. ten Kate, P. Fornerod and H. de 
Jonge, who did part of the measurements for his scientific training, for 
their collaboration. 

REFERENCES 

1. J.W. Ekin, Mechanical properties and strain effects in supercon
ductors, in: "Superconductor materials science: metallurgy, 
fabrication and application", S. Foner and B.B. Schwartz, eds., 
Plenum Press, New York, (1981). 

99 



www.manaraa.com

2. H. Boschman, P.P.E. Fornerod and L.J.M. van de Klundert, The influence 
of transverse, compressive stress on the critical current of 
multifilamentary Nb3Sn and NbTi wires, MAG-25 , pp. 1976-1979, 
(1989). 

3. J.W. Ekin, Effect of transverse compressive stress on the critical 
current and upper critical field of Nb3Sn, J. Appl. Phys., 
vol. 62, pp. 4829-4834, (1987). 

4. W. Specking, W. Goldacker and R. FIUkiger, Effect of transverse 
compression on Ie of Nb3Sn multifilamentary wire, Adv. Cryog. Eng., 
vol. 34, pp. 569-575, (1989). 

5. W. Specking, F. Weiss and R. FIUkiger, Effect of transverse 
compressive stress on Ie up to 20 T for binary and Ta alloyed 
Nb3Sn wires, Proceedings 12th Symposium on Fusion Engineering, 
pp. 365-368, (1987). 

6 E.M. Hornsveld, J.D. Elen, C.A.M. van BeiJnen and P. Hoogendam, 
Development of ECN-type Niobium Tin wire towards smaller filament 
size, Adv. Cryog. Eng., vol. 34, pp. 493-498, (1989). 

7. H. Boschman, H.H.J. ten Kate and L.J.M. van de Klundert, Critical 
current transition study on multifilamentary NbTi superconductors 
having a Cu, a CuNi or a mixed matrix, MAG-24 , pp. 1141-1144, 
(1988). 

8. H. Boschman, P. Fornerod, H.H.J. ten Kate and L.J.M. van de Klundert, 
Degradation of the critical current of multifilamentary Nb3Sn 
wires under transverse mechanical load, to be presented at MT-11, 
(1989). 

100 



www.manaraa.com

FURTHER STUDIES OF TRANSVERSE STRESS EFFECTS IN 

CABLE-IN-CONDUIT CONDUCTORS 

ABSTRACT 

L.T. Summers and J.R. Miller 

Lawrence Livermore National Laboratory 
P.O. Box 5511, L-643 
Livermore, CA 94550 

The effect of transverse stress on critical current has been examined for 
Cable-In-Conduit Conductors (crCC's) containing three active superconducting 
composite strands in cables containing a total of 21 strands. In measurements 
of this type reported previously, only soft copper was used for the inactive 
strands, allowing the possibility that peaking of stresses at strand cross-over 
points were avoided by deformation of the copper strands during crcc 
fabrication and testing. In the present experiments, the degree of critical current 
degradation was measured as a function of applied load for various void 
fractions for cable patterns using stainless steel wires as the inactive strands. 
The reduction of critical current, expressed as a: function of load divided by the 
projected area of the core of the superconducting composite strand, was found to 
be similar to that observed in cables containing copper inactive strands. All the 
CICC's tested show a higher sensitivity to transverse stress as compared to 
single wires. At compressive loads of 50 MPa or less, the region of interest to 
magnet designers, the critical current is, at worse, 79% of the critical current in 
unloaded samples. The sensitivity to transverse load is a function of CICC void 
fraction, lower void fractions having less susceptibility to degradation. The 
results of this investigation indicate that the performance of large magnets 
employing CICC designs need not be seriously degraded due to transmitted or 
self-induced Lorentz loads. 

INTRODUCTION 

The effect of axial strain on Nb3Sn superconductors has been widely 
studied and documented (see for example Ref. 1 and 2). This previous work has 
led to the development of strain scaling laws for the prediction of He2 and Ie as a 
function of residual or applied strain and the prediction of multifilamentary 
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conductor stress states based on the volume fractions and thermal-mechanical 
properties of the conductor constituents. 3,4,5 

Recently the effect of transverse stress on single wires of Nb3Sn has been 
studied-6,7,8 Investigators have found that degradation of Ie with stress 
apparently occurs much faster under conditions of transverse stress than 
equivalent conditions of axial stress. Significantly degraded performance is 
observed at compressive stress levels as low as 50 MPa in multifilamentary 
superconductors.6 

This has raised serious question about the suitability of CICC's in large 
applications where transverse stresses, either transmitted from adjacent 
conductors or generated within a single CICC, could potentially degrade 
performance below acceptable levels. Recent work shows that transmitted loads 
are not a concern in CICC's.9 The conductor conduit is extremely stiff with 
respect to the internal cable and bears a major fraction of loads transmitted from 
adjacent conductors. The average stress transmitted to the cable is only 3% of 
the average applied load and the peak stress is about 7%. 

Although the effect of transverse stress is reasonable well understood for 
monolithic conductors and single wires, analysis of the effects of self generated 
loads in a CICC is complicated. This complication arises from the variation in 
the size of the load "footprint". Conductors lying on the inner face of the 
conduit in the direction of the J X B forces have a contact footprint on the 
conduit side that may be conveniently described by some aspect of their 
geometry, such projected cross sectional area, projected area of superconducting 
core, etc. The opposite face of these conductors in the direction of the interior 
of the CICC, as well as other conductors within the cable space, have load 
footprints that are described by the contact points between wires in the cable. 
The size of these contact points are a function of the cable size, cable twist pitch, 
and the amount of compaction during crcc fabrication. 

Previously we reported the results of an investigation to experimentally 
measure transverse stress effects in CICC's of various void fractions. 10 Critical 
current degradation under transverse loads was found to be significantly worse 

than in single wires, however at low compressive stress (cr < -50 MPa) 
performance was not sufficiently degraded to preclude the use of CICC's in large 
applications such as magnets for fusion energy. The CICC's used in this 
investigation were fabricated using 33 cables of which 3 strands were 
superconductor and the remaining 24 strands were inactive copper. This 
configuration was chosen to reduce the effect of self generated lorentz loads, 
allowing control of transverse loads by external means under the experimenter 
direct control. 

However, these CICC samples had several deficiencies. First, the position 
active superconducting strands with the conduit and cable bundle is random 
due to cable transposition. At certain locations the superconductor may lie 
along the inner wall of the conduit, while at other locations it may be found 
near the center of the cable. The geometry of wires near the center of the cable is 
also variable as the number of nearest neighbor wires is random. Thus the 
number number and type of load contacts variy from specimen to specimen and 
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along the length of individual specimens. This was suspected of causing the 
large scatter in previously reported data. A second disadvantage of the earlier 
specimen design is the use of copper strands as the inactive elements. It was 
suggested that at high applied loads the soft copper could deform and increase 
the size of the load footprint thus reducing the effect of transverse compression. 

In this investigation we tested CICC specimens fabricated using cables 
with a (6 x 1)3 cable pattern wherein the central strand is superconductor and the 
outer six strands are stainless steel. The hard stainless steel will not easily 
deform under applied load and will tend to minimize the size of the load 
footprint. Secondly the 6 x 1 cable first element, with the superconductor in the 
center, will mitigate geometry effects as the superconductor will always have 6 
wire nearest neighbors and no contact with the inner face of the conduit. 

EXPERIMENTAL PROCEDURE 

We elected to evaluate transverse stress effects using sub-sized CICC 
conductors manufactured using 21 strand cables in a (6 x 1)3 cable pattern. 
Although we wanted to examine the effects of the internal, self generated load 
in a CICC, we also wanted to have external control of the transverse load, To 
accomplish that, we elected to test CICC's with a weakened jacket wall to allow 
direct transfer of an external load. Additionally, the cables insidE" were fabricated 
with only three active superconducting strands (the remaining ere stainless 
steel) so that the self-generated transverse load was minimal ar ____ .e total 
transverse load on the strands was dominated by the externally applied load. 
The superconductor employed was a 0.9 mm diameter, modified jelly roll, 
binary Nb3Sn with a non-copper volume fraction of 0.65. 

The 27 strand cables were inserted into 304 stainless steel tubes and 
processed with a combination of swagging and Turk's head rolling to produce 
CICC's of square cross section. The rolling and swagging operations were 
terminated at reduction levels which produced conductors with helium void 
fractions of 0.40 and 0.30. Current contacts were attached to the specimens by 
swagging ETP copper fittings to the wire bundles protruding from the ends of 
the tubes. The CICC specifications are shown in Table 1. 

The CICC were then given a reaction heat treatment at 7000 C for 100 
hours. After removal from the furnace opposite faces of the CICC were slotted 
with using an end mill. The slots were centered on the CICC face, were 
approximately 150 mm long, and sufficiently deep so as to leave only a thin foil 

Table 1. Specifications of the CICC's used in this investigation 

Void Fraction Cable Pattern External Dimension Wall Thickness 
(Flat to Flat) 

% mm mm 

40 (6 x 1)3 6.33 0.71 
30 (6 x 1)3 6.06 0.76 
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of the conduit at the bottom of the slot. The purpose of the slot was to remove 
supporting structural material so that the conduit was free to collapse on 
application of applied load. Virtually all of the applied transverse force is 
transmitted to the cable. This configuration and loading sequence efficiently 
mimics the internal J X B forces experienced by a much larger CICe. 

The crcC's were tested in a 12 T split pair solenoid superconducting 
magnet equipped with a transverse load cage. The load cage is constructed of 
304 stainless steel and consists of a movable ram that is actuated by a 
pressurized diaphragm. The diaphragm and cage assembly is immersed in LHe 
and is usable up to approximately 13.5 MPa, the solidification pressure of He at 
4.2K. 

The loading forces are transmitted through the specimen and reacted 
against a fixed anvil attached to a tension tube and located at the opposite end of 
the load cage. The test specimen enters the assembly through a radial access 
port in the magnet and passes through a slot in the transverse load cage. The 
anvil and ram apply the load to a 38 mm length of the CICe. A diagram of the 
apparatus is shown in Figure 1. 

The amount of force is measured indirectly using two temperature and 
field calibrated strain gages attached to the tension tube of the load cage and 
located 1800 apart. Published values for the 4 K modulus of 304 stainless steel 

Current contact • 

Split Solenoid 

Ram 

Pressure 
Diagram 

Anvil 

Figure 1. Sample arrangement within the test magnet and transverse load cage. 
(not to scale) 
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Figure 2. Normalized critical currents in (6 x 1)3 cables as a function of 
transverse stress and the void fractions shown. Data points A and B at each 
void fraction are for multiple specimens. The shaded area bounds a region in 
which data for 27 strand 33 cables using Cu inactive elements lies. Ekin's data 
for single strand wire is shown for reference. 

were used for purposes of calculation. The stress in the cable is calculate using 
the projected area of the non-Cu cores. 

Critical current was measured by voltage taps attached to the specimen 
conduit in the loaded section. The distance between voltage taps was 20 mm 
and Ie was determined using a voltage criteria of 1 IlV cm-I . 

RESULTS 

The data obtained from tests of 40% and 30% void fraction CICC's is 
shown in Figure 2. For reference a plot of Ekin's data for single round wires 
shown. His 10 T data was converted to 12 T using a procedure described 
previously.10 The shaded region bounds the results of previous tests of 27 
strand CICC's containing Cu inactive strands. 

A cross section of a region in a 40% void specimen that was not loaded in 
compression is shown in Figure 3a. The three active strands of superconductor 
can be seen at the center of each 6 x 1 first element. Note the severe 
deformation of the superconductor that occurred during fabrication. A cross 
section of the same specimen in a region actively loaded during testing is shown 
in Figure 3b. Note the slits in the conduit wall that allow almost all the applied 
load to be transmitted to the cable. Deformation of the superconductor that 
occurs during testing is not discernable because of the deformation occurrnign 
during fabrication. 

105 



www.manaraa.com

Figure 3. Cross section of a 40% void CICC specimen. A region of the specimen 
that was not loaded in compression is shown in 3a. An area of the same 
specimen that was loaded in transverse compression is shown in 3b. 

DISCUSSION 

While there is good agreement between the data for the two 40% void 
specimens, there is considerable scatter between the two 30% specimens. As 
with previous tests, the stress state of the Nb3Sn wires may vary as a function of 
position within the CICe. This is particularly noticeable in the 30% void 
specimen B which has less sensitivity to transverse stress than single wires. 
Obviously one or more of the superconducting wires in this specimen is 
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shielded from the applied load. Attempts to control the scatter by using 6 x 1 
cable patterns have not been wholly successful. 

Regardless of the scatter in data the effect of void fraction is clearly 
evident. The 40% void fraction specimens receive less compaction than the 
30% void specimens during fabrication. Therefore, the cross over points 
between wires in the higher void samples do not deform as much as in the low 
void specimens. The load foot print is smaller in high void samples and the 
higher contact loading results in increased susceptibility to applied transverse 
loads. 

Use of stainless steel wires in the cable may not have had the desired 
effect on transverse load sensitivity. One would assume that the inactive steel 
wires cannot be as easily deformed as the dead soft copper used in earlier 
studies. Ideally this would limit deformation at wire cross over points at high 
loads and result in more severe critical current degradation. As seen in Figure 
2, however, all the data falls in or above the trend band for the cables made 
using copper wires. 

A possible explanation for this is the high deformation that takes place 
during CICC compaction. The steel, although annealed, is harder to deform 
than the superconductor. When the CICC is swagged and rolled square allot of 
the deformation is taken up by the superconductor alone. Therefore the cross 
over points between the steel and Nb3Sn are highly deformed prior to 
application of the transverse load. Point contact is not as severe and the 
samples show less susceptibility to transverse stress. Further testing using 25% 
and 35% void fraction specimens is being pursued and those results may 
confirm this hypothesis. 

The impact of transverse stress effects on CICC's used in large 
applications is limited. As an example a 36 kA, 11 T superconductor proposed 
for ITER Toroidal Field (TF) coils will produce only a 30 MPa lorentz force due 
to self loading. The resulting degradation of critical current in this large 
conductor would be less than 20% according to this and previous data. In 
addition, a magnet designer also has the option to change the conductor height 
in the direction of the lorentz force thus reducing self loading. 

CONCLUSIONS 

Transverse stress effects scale with CICC void fraction. This is likely due 
to increasing point contact with increasing void fraction. 

There is significant scatter in the data of some specimens tested. This 
indicates that geometric effects have not been fully mitigated by use of (6 x 1)3 
cable patterns. 

Use of inactive steel strands result in less sensitivity to transverse stress. 
this may result from high deformation at steel/Nb3Sn cross over points during 
fabrication. This deformation masks the effect of the reduction of deformation 
anticipated during application of an external load. 
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JACKET MATERIAL EVALUATION FOR NET'S 

WIND-AND-REACT SUPERCONDUCTOR 

ABSTRACT 

walter J. Muster, Jakob KUbler, Christa Hochhaus 

Swiss Federal Laboratories for Testing 
Materials and Research (EMPA) 
DUbendorf, Switzerland 

The inner peloidal field coils of the Next European Torus (NET) 
are planned to be built with a Nb3Sn cable-=in-conduit conductor. To 
meet the severe degradation in the superconductivity of Nb 3Sn due to 
strain effects the coils will be produced with the wind-and-react tech
nique. High service loads together with the need for good ageability 
and weldability limit the number of possible jacket material 
candidates. 

Eight Fe and Ni base alloys with prom~s~ng strength and toughness 
properties were tested at EMPA within a screening program for their low 
temperature mechanical behaviour after a heat treatment of 50 h/700oC 
(base material and flash butt welded specimens). Stainless steels tend 
to embrittle by intergranular precipitations under these circumstances, 
whereas the ductility and formability of precipitation strengthening Ni 
base alloys may cause problems. 

INTRODUCTION 

The proposed conductor for NET's central solenoid coils, designed 
for operation with 40 kA at a peak field as high as 12,5 T, is given in 
Fig. 1. The NET Team has specified from the working stresses and in 
consideration of the special fabrication procedure of the coils for an 
ideal jacket material the following requirements: 
a) high yield strength (> 1 000 MPa) in base and weld at 4 K, tensile 

elongation> 1 0% 
b) good cold working properties for jacket forming and coil winding 
c) excellent weldability 
d) good fracture toughness (>130 MPa V;) and fatigue strength 
e) suitable coefficient of expansion over a temperature range 1000 K -

4 K 
f) compat:i.bility wih the reaction schedule of Nb3sn, meaning that the 

properties of a) and d) can be guaranteed after a heat treatment of 
50 h/700oC. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Previous works showed that usual stainless steels such as AI8I 
304, 304 N, 316 LN, can be degraded detrimentally by such a heat treat
ment: on the other hand an addition of small amounts of V or Nb tends 
to preserve a tolerable toughness after ageing 1,2. A-new developped Ni 
base alloy ("Incoloy 9XA") has been reported to fulfill the needs for a 
material with the mentioned specifications in an optimal way3. 

To get more fundamental resul ts to answer the question, which 
commercial alloys could meet the crucial mechanical requirements 
(points a, d, f) best and what metallurgical parameters influence 
the ageability most, a screening test program was set up, considering 5 
CrNi (MoMn) N stainless steels, 2 Ni base and 1 F-e base alloys (all these 
three precipitation strengthening). Low temperature tensile and Charpy 
V-notch tests of base and flash butt welded material should give an 
idea of the change of the mechanical properties resulting from a treat
ment of 50 h/700oC: fractography and metallography would reveal the 
phenomena of possible embrittling and explain its microstructural 
reasons. The main interest was thereby focused on the base material 
properties of stainless steels, welding was considered only in secon
dary priority. 

EXPERIMENTAL 

Table 1 gives the composition of the S investigated alloys (all 
data by the materials suppliers). 

Herein the steel 81 (316 LN + Nb) corresponds to the material de
scribed by 8himada/Tone2 , N1 to II Incoloy 9XA" (commercial designation 
"Incoloy 90S"), N2 to "Inconel 72S", whereas P1 is of the type de
scribed by Hiraga et al. 4 • 81, 82 and 83 correspond furthermore to the 
steels JK1, JKA 1 and JN1 mentioned in a paper of Nakaj ima et al. 5, 
whereas the ageing behaviour and RT properties of 85 were already de
scribed by Heimann6 • 

The content of impurities is in all alloys very low, namely below 
0,005% for sulphur and below 0,026% for phosphorus: all alloys were 
produced with modern metallurgical procedures (E8R, vacuum treating 
etc.) • 
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Fig. 1. Conductor assembly designed within a feasibility 
study for NET. The superconducting cable is 
situated in a jacket of a high performance 
structural material (stainless steel or Ni base 
alloy), that will be welded using drawn U-pro
files. 
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Table 1 • Chemical compositions of the investigated alloys 
(S ••• stainless steels, N ••• Ni base alloys, P ••• 
precipitation hardening Fe base alloy) 

C N Cr Ni Mo Mn Nb V Ti Al Fe 

Sl 0,010 0,17 17,2 12,3 2,0 1 ,2 0,05 rest 
S2 0,023 0,268 25,0 14,0 0,68 0,49 0,30 rest 
S3 0,026 0,34 24,2 14,7 4,2 rest 
S4 0,019 0,17 17,9 1 3,1 2,6 1,9 rest 
S5 0,016 0,33 22,3 16,5 3,2 5,9 0,18 rest 
Nl <0,005 3,9 49,5 1 ,5 1,5 0,97 rest 
N2 0,05 19,0 53,0 3. 1 5,2 0,9 0,6 rest 
Pl 0,003 13,9 26,7 2,0 7,2 2,2 0,13 rest 

(wt-%) 

For the tensile tests at 4 K a special screw driven testing 
machine with regulated crosshead displacement and a capacity of 200 kN 
was used, equipped with a He cryostat and controlled with a IBM AT 03 
PC. The strain measurement was done by two capacitance gauges, its rate 
equaled in the domain of interest 1,6·10- 4s- 1• The Charpy V-notch tests 
were done at 77 K only, because the temperature preservation cannot be 
guaranteed strictly at 4 K during the specimen handling and the testing 
procedure itsself (deformation heat). As experience shows, the tough
ness data generally do not change very much though between 4 and 77 K; 
degradation by embrittling phases may eventually not be revealed at 
RT,but at 77 K the effects are undoubtedly recognizable, a fact that is 
clearly confirmed by Nohara et al. l and Shimada et al. 7 • 

MECHANICAL TESTS 

The results of the tensile and the Charpy V-notch are summarized 
in table 2 resp. graphically in Fig. 2. 

Table 2. summary of the cryogenic mechanical properties of 
the 8 alloys in the aged (50 h/7000 C) state. 
Averaged values from several measurements in the 
base (b) resp. flash butt welded (w) material. 

RpO,2 Elongation Charpy impact value 
(MFa), 4 K (%),4K (J),77K 

b w b w b w 

Sl 994 1003 52 27 213 160 
S2 1414 1458 7,6 2,7 19 9 
S3 1501 1521 2,3 1,3 11 8 
S4 1109 1120 48 27 161 63 
S5 1714 1611 4,9 2,5 16 11 
Nl 1152 1076 31 18 57 31 
N2 1403 1390 12 14 13 15 
P 950 840 30 10,3 64 32 
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Apparently the toughness of all stainless steels is reduced by the 
ageing procedure in comparison with the state of delivery (annealed and 
partially with a low degree of cold work). In the other alloys (N1, N2, 
p), the heat treatment 700oC/50 h was used directly for precipitation 
strengthening and toughness in this state is somewhere in between the 
different stainless steels. 

Considering that NET's specified fracture toughness of 130 MPa ~ 
corresponds to a Charpy energy of at least in the order of 50 to 100 J 
and that the needed elongation at 4 K was not or only hardly reached by 
52, 53, 55'and N2 there are finally 3 alloys that can be designated as 
real jacket material candidates: 51, 54 and N1, whereas the yield 
strength of P1 drops under the limit, especially after the welding pro
cedure. 

DISCUSSION OF THE MECHANICAL RESULTS 

A closer look to the chemical compositions in table 1 shows that 
the N content of the stainless steels lies between 0,17 and 0,34%, 
whereas C (content between 0,010 and 0,026%) seems to be negligible in 
comparison. This indeed holds for the yield strength, where in the 
corresponding Fig. 3 the influencee on the N content is visible, thus 
also confirming the linear dependence in a formula for the mean values 

RpO,2 = 300 + 4000 N 

(RpO,2 in MPa, N in wt-%) 

The main conclusion is, that with the exception of 53 the heat 
treatment affects the yield strength only in negligible extent. 
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degradation of toughness starting from the annealed 
(only stainless steels) to the aged state (first base 
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Fig. 3. Yield strength at 4 K vs N content. Data from 
stainless steels Sl to S5, from literature l ,2 
and from unpublished additional investigations 
by EMPAl comparison between annealed and aged 
(50 to 75 h/7000 C) state. 

The situation is quite different for the Charpy toughness 1 the 
severe degradation is already visible in Fig. 2. A specific discussion 
is possible with the graphs of Fig. 4 presenting selected alloys with a 
limited span in the N content (0,15 to 0,20%), but a variation of the C 
content by a factpr 3.4. It is obvious that the drop is mostly in
fluenced by the carbon content, but can be reduced at least partially 
by additional alloying of carbide forming elements such as·Nb and V, a 
fact that was already described by Nohara et al. l and Shimada/Tone2 • 

PHYSICAL METALLURGY 

All 8 alloys of table 1 were examined carefully by metallographi
cal means (including electron microprobe) in all states (annealed, aged 

Charpy impact value [J 1 

300~----~~--------~-------, 

!! 

0.17 
0.19 
0.17 

0.15 

0.18 
0.20 

0.05 Nb 
0.05 Nb 

100 V 

Fig. 4. Drop of the Charpy impact~alue, measured 
at 77 K, in dependence of the time of an 
ageing process at 700oC. on the right side 
the corresponding the content of C, Nand 
additional alloyed Nb or V is given in wt-%. 
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and welded), whereas the tensile and Charpy specimens were investigated 
at their fracture surface with the scanning electron microscope and 
partially (intergranular fractures) also with Auger spectroscopy. It 
was found, that with the exception of the precipitation hardening 
alloys P and N2 no intermetallic precipitations were detectable in the 
light microscope, but in the aged steels 82 to 85 a formation of inter
granular precipitations was revealed, hardly visible and often only 
localized in the case of 82 and most pronounced at 83. Qualitative in
vestigations of isolated precipitations (selective etching of the 
austenitic steel matrix) supports the theory that these consist mainly 
of M23C6 carbides8 • Thus it can be concluded that an addition of the 
elements Nb and V in the case of 82 and 85 could not completely avoid 
its intergranular precipitations during the ageing, or at least a 
stabilizing procedure before, as it is described by 8himada et al. 7 for 
example in similar steels, was not carried out in an optimal way and 
didn't render C innocuous. 

Cold worked material showed not only precipitations at grain, but 
also at incoherent twins boundaries8 . The fractographical investigation 
revealed that the steels 81 and 84 were the only ones that didn't break 
intergranularly. Thus the above mentioned poor toughness properties of 
the steels 82, 83 and 85 can also be correlated with the mode of 
fracture. Fig. 5 finally gives a three-dimensional graphical view, 
confirming that the weight of the C content is about ten times higher 
in its influence on the Charpy impact value than the N content. 

The physical metallurgy of the precipitation hardening alloys will 
not be treated here any longer, for fundamental microstructural infor
mation on the alloy "Incoloy 9XA/9 08" the publication of Morra 9 is re
commended. 
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Fig. 5. Visualization of the dependence of the Charpy impact 
value, measured on aged (50 h/700 oC) stainless steels 
at 77 K, on the content of the elements C and N. 80me 
80me steels are stabilized with Nb or V. The high 
energies in this selected series of literature and 
EMPA data go along with transgranular fracture .• 
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CONCLUSIONS 

The low temperature toughness of CrNi(MoMn)N stainless steels aged 
for 50 h/700 0 C ist strongly influenced by C content. Similar to the 
sensitization for the intergranular corrosion of austenitic steels 
after such a heat treatment the failure mechanism is correlated with 
the carbide precipitation at the grain boundaries. On the other hand 
the low temperature yield strength of these alloys is governed by the 
nitrogen content confirming the corresponding linear dependence in the 
annealed state as well as in the aged. Flash butt welding reduces 
especially the Charpy impact values, but not in dramatic manner. The 
influence of inclusions and their spacings, as described by Simon and 
Reed10 , was not investigated within this study. 

To fulfill the requirements of NET the N content should be ad
justed at about 0,17% and that of C reduced below at least 0,020%; 
small amounts of Nb or V together with an optimized stabilizing pro
cedure and an appropriate degree of cold work improving so the distri
bution characteristic of precipitations may lead to better results in 
the ageing behaviour. 

The Ni base alloy "Incoloy 908" is to a certain extent limited in 
its ductility, but has a considerable potential because of its suitable 
expansion coefficient compared with the Nb3Sn superconductors. 

Detailed investigations planned for the near future on these two 
types of alloys will allow further conclusions. 
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THERMAL CONTRACTION OF FIBERGLASS-EPOXY SAMPLE 

HOLDERS USED FOR Nb3Sn CRITICAL-CURRENT MEASUREMENTS* 

ABSTRACT 

L. F. Goodrich, S. L. Bray, and T. C. Stauffer 

Electromagnetic Technology Division 
National Institute of Standards and Technology 
Boulder, Colorado 80303 

It is typical for Nb3Sn-Cu superconductor specimens to be wound into 
coils on tubular specimen holders for critical-current measurements. If the 
thermal contraction of the holder is different than that of the specimen, 
axial strain may be applied to the specimen upon cooling from room to 
liquid-helium temperature. This strain can affect the measured critical 
current. The thermal contraction was measured for three different Nb3Sn-Cu 
supe.rconductors. Also, the thermal contraction was measured for several 
different specimen holders, all of which were made from fiberglass-epoxy 
composites. The specimen holder measurements were made using an electrical
resistance strain-gage technique, and they were confirmed by direct 
mechanical measurements. The tubes varied in diameter, wall thickness, and 
fabrication technique. Some of the tubes were made directly from tube 
stock, and others were machined from plate stock. The results of these 
measurements show that the thermal contraction of tube stock is strongly 
dependent on the ratio of its wall thickness to its radius, while the 
contraction of tubes machined from plate stock is relatively independent of 
these dimensions. Critical-current measurements of Nb3Sn-Cu specimens 
mounted on these various holders show that the presence of differential 
thermal contraction between the specimen and its holder can significantly 
affect the measured critical current. 

INTRODUCTION 

Critical-current (Ic) measurements of Nb3Sn-Cu superconductors can be 
affected by the relative thermal contraction of the material on which the 
test specimen is mounted. This measurement variable became' apparent in the 
recent VAMAS (Versailles Project on Advanced Materials and Standards) 
interlaboratory comparative measurements (round robin) of the critical 
current of Nb3Sn.l Differential thermal contraction between the specimen 
and its holder in cooling from room to liquid-helium temperature can cause 
either a tensile or com~ressive strain of the specimen, either of which can 
affect the measured Ic. ,3 For coil specimens that are mounted on the 
surface of cylindrical holders, the strain is predominantly along the axis 
of the specimen. The amount of strain depends on the magnitude of the 

*Contribution of NIST, not subject to copyright. 
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differential contraction, the relative strengths of the specimen and holder, 
and the mechanical coupling between the specimen and its holder. 

The literature contains considerable data on the compressive pre-strain 
of Nb3Sn filaments caused by differential thermal contraction between the 
filaments and the matrix material. However, very little data on the overall 
thermal contraction of Nb3Sn-Cu wires are presently available. The thermal 
contraction of a Nb3Sn-Cu cable is given in Ref. 4; however, this conductor 
has a tungsten core that reduces its thermal contraction. Consequently, the 
thermal contraction of three different Nb3Sn wires was measured as a part of 
this study. 

Fiberglass-epoxy composites are commonly used sample holder materials. 
These materials are anisotropic in three mutually perpendicular directions. 
The three directions are associated with characteristics of the fiberglass 
fabric, and they are designated as the warp, fill, and normal directions. 
The fabric orientation for plate stock is shown in Fig. 1. The normal 
direction is perpendicular to the fabric planes, while the warp and fill 
directions are parallel to the fabric planes. The density of the fabric is 
not the same in both directions of the weave. The warp and fill directions 
are determined by the fabric's thread count. The number of threads per unit 
length of fabric is lower in the warp direction than in the fill direction. 
This structural anisotropy causes a three-dimensional variation in thermal 
contraction. The contraction in the fill direction is slightly greater than 
in the warp direction, but the contraction in the normal direction is 
considerably larger. 4 ,5 

Figure 1 also shows the typical fabric orientation for a rolled tube. 
The radial thermal contraction of the tube results from a competition 
between the larger contraction in the normal direction and the smaller 
contraction in the warp direction. Consequently, it depends on the ra.tio of 
the tube's wall thickness to its outside radius (wall-to-radius ratio). For 
thin-walled tubes the radial thermal contraction approaches that of a plate 
in the warp direction, and for thick walled tubes it approaches that of a 
plate in the normal direction. 

A holder whose thermal contraction is relatively independent of its 
wall-to-radius ratio can be made by machining a cylindrical tube from thick 
fiberglass-epoxy plate stock with the axis of the tube perpendicular to the 
surface of the plate (plate tube). For this orientation (Fig. 1) the radial 
contraction is based on the contraction in the warp and fill directions, 
which are both similar to that of a Nb3Sn-Cu wire. In addition to thermal 
contraction measurements of both rolled tubes and plate tubes, Ic 
measurements were made using both types of specimen holder to confirm the 
relationship between thermal contraction and the Ic measurement. 
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EXPERIMENTAL DETAILS 

Fiberglass-Epoxy Composites 

Two different types of fiberglass-epoxy composite were used in this 
study, NEMA (National Electrical Manufacturers' Association) G-10 and G-ll. 
All of the rolled tubes were G-10 and the plate tubes were G-ll. This was 
not a matter of choice but, rather, one of material availability. The 
thermal contraction of the G-ll is slightly less than that of G-10. Neither 
of these materials was cryogenic-radiation (CR) grade, which is designated 
as G-10CR or G-llCR. The manufacturing specifications for the CR grade 
materials are more stringent and their performance at cryogenic temperatures 
is more predictable. 5 

Thermal Contraction 

All of the thermal contraction measurements were conducted between room 
temperature and liquid-nitrogen (LN2) temperature. We assume that, if a 
material's contraction is well matched to a Nb3Sn-Cu wire from room to LN2 
temperature, then the additional differential thermal contraction that 
occurs between LN2 and liquid-helium temperature will be insignificant. 

The Nb3Sn-Cu thermal contraction measurements were made using quartz 
reference tubes and reacted Nb3Sn-Cu specimens that measure approximately 
35 cm in length. The specimen is placed in a quartz tube and attached to 
one of the tube's ends. At room temperature, the quartz tubes are 
approximately 1 mm longer than the specimens. This differential length is 
measured with a micrometer, the tube and specimen are cooled to LN2 
temperature, and the differential length is remeasured. The thermal 
contraction of the specimen is deduced from the measured change in the 
differential length and the known contraction of the quartz tube. The 
uncertainty of these measurements is estimated to be ±5%. 

Two different methods were used to measure the thermal contraction of 
the fiberglass tubes. The first was a mechanical method, where the tube was 
submerged in liquid nitrogen, allowed to reach thermal equilibrium, removed 
from the nitrogen, and the diameter was then quickly measured with a 
precision micrometer. To address the thermally transient nature of these 
measurements, the tube's diameter was measured as a function of time while 
it was warming toward room temperature. These measurements allowed an 
extrapolation of the data to liquid-nitrogen temperature. In the case of 
the plate tubes, two orthogonal measurements were made at each time, one in 
the warp direction and one in the fill direction. The uncertainty of the 
mechanical measurements of thermal contraction was estimated to be ±10% of 
the measured value (for example, 0.20% ±0.02%). 

The second type of thermal contraction measurement used electrical
resistance strain gages. 6 For this measurement, two well matched 350 0 
strain gages were used in a half-bridge configuration. One of the gages was 
bonded to the test specimen and the other was bonded to a reference 
material, a quartz tube, whose thermal contraction was known. All of the 
strain-gage measurements reported here were taken with the strain gages 
mounted on the circumference of the test specimen since this represents the 
contraction which is relevant for the Nb3Sn-Cu coil. Both the test specimen 
and reference material were cooled to liquid nitrogen temperature and the 
resulting output from the strain bridge was measured. 

Two factors will cause a change in the resistance of the strain gages 
when cooled from room to LN2 temperature. First, the resistivity of the 
strain gages' grid alloy will change with temperature. Since this change in 
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resistance will be nearly equal for matched strain gages, there will be 
little effect on the output of the strain bridge. The second source of 
change in resistance is caused by thermally induced strain. This strain 
results from differential thermal contraction between the strain gage and 
the test specimen. If the thermal contraction of the test specimen material 
is different than that of the reference material, the strain bridge will be 
unbalanced and its output will be indicative of the difference in thermal 
contraction between these two materials. Since the thermal contraction of 
the reference material is known, the thermal contraction of the test 
material can be deduced. The uncertainty of the strain-gage measurements of 
thermal contraction was estimated to be ±S% of the measured value (for 
example, 0.20% ±0.01%). 

Critical Current 

For the Ic measurements, a Nb3Sn-Cu wire with a diameter of 0.68 mm was 
used. This conductor was made by an internal-tin diffusion process, and it 
has 37 sub-bundles of 150 Nb filaments. A single Ta diffusion barrier 
separates the filament region from the outer Cu layer. The specimen was 
wound onto a stainless steel tube and then vacuum heat treated at 700°C for 
48 h. The stainless steel tube has a helical groove machined into its 
surface to retain the specimen and define its geometry. Following heat 
treatment, the specimen was removed from the stainless steel reaction holder 
and transferred to the fiberglass measurement holder. The outside diameter 
of the fiberglass holder is 3.12 cm and its surface is not grooved. A thin 
continuous layer of filled epoxy adhesive was painted over the surface of 
the specimen and holder. The typical specimen length was approximately 
80 cm. Three pairs of adjacent voltage taps were placed along the center of 
the specimen. Each pair had a separation of about 10 cm, and there was a 1 
to 2 cm gap between adjacent pairs. An electric field criterion of 10 ~V/m 
was used for determining the critical current. The uncertainty of the Ic 
measurements may be as large as ±S% because of the strong systematic effects 
of the specimen holders. 

RESULTS 

Thermal Contraction Measurements 

The results of the thermal contraction measurements are shown in Fig. 2 
where the thermal contraction of the tubes' diameters (~d/d) is plotted as a 
function of the tubes' wall-to-radius ratios. The thermal contraction of 
three different superconductors (the VAMAS Ic round robin conductors 1) was 
also measured. The dashed horizontal line labeled "Nb3Sn-Cu" indicates the 
measured thermal contraction (0.28%) of the conductor whose Ic was measured 
in this study. The measured thermal contraction of the other two conductors 
is 0.28% and 0.26%. The two types of data symbols that are labeled 
"Mechanical" and "Strain Gage" show the thermal contraction of the G-10 
rolled tube specimens as measured by the two different techniques. With the 
exception of the "Mechanical" data, all of the data shown in this figure 
were obtained using the strain-gage technique. 

The data show a strong dependence of the thermal contraction on the 
wall-to-radius ratio. The approximate thermal contraction of G-10CR plate 
stock in cooling from room to liquid-nitrogen temperature is 0.224%, 0.264%, 
and 0.687% in the warp, fill, and normal directions respectively, and it is 
0.202%, 0.227%, and 0.585% for G-11CR. 4 ,S As expected from the structural 
geometry of the rolled tubes, their thermal contraction fall between that of 
the warp and normal directions of plate stock. The measured thermal 
contraction of the G-11 plate tubes is shown for three wall-to-radius ratios 
and in two structural directions, warp and fill. In both directions, the 
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Fig. 2. Plot of room to liquid-nitrogen temperature thermal 
contraction of G-10 rolled tubes and G-11 plate tubes 
as a function of the tubes' wall-to-radius ratio. 

thermal contraction is relatively independent of the wall-to-radius ratio 
and it is comparable to that of plate stock. The error bars associated with 
the high wall-to-radius ratio data points represent the range of values that 
were measured on three different specimens with three repeat determinations 
for each specimen. 

Additional measurements were made using strain gages that were mounted 
on the circumference of the plate tube halfway between the warp and fill 
axes. The thermal contraction at these positions was within the 
experimental uncertainty of the value measured in the warp direction. This 
indicates that the effective circumferential thermal contraction of the 
plate tube is closer to the value measured for the warp direction. 
Mechanical thermal contraction measurements were also made on the plate 
tubes and were within the experimental uncertainty of the strain-gage 
measurements. Additional thermal contraction measurements were made on 
tubes with different outer diameters to test the scaling of thermal 
contraction with the wall-to-radius ratio. All of the data of Fig. 2 were 
taken on tubes having outer diameters of about 3.18 cm and various inner 
diameters. However, two rolled tubes with outer diameters of 11.4 and 
12.4 cm, and wall-to-radius ratios of 14 and 8%, respectively, were also 
measured. The thermal contraction of these two tubes was within the 
experimental uncertainty of the rolled tube data of Fig. 2. Finally, an 
11.4 cm outer diameter (94% wall-to-radius ratio) plate tube was measured 
and was within the experimental uncertainty of the plate tube data of 
Fig. 2. 

Critical-Current Measurements 

The results of the Ic measurements are shown in Fig. 3, where the Ic is 
plotted as a function of applied magnetic field for several different 
conductor specimens and specimen holders. There are three variables, in 
addition to the applied magnetic field, for these Ic measurements: the 
location where the specimen was reacted, "central" or "self"; the specimen 
holder's wall-to-radius ratio, "thick" or "thin"; and the type of tube used 
for the specimen holder, "rolled" or "plate". The self reacted samples were 
reacted at NIST, whereas the central reacted samples were reacted at another 
site and shipped to NIST for Ic measurements. The thick and thin 
designations do not indicate specific wall-to-radius ratios; instead, they 
indicate two general categories of tube geometry. All of the thin tubes 
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have wall-to-radius ratios that are no greater than 13% 
(self 10% and central 13%) and the thick tubes have wall-to-radius ratios 
that are at least 60% (plate 80% and rolled 60%). The measured Ic's are 
nearly the same, within experimental uncertainty, for all of the specimens 
except the one that was mounted on the thick, rolled tube. The measured Ic 
is significantly lower for this specimen at all magnetic fields. The 
difference is about 14% at 6 T and 40% at 12 T. The fact that the Ic 
degradation increases with increasing magnetic field is consistent with a 
strain effect. The magnitude of the change in Ic and the measured thermal 
contraction are in good agreement with the strain effect. 3 At 12 T, a 33% 
reduction was calculated from strain-effect measurements 1 that were made at 
14 T, and the measured Ic reduction was 40%. 

DISCUSSION 

A practical reality of round robin measurements is that the dimensions 
of the specimen holders vary between different laboratories. For consistent 
measurements, the specimen holders should be designed so that the Ic 
measurement is insensitive to this variable. The thermal contraction of a 
tubular specimen holder that is made from an anisotropic material can vary 
with its geometry. This presents the potential for variations in the strain 
state of the specimen and, thus, variations in the measured Ic. An apparent 
solution to this problem is to use an isotropic material for the spectmen 
holders and to use a bonding technique that rigidly couples the specimen to 
its holder. This will ensure that the strain transmitted to the specimen, 
due to thermal contraction, is independent of the holder's geometry and, 
thus, equivalent from laboratory to laboratory. This approach addresses the 
issue of measurement consistency, but it does not address accuracy. 

The Ic measurement should, arguably, be made with a minimum of 
externally applied strain on the superconductor. This requires a strong 
bond between the specimen and holder to avoid specimen strain under the 
influence of the Lorentz force, and it requires that the thermal contraction 
of the sample holder be well matched to that of the superconductor. Also, 
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the holder should, ideally, be made from an electrically insulating material 
to prevent current sharing with the test specimen. Unfortunately, an 
isotropic and insulating material with a thermal contraction similar to that 
of Nb3Sn-Cu is not readily available. Fiberglass-epoxy plate tubes are a 
practical alternative to the ideal isotropic specimen holder. The thermal 
contraction of a plate tube is slightly anisotropic; however, it is 
relatively independent of the tube's dimensions. Furthermore, the thermal 
contraction in the radial direction (the pertinent direction for a coil-type 
specimen) is similar to that of Nb3Sn-Cu. Based on the thermal contraction 
of G-IOCR and G-IICR plate,4,S the thermal contraction of G-IO plate tubes 
may be slightly closer to that of a Nb3Sn-Cu wire than the G-ll plate tubes 
that were measured here. It is possible that the difference in the 
circumferential thermal contraction between the warp and fill directions 
will result in a spatial variation of the strain state of the Nb3Sn-Cu coil 
sample, but the Ic data indicate that this effect is not significant. 

The plate tubes present some practical disadvantages. First of all, 
machining a specimen holder from plate stock is considerably more difficult 
than from tube stock. Also, the length of a plate tube is limited by the 
thickness of the available plate stock. This, in turn, limits the length of 
the superconductor specimen for a given coil diameter and pitch. 
Furthermore, short specimen holders are often incompatible with existing Ic 
test fixtures. Satisfactory specimen holders of greater length could 
perhaps be constructed by bonding a series of short plate tubes together. 
This technique might require an alignment of the warp and fill fibers 
between individual tube sections because of the anisotropic radial thermal 
contraction of plate tubes. 

CONCLUSIONS 

For Ic measurements, fiberglass-epoxy composites are suitable specimen 
holder materials. However, the design of the specimen holder should take 
into account the anisotropic nature of the material and the resulting 
variability in thermal contraction. These characteristics of the material 
can result in large variations in the measured Ic for specimens mounted on 
holders of different designs. A cylinder or tube can be machined from a 
thick fiberglass-epoxy plate with the axis of the cylinder perpendicular to 
the surface of the plate. This type of tube (plate tube) has a thermal 
contraction that is relatively independent of its dimensions and that is 
similar to that of a Nb3Sn-Cu specimen. Alternatively, the specimen holder 
can be made from tube stock and machined to a wall-to-radius ratio that 
results in a thermal contraction that closely matches that of the Nb3Sn-Cu 
specimen. 
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DEVELOPMENT OF Nb3Sn SUPER CONDUCTING WIRE USING AN IN-SITU PROCESSED 

LARGE INGOT 

INTRODUCTION 
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The in-situ process for Cu-Nb has been developed on a laboratory 
scale, and· recently several groups have produced multifilamentary wires 
with overall critical current density comparable to commercial continuous
fiber multifilamentary materials.[1) The mechanical properties of the 
in-si tu wires are considerably better than those of the conventional 
multifilamentary super conducting wires.[2) For practical applications, 
it is necessary to demonstra te that the in-situ process can be adapted 
to industrial scale. Generally, small-diameter in-situ rods were chosen 
because good quality control of the Cu-Nb alloys fabrication could be 
achieved on the basis of prior experience with small chill casting. (3) 
To demonstrate the feasibility of scale-up Cu-Nb ingots were made by 
smel ting and casting by the calucia process. In this paper we report 
our results on the development of this in-situ Nb3Sn wires. 

EXPERIMENT 

The in-situ process begins with production of the Cu-Nb casting 
in which the Nb is present as randomly arrayed dendrites. Because of 
the nature of the solidification process, a size distribution of aligned 
Nb filaments produced by the wire drawing step. [4) Cu-Nb alloys were 
prepared by CaO smelting process which was made by vacuum induction 
smelting molten metal by pouring into CaO crucible at about 1750°C and 
then solidified the refine metal by pouring into CaO mold or Cu mold. 
Ingot (about 200 mm in length and 20'\, 150 mm in diameter) with 20 '\, 40 
wt% Nb were produced. The transverse section of castings into Cu mold 
are shown in Fig. 1, it is a typical example of Cu-30Nb ingots. 

Ingots were swaged and drawn to 0.2 mm diameter, through suitable 
heat treatment. The wire was then Sn plated, heated to produce diffusion 
of the Sn, and reacted with different treatment scadules (time and 
tempera ture). The critical current was measured in a transverse magnetic 
field at 4.2K and defined as the current corresponding to a voltage of 
1 ]J V/cm. The overall critical current density, Jc, was obtained by 
dividing the critical current by the total cross-section area of the 
specimen. 

Advances in Cryogenic Engineering (Materials). Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press. New York. 1990 
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(A) (B) 0.1 mm 

Fig. 1 Transverse section showing Nb dendrite solidified into Cu mold. 
(A) Cu-30Nb,30 mm ingot diameter. (B) 150 mm diameter. 

The effect of bending strain and the effect of twist on Jc had been 
investiga ted. Furthermore, to improve the high field critical current 
density we have examined the effect of additives. 

RESULTS AND DISCUSSION 

Specimen 

The as-solidified microstructure by CaO process are shown in Fig. 
2. The Nb dendrite shows almost the same size regardless of the ingot 
size.The size was evaluated by deep etching the Cu matrix away and 
examining them in an SEM. What is obvious on comparing the Fig. 1 and 
2, the average dendrite size of the casting into CaO mold increased by 
approximately four times that of Cu mold. Excessive oxygen and carbon 
pickup of only 186'\, 668 parts per million (ppm) and furthermore a carbon 

(A) (B) 
0.1 mm 

Fig. 2 Transverse section showing Nb dendrite solidified into CaO mold. 
(A) Cu-30Nb, 30 mm ingot diameter. (B) 150 mm diameter. 
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Fig. 3 Comparison of critical current on wires made from Cu-20Nb and 
Cu-40Nb wt% ingot. 

pickup of 4"v 48 ppm. This level of oxygen and carbon contamination did 
not have any significant deleterious effect upon either the drawabili ty 
of the Cu-Nb ingots or the resulting Jc. 

Superconducting properties 

The critical current for Nb concentration 20 and 40 wt% as a function 
of a transverse magnetic field'2 Bo, is shown in Fig. 3. A relatively 
higher Jc, 2 to 2.4 x 10 A/mm at 10 Tesla, was obtained for the Cu-
40Nb alloy. The influence of ingot size to Jc was not observed. Also 
the value of the Jc is very susceptible to the arrangement of Nb filament 
before diffusion heat-treatment. In this experiment, the arrangement 
of Nb filaments was altered by combining heat-treatment. Fig. 4 shows 
Jc values for wires which were changed by the degree of cold-working. 
It can be seen that the superconducting properties were improved by the 
optimizing degree of cold-working. 
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Fig. 4 Influence of cold working on the Jc at 10 Tesla for 
Cu-40Nb-16Sn and Cu-40Nb-10Sn wires submitted to 
final heat treatment at 800°C for 1 day. 
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50 jJrn 

Fig. 5 Scanning electron micrograph of twisted sample with Cu etched 
out. The ratio of the twisted length to the wire diameter of 
the order is about four. 

The strain effect of the in-situ wire was measured with twisted 
and untvlisted wires. A ratio of the twisted length (lp) to the wire 
diameter (dw) of the order from 30 to 4 was achieved. The final diameter 
of all specimens was 0.2 mm. The twisted filaments were clearly observed 
in photograph (Fig. 5). The effect of bending on Jc for twisted and 
untwisted Cu-Nb wires are shown in Fig. 6, critical current reduced to 
the Ic of the straight wire (Ico) versus bending strain are presented. 
Untwisted wires were reacted at 525°C for 16 days and twisted wires were 
reacted at 600°C for 6 days. The degradation of Jc for Cu-40Nb untwisted 
wires had not observed until 1.2 % bending strain, but the results for 
short-twisted wire at 10 Tesla showed considerable degradation in critical 
current. 

The effect of additives 

There have been few studies for the improvement in Jc at high field 
for the in-situ wires. The investigation has been carried out on the 
influence of additives in Cu-40Nb ally to improve Jc at high field. 
Fig. 7 shows the Jc for Cu-40Nb wires as a function of the applied 
magnetic field, Bo. Above 15 Tesla, small improvements in Jc values of 
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Fig.7 Overall critical current density, Jc, for in-situ Nb3Sn wires 
as a function of the applied magnetic field, Bo. 

Cu-40Nb wires are obtained by addition of 1w1tfl\f,fd 1wt%Ti + 1wt% Ta. 
These high field data are linear on a Jc B versus B plot and 
extrapolate to zero Jc at 18.9 Tesla. 

Large wire diameter 

Adding Sn to the Cu-Nb wire by plating becomes more difficult as 
the wire size increases because the diffusion period becomes quite long 
and thicker Sn layer required tend to "ball-up" when the tin layer is 
melted.· We are currently working on a process to produce a cryostabilized 
wire. Fig. SA shows the transverse section of cryostabilized wire having 
a 0.28 mm diameter. Fig. 8B shows the cross section of in-situ Nb Sn 
wire the 1.1 mm diameter made by the Internally Tin Plating Pro<;fss. f6] 
J c of the in-situ Nb Sn core of 0.28 mm wire was 2290 A/ mrr;z (hea t 
treated at 550°C for 10 Jays) and Jc of 1.1 mm wire was 1675 A/mm (600°C 
for 7 days) at 10 Tesla, respectively. 

(A) (B) 

Fig. 8 Cross section of Cu stabilized conductor. (A) 0.28 mm in outer 
diameter. (B) 1.1 mm in outer diameter. 
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CONCLUSIONS 

The "CaO smelting and casting process" appear to provide a cost-
saving and reliable method for preparing dendrite Cu-Nb alloys sui table 

for the large scale production, 150 mm diameter large ingots have been 
studied and good characteristics have been found. Critical current density, 
Jc, for Cu-40Nb2 wires at 10 Tesla after reaction at 550°C for 7 days 
were 2400 A/mm • The degradation in Jc for Cu-40Nb untwisted wire had 
not observed until 1.2% bending strain, but Jc for bending strain for 
Cu-40Nb was affected significantly by short twist length (lp=4dw,6dw). 
Instead of a single core for small diameter wire, a multicored composite 
in larger diameter have been developed. 

We have developed the in-situ Nb Sn conductor for power application, 
such as superconducting generator. More detailed studies of ac losses 
in the twisted in-situ wires are being carried out. 
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MANUFACTURE AND EVALUATION OF TIN CORE 

MODIFIED JELLY ROLL CABLES FOR THE US-DPC COIL 

ABSTRACT 

D. B. Smathers 
M. B. Siddall 

Teledyne Wah Chang Albany 
P. O. Box 460 
Albany, OR 97321 

M. M. Steeves, M. Takayasu, 
and M. O. Hoenig 

Massachusetts Institute 
of Technology· 

Cambridge, MA 02139 

The US-Demonstration Poloidal Coil (US-DPC) is being built by the 
Massachusetts Institute of Technology as a first step test in developing 
an advanced cable in conduit conduetor for the central solenoid (ohmic 
heating coil) of a Tokamak style Fusion Reactor. Three full-scale 
prototype pancake modules are being manufactured using Tin Core Modified 
Jelly Roll NbsSn superconductor wire and will be operated in early 1990 at 
the Japan Atomic Energy Research Institute (JAERI). Teledyne Wah Chang 
Albany produced the wire (0.78 mm strand), supervised chrome plating and 
cabling operations and delivered three 225 strand, 168 meter long cables 
in 1988. Short sample tests show the wire to be uniform in properties 
from lot to lot. Wire extracted from the cables has also been tested; 
though the wire is significantly deformed in the cabling process at cross
over points, the performance in these areas is not degraded by more than 
5% relative to undeformed wire. We report on the chrome plating, cabling, 
short sample critical current and hysteresis loss data of strand and 
critical current data for cable strand. 

INTRODUCTION 

Teledyne Wah Chang Albany (TWCA) produced three full-scale prototype 
225 chrome plated strand cables for the US-DPC double pancake modules 
being constructed by Massachusetts Institute of Technology (M.I.T).1.2 
Our goal was to produce wire with uniform, consistent critical current and 
hysteresis loss. The tin core Modified Jelly Roll wire design has been 
previously discussed,s.4 and the specification is listed below (Table I, 
Figure 1). 

As a supplier, several challenges had to be met beyond producing more 
than 600 kg of uniformly good bare strand. The wire required a two micron 
chrome layer requiring that a chrome vendor for wire be developed. The 
chromed wire was abrasive and introduced new problems in cabling. We also 
had to respond to concerns regarding the strand mechanical properties. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
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TABLE I US-DPC STRAND SPECIFICATION 

Wire Diameter 
Stabilizing Copper 
Guaranteed Critical Current 
Expected Critical Current 
Hysteresis Loss 

+3T Cycle 
+7T Cycle 

TwIst Pitch 
Chrome P1a ting 

0.78 mm 
54% 
157 Amps lOT, 10)l VIm 
178 Amps lOT, 10)lV/m 

210 kJ/m3 (Wire) 
308 kJ/m3 (Wire) 
2.0 twists per inch 
1 - 2 micron thickness 

EXPERIENCE 

Strand 

Roughly three quarters of the wire used in the three cables has 
complete Ic and hysteresis loss data. In Figure 2, the calculated 
variation of +3 T hysteresis loss is plotted as a function of Jc at 10 
Tes1a, 10- 13 ~m. Our database was matched at 10- 13 Qm criterion. the 
prototypes described in reference 3 followed the prediction fairly well. 
All the data (33 sets) for the wire used in the cables fall within the 
small region marked production. The Quality Assurance/Control program 
employed gives us confidence all wire lots will perform as required. 

The 10 )lV/cm Ic (lOT) values ranged from 164-178 amps and the !3 T 
hysteresis from 161-233 kJ/m3 • 

One hundred percent of all wire ends shipped to the chrome plater 
were meta110graphically examined and a non-copper fraction determination 
made. These same sections were also examined for diffusion barrier 
integrity (a minimum of three sections mounted per wire end). Samples 
were provided from material adjacent to these wire ends for critical 
current and hysteresis loss testing both by TWCA and by M.I.T. 
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Figure 1. US-DPC Conductor Strand - 0.78 mm diameter, 54% 
copper, two twists per inch. 
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Figure 2. Non-copper hysteresis loss as a function of 10 Tesla critical 
current for the US-DPC conductor design, prototypes and 
production. Jc (10 ~V/m) 75-100 A/mm2 less than Jc(10- 13 ~m) 
for n between 25-30. 

The chrome plated wire was divided into 975 meter lengths and layer 
wound on cabling spools at TWCA. Each chromed wire end was sectioned for 
layer thickness and adhesion. 

Chrome 

The availability of 1-2 micron chrome plating on wire in lengths 
exceeding about 1000 meters was non-existent in the U.S. In collaboration 
with M.I.T., Electrocoatings Inc. (Berkeley, California) established a 
chrome plating line with length limitations controlled only by the 
spooler. Many 5000 meter lengths were plated. We experienced a few minor 
start up problems but this did not impact the cables. We did observe that 
the chrome has a uniform smooth layer roughly one micron thick with a more 
irregular layer extending to 2 microns (Figure 3). All of the wire was 
covered with the one micron layer and most had the rougher texture 
extending to 2 microns. This rough outer morphology gives the plated wire 
a dull appearance and an abrasive quality. The layer is capable of 
withstanding 100% shear strain without flaking off the wire--though 
cracking is significant. This facility is no longer available due to a 
lack of commercial interest. 
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Figure 3. Chrome layer on the US-DPC conductor. 
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Figure 4. Cabling elements for the US-DPC conductor. The 3.2 mm heater 
was placed in the center of the cable in the final cabling 
operation. 

Cabling 

An initial test cable using real superconductor strand (unplated) 
indicated a tendency towards strand breakage. The cable pitches were 
lengthened and split dies eliminated and the breakage was relieved. A 
second test cable verified this and provided some cabled wire for short 
sample tests. 

The chrome plated wire provided extra problems in cabling. The 
abrasive nature of the wire affected the compaction dies and increased the 
pulling force required to compact the cable. Ve went to cabling with 45 
units (975 m) to yield each 225 strand cable (3 x 3 x 5 x 5), Figure 4. 
Maximum yield would produce a cable of about 192 meters. Our experience 
was one strand break in each cable at the third stage caused by pinching 
during heavy compaction. The excess length provided the opportunity to 
yield in excess of the required minimum length (154 m) in each case. An 
example of a pinched strand is shown in Figure 5. The wire is scissored 
rather than tensilely elongated. 

Cabled Strand Critical Currents 

Examination of the cabled wire reveals no breaks but the wire is 
significantly distorted in the process of compaction. Periodically, the 
wire may get sandwiched and crimped leaving a severely deformed cross
section. Ve disassembled a section of the second bare test cable and 
extracted five wires at random, one from each of the 3 x 3 sub cables in 

Figure 5. Example of scissored wire strand from 5x3x3 level cable. 
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TABLE II CRITICAL CURRENT FOR CABLED STRANDS BARE MIT 225 STRAND TEST CABLE 

SAMPLE Ic (Amps 10 \1V/m) 

Uncabled Cabled Cabled 

Control Control CRIMP CRIMP CRIMP 
Field A B I II III IV ..L _A_ B C 

2T 817 843 851 919 887 815 863 776 845 
4T 497 511 519 558 538 495 523 511 487 505 
6T 332 345 347 371 360 331 347 340 326 327 
8T 238 240 242 261 244 231 238 235 225 227 

lOT 164 168 169 178 170 159 162 162 155 159 
12T 110 111 108 117 109 106 104 104 103 102 
n(lOT) 22 28 26 23 24 23 23 23 18 22 

the 45 strand thi.rd stage cable. None of these samples showed any severe 
deformations. We then searched the cable to provide a sample with severe 
deformation. The Jc results are listed in Table II along with 
representative uncabled strand. The undeformed cable strand average of 
167 Amps (10 T, 10 \1V/m) is consistent with the uncabled value of 166 
Amps. The crimped samples were three strands from a single triplet. The 
average of 159 Amps is only 5% lower than the rest of the cable. Figure 6 
shows how severely distorted the sample strands were. 

Strand Mechanical Properties 

Unreacted. During the production of wire and cable, a concern was 
voiced regarding the mechanical strength and elongation of as-drawn 
(heavily cold worked) tin core type composite wire.~ We investigated the 
elongation, yield (0.2%) and ultimate tensile strength (UTS) of the wire 

Figure 6. 
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Critical current coil sample with CRIMP A and B removed 
from unplated test cable. Note the jog in the wire at the 
crimp. 
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TABLE III TENSILE PROPERTIES - UNREACTED STRAND 

Vicker's Hardness 
0.1 kg load 

Condition Elonsation Yield (0.2%} ~S Stabilizer Hardness 
Bare .78 mm 2-3% 413-551 MPa 565 MPa 99 
As Drawn 

Bare .78 mm 13% 386 MPa 393 MPa 75 
Annealed 

Chrome .78 mm 1-2% 345-483 MPa 545 MPa 
As Plated 

Bare/Cabled .78 mm 1-3% 365 MPa 545 MPa 
No Anneal 

at various process steps. Ve observed not only a significant increase in 
elongation with minimal annealing (3 hrs/210°C) but also an associated 
drop in both yield and ~S. This latter effect was of great concern to us 
considering the failure mode we had observed in cabling, namely pinching. 
The aspected nature of the MJR filaments reduces the observed degradation 
of any wire flattening. 

The elongation was measured by gauging the separation of notches cut 
into the wire surface. Vires with low elongations failed at the notches 
and may be artificially low. 

Both plating and cabling soften the wire slightly. The plating may 
have a minimal annealing effect while the cabling may actually work soften 
the wire. 

There was not enough time or excess material to manufacture a test 
cable of annealed wire. Ve argue that the increased strength and hardness 
of the wire will discourage crimping and be strong enough to survive 
cabling. Annealing the wire would improve .elongation but also promote 
elongation by yielding and flowing at lower stress levels. The copper 
hardness would drop by 25% or more allowing more crimp areas to be 
produced. ~rtile this should not greatly affect the critical current it 
would reduce the cable flexibility. 

Reacted. A reacted sample of one of the US-DPC strand wires 
(unc~bled) wa~ tested by J. Ekin6 for strain tolerance. The intrinsic 
strain was found to be 0.38%, the irreversible strain, 0.84% and strain to 
failure 1.35%. The variation of critical current with strain was fairly 
flat. 

CONCLUSIONS 

The tin core MJR process is economical and is capable, with modest 
QA/QC procedures, of producing uniform and repeatable properties. The 
design can be tailored to meet both critical current and/or loss 
specifications, and lengths are not a problem. 

Technology exists, within the U.S., capable of plating lengths 
exceeding 5 km with a 1-2 micron layer of chrome if demand is su!ficient. 
The chrome is very adherent. 
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The chromed tin core wire can be cabled into fully transposed 
geometries, and though crimping may occur, there is minimal degradation on 
strand properties. We recommend, when prototype cables are manufactured, 
that sufficient overage be utilized to allow for difficulties. 

Ve verified that the as drawn tin core wire has low elongations but 
that the elongations would be sufficient for reliable cabling. Both 
plating and cabling lead to slight softening. Though the elongation is 
low (2-3%), we feel that the hardness and strength seem more important for 
cabling to resist crimping and provide less strand/strand friction. This 
was verified by the successful cabling experience. 
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BRONZE-ROUTE Nb3 Sn SUPERCONDUCTING WIRES WITH IMPROVED Jc AND 
REDUCED BRIDGING 

INTRODUCTION 

D. W. Capone II and K. DeMoranville 

Supercon, Inc. 
830 Boston Turnpike 
Shrewsbury, MA 01545 

High-field applications which expose the superconductor to large time-varying 
magnetic fields, such as high performance generators and accelerator magnets, can benefit 
from a Nb3Sn conductor, with good high-field Jc's, having fully decoupled filaments. By 
adapting billet assembly techniques developed for the production of fine filament NbTi 
conductors to the fabrication of bronze-route Nb3Sn, a multifilament strand having 
unbridged filaments can be produced. The critical factors preventing filament bridging 
are the sid (filament spacinglfilament diameter) and the array quality, both of which can 
be precisely determined using these assembly techniques. 

This paper summarizes the results of a study designed to optimize some of the 
processing issues necessary to produce high-Jc's in the 7-9 Tesla range for the advanced 
generator program. We have investigated the effect that changes in sid have on filament 
sausaging, Jc, and fabricability. In more recent work, we have looked at the advantages to 
be gained by eliminating filament sausaging entirely. Finally, reducing the filament 
diameter to values below 2 J..lm are shown to greatly improve the critical current densities 
in these materials, independent of filament sausaging. Jc's at 4.2K in applied magnetic 
fields of 9T have exceeded 1500 Nmm2 in recent samples. 

FABRICATION 

Nb3Sn conductors are generally sought for their high current performance in moderate 
magnetic fields. Also, an additional margin of stability, afforded by the higher T c 
(compared to NbTi conductors), is of benefit in many applications. For applications where 
the conductor is exposed to time varying magnetic fields, modification of the matrix 
materials to limit eddy current losses is needed. In addition, coupling losses must be 
reduced by limiting, or avoiding, filament coupling in the strand. One of the most common 
sources of coupling in Nb3Sn materials is the bridging of filaments which can occur 
during reaction heat treatments. Filament bridging can arise mainly from a spacing that 
is inadequate to accommodate the 37% volume expansion which occurs during the reaction 
heat treatments. However, surface irregularities in the unreacted filaments can also 
produce bridging upon heat treatment. 

Several issues factor into producing an optimum Jc while trying to avoid filament 
bridging. The optimum spacing is dictated by the trade off between maximizing the local 
bronze/Nb ratio (to reduce the amount of Sn diffusing over long distances), and 
minimizing the spacing (to minimize filament sausaging during the extrusion). In 
addition, an absolute minimum sid is imposed by the 37% volume expansion which occurs 
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Table 1. Billet details for materials processed in this work 

Can dimensions Bronze/Nb ratio Cu Restaek 
0 
Billet 0 d (em) Ld (em) Barrier Local Overall l21s.l sId (round) # of filaments flat-flat(em) 

AF3 5.08 4.45 .051 0.44 2.5 0.20 1, 112 0.0762 
AF2 5.08 4.45 .05 1 0.55 2.5 .321 0.25 1,201 0.0762 
AF6 5.08 4.45 .051 0.69 2.5 0.30 1,303 0.0762 
AF1 5.08 4.45 .051 0.82 2.5 .327 0.35 1,406 0.0762 
AF5 5.08 4.45 .051 0.96 2.5 .458 0.40 1,512 0.0762 
AFH1 6.60 5.72 .051 0.78 2.5 .250 0.33 1,008 0.1143 
AFH4 6.60 5.72 .051 0.78 2.5 .250 0.33 1,008 0.1143 

during the reaction heat treatment. This is calculated to occur at an sId less than 0.22. 
The range of the sId's used in this study was chosen so as to cover these extremes. Five 
5.08 cm o.d. billets were assembled with filament spacing/filament diameter (s/d) 
between 0.2 and 0.4 . These billets had similar overall geometries and were constructed so 
as to maintain a fixed bronze/niobium ratio of 2.5:1 for all five billets. Also two, 6.60 cm 
diameter billets (#AFH1 and #AFH4) were assembled using a sId ratio of 0.330 while 
maintaining a 2.5:1 bronze to Nb ratio. Billet # AFH1 was used for a comparsion of 
conventional extrusion (used for the five 5.08cm billets) and hydrostatic extrusion (used 
for billet AFH1). Billet #AFH4 will be used as a prototype for scaling up this conductor 
design to useful wire diameters. Table 1 details the billet compositions and assembly 
geometries. 

Figure 1 is a cross section of billet AFH4 showing the basic geometry used for the 
billets in this work. Notice the significant filament sausaging which has occurred. This 
will be discussed further, below. All seven billets were assembled using single stacking of 
hexagonal subelements. This assembly technique has been the standard practice of NbTi 
conductors for many years and was adapted for the bronze route conductors in this study. 
In choosing this geometry, one is forced to provide additional bronze in other parts of the 
cross section to arrive at the 2.5:1 ratio desired. In this billet design, the bronze is 
located in the core of the conductor and in an anulus outside the filament array. Placing 
the bronze at remote locations can cause problems during reaction heat treatments, due to 
relatively long diffusion distances. 

Figure 1 - Basic Geometry of Multifilament Billet (AFH4) 
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Figure 2a -Optical micrograph showing the cross section of billet 
AF6 at extruded size of 1.27cm. (Conventional Extrusion) 

Figure 2b - Optical micrograph showing the cross section of billet AFH1 
at extruded size of. 1.905 cm. (Hydrostatic Extrusion) 

PROCESSING 

The general processing steps used in the fabrication of the Nb3Sn materials for this 
study are described in this section. As mentioned above, the multifilament billets were 
assembled using a single stack approach. For billets AF1-AF6 hexagonal subelements with 
a flat to flat diameter of 0.076 cm were used. In billets AFHl and AFH4 a subelement with 
a 0.114 cm flat to flat dimension were used. Prior to assembly, all of the subelements 
were degreased and chemically etched to ensure good metallurgical bonding during the 
subsequent processing steps. During handling, subelements were stored under dry 
nitrogen gas (from liquid nitrogen boil-off) until use. The billets were also stored under 
these conditions during assembly. After assembly, the stacked filaments were inserted 
into a copper extrusion can with a Ta barrier placed between all copper and non-copper 
areas. A copper nose and tail were then electron beam welded into place. The billets were 
hot isostatically presses (HIP) to enhance bonding of all the subelements. Billets AF1-
AF6 were extruded conventionally at a temperature of 650°C. Two of the billets (AF1 and 
AF2) were extruded to 0.953 cm (28:1 reduction). The remaining three billets (AF3, 
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AF5 and AF6) were extruded at the same temperature to 1.27 cm in diameter (16:1 
reduction). As mentioned in the previous section, all of these billets suffered from 
filament sausaging to some extent. 

In order to reduce the amount of filament sausaging experienced during extrusion , billet 
#AFH1 was hydrostatically extruded at 4000 e from 6.60 cm o.d. to a fnal size of 1.905 
cm o.d. (7.1:1 reduction) . The bulk of this extrusion was unsuccessful but approximately 
1/4 of the billet was successfully extruded and samples from this were drawn to final 
wire size. In Figure 2a and b we show cross-sections of extrudate #AF6 and #AFH1 to 
show the substantial improvement in filament quality afforded by lower temperature, 
hydrostatic extrusion. 

Figure 3a - SEM micrograph showing reacted filaments in a 0.012cm diameter 
wire after a 144 hour reaction heat treatment at 600De. 

Figure 3b - SEM micrograph showing reacted filaments in a 0.036cm diameter 
wire after a 10 hour reaction heat treatment at 750De. 
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All samples were reduced to wire size using conventional wire drawing techniques. At 
larger sizes (above -0.64 cm) recovery anneals were performed after approximately 
18-25% areal reduction. Below this size the recovery anneals could be spaced every 30-
50% areal reduction. All recovery anneals were performed in a dry nitrogen atmosphere 
for one hour at 500°C. These limitations on reduction between recovery anneals were 
necessary to avoid radial fractures in the bronze matrix which can occur if excessive 
strain is imparted to the matrix during reductions. 

PROPERTIES 

To examine the superconducting properties of these materials, a series of reaction heat 
treatments have been performed on wires, from four of the seven billets processed in this 
study. Temperatures between 600°C and 750°C were used for times as short as 10 hours 
to as long as 310 hours. It must be noted that we are developing heat treatments which 
optimize the superconducting properties in the 7-9 Tesla range. Therefore, the 
conclusions reached do not necessarily apply to Nb3Sn for high-field applications. 

Two general features have been observed which are common to all the materials 
examined in this study: Firstly, in samples with approximately the same degree of 
filament reaction, lower reaction temperatures yield superior non-copper critical 
current densities. This is presumably due to smaller grain sizes in the reacted layer for 
lower reaction temperatures. Secondly, the lower reaction temperatures promote 
significantly more uniform layer growth throughout the filament array than with higher 
reaction temperatures. This can be seen in Figure 3a and b which compare the layer 
growth in two samples, one reacted at 600°C, the other at 750°C. In the 750°C case, the 
filaments close to the bronze reservoirs (inside and outside) have almost fully reacted to 
form Nb3Sn while the interior filaments remain only partially reacted. When the lower 
reaction temperature of 600°C is used, uniform layer growth is achieved throughout the 
filament array. This, we believe, is due to the slower reaction rate at 600°C which allows 
sufficient time for Sn diffusion to occur from the bronze reservoirs to the filament array. 
Of course, the lower reaction temperatures will reduce the high-field performance of this 
material since the lower reaction temperature does not promote a well ordered A-15 
compound. However, the high field properties of these materials might be improved by a 
short, higher temperature (750-800°C) heat treatment to order the A-15 phase 1. 

The superconducting properties of these materials have been excellent, particularly for 
the samples reacted at lower temperatures. The initial heat treatment studies were 
performed on billets AF2, AF1, and AF5 having sid's of 0.25, 0.35, and 0040 
respectively. It was immediately obvious that, of the material processed using 
conventional extrusion, billet AF1 was yielding better superconducting properties than 
the other two billets tested under all heat treatment conditions examined. We therefore 
began to concentrate the remainder of the testing program on billet AF1 . 

In Figure 4 we show the critical current density vs. reaction heat treatment time for 
samples from AF1, at 4.2K for magnetic fields of 5, 7, and 9 Tesla. The critical current 
density is determined using a 1 IlVlcm electric field criterion and is calculated using the 
non-copper area as determined by a weigh-pickle-weigh technique. In this technique the 
sample is weighed on a microbalance, thEm the copper is chemically removed using a 
solution of HN03 and water, and weighed again. This process yields the fraction of copper 
to good accuracy, if performed correctly. The diameter of the Nb filaments before the 
reaction heat treatment is given in the figure along with the magnetic field and reaction 
heat treatment temperature. 

Although there is some scatter in the data (which is unavoidable due to the small wire 
diameters examined) it is clear that at 9T Jc's in the range of 1300 Nmm2 are achieved 
for these materials if the filament size is reduced to 1.6 11m or less. This is similar to 
results reported earlier by Furakawa 2. 

As mentioned above, at an sid = 0.35 a considerable amount of sausaging occurred 
during conventional extrusion at 650°C. We believed that this situation would be greatly 
improved if lower extrusion temperatures were used since the increased mechanical 
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strength of the bronze matrix would provide sufficient support to prevent, or at least 
reduce, filament sausaging. As previously described, billet AFH1 was hydrostaticly 
extruded and was partially successful. The filaments in this billet displayed significantly 
reduced filament sausaging. In Figure 5 we show the critical current density vs. reaction 
heat treatment time for these wires with filament diameters indicated. A comparison with 
the data from billet AF1 shows some improvement in critical current density for samples 
with the same filament diameter. Unfortunately, smaller filament diameters were not 
produced due to the larger hex size used in the multifilamentary billet assembly, and the 
prohibitively small wire diameters needed to reach these filament sizes in the final 
conductor. 
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Figure 4 - Critical current density (non-copper) measured at 4.2K in the indicated 
magnetic fields vs. reaction time at 6000 C for wires from billet AF1. 
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Figure 5 - Critical current density (non-copper) measured at 4.2K in the indicated 
magnetic fields vs. reaction time at 6000 C for wires from billet AFH1. 

DISCUSSION 

We have addressed several major points during this work which are of interest to the 
continued development of bronze-route Nb3Sn conductors in the U.S. Firstly, we have 
demonstrated that the single-stacked approach developed for NbTi conductors can be 
adapted to the fabrication of bronze-route Nb3Sn conductors. This can allow precise 
control over geometrical factors in the billet, such as spacing and array uniformity. 
Secondly, we have examined the effects of sid on the properties of these wires and find an 
optimum value, for 650°C extrusion temperatures, of about 0.35. Thirdly, we find that a 
reduced reaction heat treatment temperature yields substantially increased Jc's in 
bronze-route conductors at intermediate field ranges. This improvement, we believe, 
results from the reduced grain sizes and more uniform reaction layers produced by the 
lower temperatures. Finally, we have shown that reduced extrusion temperatures can 
yield further improvements by eliminating filament sausaging. This can also allow 
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increased sId's to be used, thus increasing the local bronze/niobium ratio, which 
decreases non-uniformities associated with Sn-diffusion over long distances within the 
strand. 

Our work for the immediate future involves extending the processing of these materials 
so as to yield similar performance in more useable wire diameters. With the single stack 
approach, very large billets are required (30 cm) to yield filament diameters below 2 J.Lm 
at reasonable wire diameters (-.7 mm). To overcome this limitation we have begun 
processing materials using a double-stacked approach. The subelements are fabricated 
using single-stacked methods. These are then restacked at a moderate size so as to be re
extruded a second time. This yields filament diameters sufficiently small to produce these 
results in real wire sizes. 

At the time of writing we have assembled .material from billet AFH4 into a second 
extrusion billet. This billet has been successfully extruded and is in process towards a 
final wire size near 0.76 mm o.d. At this size the filament diameter will be 
approximately 1.6 J.Lm. 
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AN INTERNAL TIN CONDUCTOR WITH Nb 1 wr % Ti FILAMENTS 

ABSTRACT 

E. Gregory, G. M. Ozeryansky, R.M. Schaedler, H.C. Kanithi 
and BA. Zeitlin -

IGC Advanced Superconductors Inc 
1875 Thomaston Ave 
Waterbury, CT, 06704 

D.W. Hazelton and W.D. Marld.ewicz 

Intermagnetics General Corporation 
Guilderland, New York,12084 

A production program is underway at IGC Advanced Superconductors, Inc. to 
produce 1200 kg of internal tin wire for the high field test facility (HFI'F) upgrade which is 
to be constructed by the Lawrence Uvermore National Laboratory (LLNL).The details of 
the conductor design and the manufacturing process are presented. The niobium 
filaments are doped with 1% Titanium in order to optimize the high field current density. 
Representative samples from the initial production wire were reacted and their 
superconducting properties measured at magnetic fields from 3 to 20 Tesla. The details 
of the reaction heat treatment and critical current density J c will be presented. 

INTRODUCTION 

Nb3Sn, made primarily by the bronze process, has been used for many years to 
make small laboratory magnets I, particularly Nuclear Magnetic Resonance (N .M.R.) 
magnets. Only in a few instances, however, has Nb3Sn been used for large high field 
magnets. The reasons for this are partially technical and partlally economic. 

Technical scale-up problems were encountered with the bronze process but were 
overcome, to a large extent, in the manufacture of the conductor for the Westinghouse 
Large Coil. 2 The current density in this conductor was low relative to that produced more 
recently in Nb3Sn made by other methods and the field of operation of the magnet was 
also low (ST). 

IGC reported high current densities in fme ffiamentary bronze processed Nb3Sn in 
1979 3, but sidelined the process because of the high cost of manufacture. More recently, 
precautions have been made to avoid prereaction, one of the drawbacks ofthe bronze 
process and relatively high Jc's have been achieved, particularly in the low field region 
4,5,6. ~ese improvements have been achieved by better conductor design, addition ofTI 
or Ta, reduction in ffiament diameter and reduction in grain size. 

These property increases have. however. done little. if anything. to lower the 
inherent high cost of the bronze process 

The internal tin process was developed by IGC 7 primarily to overcome this 
drawback. 

Advances in Cryogenic Engineering (Materia/s), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Figure lao Cross section of reacted internal 
tin material made with an LAR of 1.8. 

Figure 1 b Cross section of early reacted 
internal tin material with an LAR of 1 

The principal advantage of Nb3Sn is to be found at fields above 12 T where NbTi 
and NbnTa, even cooled to 1.8 K, no longer carry significant currents. The internal tin 
process was successfully developed for full scale applications using Nb filaments 7, 
although in the highest current density material filament bridging occurred 8. For fields 
above 12 T, however, the addition of a small percentage of Titanium to the material is 
required to develop improved current carrying capability. Once the Ti was added to the Nb 
filaments, fabrication problems, which had not been evident in the earlier work, began to 
develop. The most obvious of these was poor piece length. 
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Figure 2. Cross section of reacted LLNL-HFTF Upgrade Nb3Sn showing uniform 
filament array and unbridged filaments. 
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In this paper, our work to reduce the bridging problem and to improve piece 
length, while maintaining high current density, is reported. Also mentioned is recent work 
on barrier quality, designed to improve product reliability. Our progress towards the 
production of 1200 kg of internal tin strand containing 1 wt % Ti in the filaments for the 
high field test facility (HFTF) upgrade at the Lawrence Livermore National Laboratory is 
also discussed. 

THE BRIDGING PROBLEM 

The bridging of filaments occurs when Nb, (or alloyed Nb) filaments are converted 
to Nb3Sn as there is a volume expansion. This is a basic phenomenon, which is common 
to all methods of producing Nb3Sn and may ultimately prove to be the factor limiting J c 
for ac applications. This bridging is particularly prevalent where the filaments are closely 
spaced as in the high J c materials: it is also exaggerated if the array of filaments is 
uneven. 

Significantly reduced bridging was recently reported 9. This was accomplished 
primarily by increasing the local area ratio (IAR) of Cu: Superconductor from 1 to 1.8. 
This simply increased the distance between the filaments but did little to improve the 
filament array. The inner ring of filaments in each sub element was still distorted and 
tended to bridge to the next ring, in places (Figure 1a). This was, however, a marked 
improvement over material made earlier (Figure Ib). The lowering of the overall J c, 
resulting from an increase in LAR from 1 to 1.8, was quite significant. 

Although the HFTF upgrade does not require particularly low losses, it is always 
deSirable to have as uniform and as closely spaced a filament array as possible without a 
significant amount of bridging. To accomplish this we have returned to an LAR of 1 but, 
by changing the restack design, we have been able to increase the J c without the 
occurrence of bridging. (Figure 2) 

While magnetization data has not yet been obtained on this LLNL material, from a 
comparison microstructures after reaction (Figure 2 compared with Figures 1a and b), we 
are confident that the amount of bridging is very low. 

THE PIECE LENGTH PROBLEM 

In the early work with Nb filaments 7,10, scale up to full production was 
accomplished and the piece lengths obtained were adequate for economical production as 
well as for the customer's needs (up to 27 km.). Recently, however, as we have attempted 
to introduce material containing 1 wt. % Ti in the Nb into commercial operation, we have 
experienced wire breakage and piece length problems to the point where we have had 
difficulty in supplying material to customers in the specified lengths and on a timely 
basis. Many of our efforts in recent months have been directed towards decreasing wire 
breakage. We have been able to show dramatic piece length improvements by applying 
changes in design and fabrication procedures. We have recently drawn 40 kg .. the first 
short. but full scale. restack assembly. to finished size in one piece. 

THE PROBLEM OF BARRIER QUALITY 

The recent procedures used for fabrication of the stabilizer have been to perform 
tubular extrusions on billets consisting of cryogenic grade copper with a thin diffusion 
barrier of niobium. In some cases where losses are important, it is desirable to have 
multiple layers, sometimes with tantalum, or vanadium on the inside and niobium on the 
outside, These stabilizers are placed near the inner diameter of the tube and separated by 
layers of copper. 

This extrusion procedure for forming the stabilizer was introduced to ensure that 
as many surfaces as possible were adequately bonded prior to the final restack draWing. It 
was felt that this procedure was technically superior to a nested tube assembly, which is 
an alternative construction method, with cost and schedule advantages. The extruded 
stabilizers, however, proved to have problems of their own and a form of "sausaging~ of at 
least some of the barrier layers was encountered. Design changes and alteration of the 
extrusion conditions, have now solved the problem for niobium and and work on different 
materials will be undertaken shortly. 
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Figure 3 shows a longitudinal cross section of the Nb barrier in some earlier 
material and Figure 4 a similar section showing the Nb barrier in the full scale extrusions 
of the stabilizer for the HFTF upgrade material. This improvement in barrier quality will 
certainly increase the reliability of the product and. while the barrier is not thought of as 
the prime cause of piece length problems. the improved material will certainly be less 
likely to fail either mechanically or electrically because of barrier discontinuities. 

PRESENT STATUS OF TIlE LLNL - HFTF UPGRADE MATERIAL 

This is an order for 1200 Kg of strand which will later be cabled and sheathed with 
a stainless tube to make a cable-in-conduit conductor (CICC). 

The strand will have the follOwing specifications: 

Wire diameter 
Copper stabilizer 
Niobium barrier 
Filament diameter 
Local Area ratio Cu : Nb 
# of Sub elements 
Total # of filaments 

0.813mm 
42.8% 
8.7% 
3.6 J.UIl 
1:1 
19 
4902 

In view of the problems encountered in recent projects. the decision was made to 
process one batch of material to fmal size ahead of the bulk of the order. incorporating all 
of the above described developments. The present status of the various components of the 
order is outlined below. 

Subelements 

Slx 200 mm. O.D. billets. the total amount required for the project. have been 
fabricated to produce the required subelements. Figure 5a shows a portion of the cross 
section of one such extrusion showing a highly uniform filament array. One of these 
extrusions has had the tin inserted in it and has been drawn to -7.6 mm. diameter for 
restacking into one of the full sized extruded stabilizer tubes. The remaining five extruded 
sub elements are ready for tin insertion. 
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Figure 3. Longitudinal cross section of the 
layered Nb barrier in some earlier 
internal tin stabilizer. 
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Stabilizer Tubes 

Figure 4. Longitudinal cross section of 
the layered Nb barrier in the recent 
LLNL HFI'F upgrade stabilizer. 

Two 200 mm. O.D. stabilizer billets have been completed successfully and their 
longitudinal cross sections show much improved barriers (Figure 4). Assemblies of the 
remaining ten billets have been made, welded and will be extruded in the near future. 

Restack Assemblies. 

Two full sized restack assemblies have been made and the first one drawn down to 
finished wire size.without breakage. Figure 5 b. shows a cross section of this material 

Figure 5a. Cross section of the sub element Figure 5 b. Cross section of fIrst restack 
used in the LLNL -HFTF material at l.6 mm. diameter. 
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Figure 6. Cross section of trial sample before reaction. 

unreacted at 1.6 rum. diameter. The filaments show very little distortion or bridging and 
the multiple layer barrier is of high quality. The remaining twenty two restack assemblies 
will be made in the same way. 

Trial Experiments 

Several small lengths of the subelement material, fabricated as described as 
above, were drawn to 2.4 mm. diameter, restacked in a nested copper and tantalum tube 
assembly with an D.D. of 19 rum. This was drawn down to 0.254 rum. diameter without 
any breakage using the newly developed designs and fabricating procedures. This could 
not be done using the previous procedures without considerable breakage. 

Figure 7. Cross section of trial material after reaction. 
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Table 1 

4.2K 3.0K 2.0K 

Field Ie J e Ie J e", Ie J e 
(T) (A) (A/mm2) (A) (A/mm2) (A) (A/mm2) 

16 110.0 350 
17 73.4 234 113.6 362 134.0 427 
18 57.4 183 73.6 235 104.8 334 
19 36.0 115 54.0 173 69.4 221 
20 28.5 90.8 37.7 120 50.7 167 

Table 2 

Sensitivity 0.1 ~v/cm Sensitivity 10-12 n· cm 

Field (T) Ie (A) J e (A/mm2) Ie (A) J e (A/mm2) 

16 110.0 350 101 322 
17 73.4 234 67 213 
18 57.4 183 51 163 
19 36.0 115 29 92 
20 28.5 90.8 22 70 

Table 3 

Field (T) Ie (A) J e (A/mm2) n 

3 1031 3286 29 
4 801 2553 35 
5 635 2024 34 
6 525 1673 35 
7 434 1383 30 
8 362 1154 32 

A portion of this material was held at 0.836 mm. diameter and heat treated 
according to the following procedure, which is not necessarily an optimized one for either 
high for low field applications. 

24 hrs. @ 200 °C 
48 hrs. @ 325°C 
20 hrs. @ 700 °C 

4 hrs. @ 740°C 

Figure 6. shows a cross section of the material before reaction and Figure 7, a 
similar section after reaction. These photographs show a thick continuous barrier of 
tantalum and minimal distortion of the subelements. The ffiaments themselves are shown 
in Figure 2 and. although some are slightly "sausaged", they show very little lateral 
distortion and bridging. 

The high field J e properties of this trial material were measured from 16 to 20T at 
MITs Francis Bitter National Magnet Laboratory (FBNML) using a Brookhaven National 
Laboratory (BNL) high field sample holder. The low field J e properties were measured at 
BNL. The high field data at three dlfferent test temperatures is shown in Table I, 
measured at a sensitivity of 0.1 ~v /cm., a common sensitivity for reporting Nb3Sn data for 
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Figure 8. High field J c at different temperatures. 
Sensitivity 0.1 Ilv / cm. 

fusion magnet applications. The wire diameter is 0.836 mm. and 57.2 % of the cross 
section is non-copper. 

Table 2 shows the high field data at 4.2 K corrected to a sensitivity of 10-12 n· cm. 
to make it compatible with the low field data, compared with the Table 1 data. 

Table 3 shows the low field data at 4.2 K and a sensitivity of 10-12 n . cm. together 
with Un" values. All J c 's are reported as in the entire non copper area. 

Figure 8 shows the plots of J c at a sensitivity ofO.1Ilv/cm. at 4.2 K, 3.0 K and 2.0 
K in the field range 16 to 20 T. Figure 9 shows the plots of J c at a sensitivity of 10-12 n . 
cm. at 4.2K from 3 to 20 T . 

On the basis of these initial tests, the J c at 16T (350 A/mm2) meets the LLNL 
specification of 345 A/mm2, at a sensitivity of 0.1 Ilv / cm. although heat treatment 
optimization has not yet been attempted. There is no conductor loss specification but we 
expect in the near future to obtain magnetization data from BNL which will confirm that 
minimal bridging and coupling is present. 

SUMMARY 

Changes to the internal tin process have been made recently to improve the 
fIlament array, reduce the sub element distortion, improve piece length and obtain higher 
Jc's, without fIlament bridging. The progress made to date on the LLNL - HFTF upgrade 
material is reported and preliminary data on trial samples show J c in the field range 3 -
20 T . The LLNL J c specification has been met. 
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DEVELOPMENT OF NIOBIUM-TIN CONDUCTORS AT ECN 

INTRODUCTION 

E.M. Hornsveld and J.D. Elen 

Netherlands Energy Research Foundation ECN 
Petten, The Netherlands 

The development of niobium-tin conductors at ECN is based on a 
superconducting wire, made according to the internal tin method, utilizing 
NbSn2 powder compound. 

WIRE 

In the internal tin method of ECN~ the Nb3Sn layers are formed inside the 
filaments by a reaction of NbSn2 powder with the surrounding niobium at 700oC. 
The results of a series of experimental wires with 36 to 1332' filaments 
were presented earlier. 1 

The niobium-tin wire is developed towards a smaller filament diameter for 
two purposes: to reduce the remanent magnetization and to diminish the 
strain sensitivity. 

The first point is of importance for LHC in order to limit the mUltipole 
field errors in the dipole magnets. 2 

Strain degradation is a limiting factor in manufacturing magnets by the 
react and wind technique. This technique is used in the development of the 
9 T and 12 T coils for the SULTAN test facility.3 

We are presently engaged in a small pilot production of niobium-tin wire 
with 192 filaments. The copper fraction is 55%. One of the benefits of the 
internal tin method is the existence of a pure copper matrix between the 
filaments. 

The production is based on rod and wire drawing at a billet size presently 
limited to 10 kg. The final diameter of the wire is either 0.9 rom to be 
used in a model LHC cable2 or 1.0 rom for the 9 T SULTAN coil. 

From each wire samples are taken for measurements of the short sample 
critical current. The statistics of the non-copper critical current density 
at II T of 105 samples is shown in figure I. The average value is 2120 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Fig. 2. Non-copper critical current 
density vs. applied magnetic field 
of 192 filament Nb3Sn wire. 

A/mm2 with a standard deviation of 5.5%. The plot of critical current 
density (non-copper) versus magnetic field is given in figure 2. 

At a wire diameter of 0.9 mm the tubular Nb3Sn filaments in the wire have 
an outer diameter of 33 pm, and an inner diameter of 23 pm. From the point 
of magnetization this is equivalent to solid filaments of 29 pm at full 
field penetration. 4 
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Fig. 3. Relative critical current values vs. strain at 16 and 18 T of a 
192 filament Nb3Sn wire. The value of E irreversible is 0.6%. 
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An important feature in reducing the filament size in the niobium-tin wires 
is the decrease of the strain sensitivity. The irreversible strain value of 
36 filament wire with filaments having an outer diameter of the Nb3Sn layer 
of 60 urn was approximately 0.2%. The irreversible strain value for the 
present 192 filament wire having Nb3Sn layers with an outer diameter of 30 
fm is measured to be 0.6%. In figure 3 the strain sensitivity of 192 
filament wire measured at 16 and 18 tesla is shown. 

CABLES 

An experimental cable has been manufactured to be applied in a model 
dipole. The cable is made in a keystoned shape of 1.45/1.77 x 16.40 mm2 
using 36 strands of 192 filament niobium-tin wire with a diameter of 0.90 mm 
and twist pitch of 30 mm. 

In cooperation with the Technical University of Twente the critical current 
versus applied magnetic field has been measured on a short sample of the 
cable in a laboratory 13 T magnet with a bore of 60 mm. using a flux 
transformer. The sample was reacted in a hairpin geometry. 

The current in the cable is detected with a Hall element. A quench of the 
cable leads to a sudden drop of the Hall signal. The value of this current 
is taken as the critical current. The results of the measurements are shown 
in figure 4. 

At 11 tesla a critical current of 19.3 kA has been measured. Based on the 
value of the critical current in a single wire of 2120 A/mm2 non-copper, 
the calculated maximum current for the cable is 21.7 kA. As the cabling 
operation leads to a heavy compaction of the cable at the smaller side 
where two layers of 0.9 mm wire are compacted to 1.45 mm, a degradation of 
the critical current is expected. At 11 T the degradation is 11%. At 12 
tesla the values for the measured critical current of the cable and the 
degradation due to compaction are 15.6 kA and 13%, while at 13 tesla these 
values are 11.8 kA and 19%. 
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The Rutherford-type cable for the 9 tesla coil of SULTAN is made in a 
rectangular form with dimensions 18.1 x 1.84 mm2, and consists of 36 
strands of 192 filament wires at a diameter of 1.0 mm with a twist pitch of 
30 mm. The compaction at the edges of the cable is less than in the case of 
a keys toned cable. 

The operating current of the conductor will be 12 kA and the design 
critical current is 18 kA (9 T, 4.5 K).3 
With respect to the short sample value of the wire (1130 A at 9 T, as 
extrapolated from the values at II, 12 and 13 T) there is a very large 
margin to compensate for degradation due to the compaction of the cable. 
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EXPERIMENTAL RESEARCH Nb3Sn-BASED 

CORRUGATED SUPERCONDUCTING TUBE 

P.I. Dolgosheev, V.A. Mitrochin, G.G. Svalov, 
V.E. Sytnikov, N.A. Yakhtinskiy 

All Union Scientific Research Institute of 
Cable Industry, Moscow, USSR 

G. Ziemek, P. Rhoner 

Kabelmetal Elektro, Hannover, FRG 

INTRODUCTION 

For the last few years VNIIKP (Moscow, USSR) and Kabel
metal Electro (Hannover, FRG) have been jointly working on 
creation of flexible corrugated superconductors on the basis 
of the intermetallic compound Nb3Sn /1,2/. 

VNIIKP has created a cryogenic-physical facilities for 
testing lengths of flexible cable oonduotors for current va
lues up to 100kA and has worked out the corresponding test 
methods. The first test results for samples of corrugated su
perconductors, created earlier, are presented in this report. 

MANUFACTURE OF A CORRUGATED Nb3Sn-BASED 
SUPERCONDUCTOR AND ANALYSIS OF ITS MICROSTRUCTURE 

The flexible corrugated conductor has been manufactured 
according to the following production process: the tape made 
from the alloy, containing niobium +3,0(%, atomic) of titani
um, was coated with copper, using the mechanic-galvanic method; 
this composite was rolled to get a sample 60 m long and 0,6 rom 
thick. A corrugated tube with the outside diameter and length, 
being 33 rom and 30 m, correspondingly, was manufactured from 
alloy (Nb+3% Ti) + Cu using "Univema". The outside surface of 
the tube is galvanically covered with a layer of pure tin 20-
25 rom thick. The process is described in detail in the work /2/. 

A special stainless steel chamber was designed for heat 
treatment, inside which a corrugated conductor 30 m long was 
placed. The conductor was heated by direct current. The whole 
system was evacuated to the residual pressure 10-5 torr. A 
special cord made of aluminium oxide and silicon was winded on 
the conductor to insulate the latter from the metal walls of 
the chamber. Heat treatment conditions had to provide in the 
first stage degassing of the special cord and formation of a 
uniform bronze layer, and in the second stage, the formation 
of niobium-tin intermetallic compound. The following annealing 
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conditions were worked out on the basis of the mentioned-above 
pre-conditions: 

1. Slow heating by stepwise increase of temperature from 
20°0 to 250°0 in the course of 24 hours. 

2. Temperature increase up to 450°0 in the course of 24 
hours. Selection of short samples and choice of temperature of 
final annealing providing formation of an intermetallic 
compound. 

3. Heating to temperature selected on the basis of test 
results for short samples and further quick cooling by filling 
the chamber with liquid or gaseous phase argon. 

Short samples 33 mm long, chosen after fulfilment of the 
second stage were annealed at a temperature of 700 0 0 for the 
period of 48 or 72 hours. Their electric-physical characteris
tics were measured after the process of annealing and the 
structure and chemical composition of different layers were 
studied (Table 1) • . 

As a result of thermal diffusion treatment superconduc
ting layers 7-13 rom thick were formed on all samples. A cha
racteristic microstructure after annealing is presented in 
Fig. 1. X-ray analysis of CU-KA radiation using DRON-2 demon
strated that the superconducting layer consists mainly of 
Nb3Sn and a small quantity of Nb3Sn5 phase. Lattice constant of 
Nb3Sn is 5,287°A. Distribution of elements in different layers 
of the conductor after heat treatment has been studied using 
the electron microscope JSM-T330 with "Link" analysing system. 

Data, presented in Table 1, show that after heat treat
ment both of a short sample (103) and of a long one (106) 
good correlation of the layers composition is observed. It 
should be mentioned that the superconducting phase of Nb3Sn 
contains such alloying elements as copper and titanium. The 
results of the "chemical analysis of tin concentration in Nb)Sn 
and the lattice constant show that the forming compound Nb)Sn 
is on the upper border of homogeneity region. The critical 
temperature of transition into a RllPerconducting state con-

Fig.1. 
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The microstructure of the sample 106 after thermal 
diffusion treatment (x 220). 1 - bronze layer 
Cu + Sn; 2 - superconducting layer Nb3Sn; 3 - nio
bium-titanium layer; 4 - stabilizing copper. 
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Table 1. Chemical composition of corrugated current-car
rying conductor (%, atomic) 

Sam- Bronze layer Superconduc- Niobium-tita-
pIe Heat treat- ting layer nium layer 
Ho ment oondi-

tions Cu Sn Nb Ti Cu Sn Nb Ti Cu Sn Nb Ti 
101 To=450oC 73,4 0,5 1, 5 97,7 1,0 95,6 ),0 

t = 24 25,9 0,2 0,4 ),) 0,) 

10) To=700oC 0,1 8),5 ),6 71,4 1,6 92,5 
t = 48 15,2 1,25 2),8 1 ,1 ),2 2,6 

106 To=750oC 85,4 0,4 ),6 69,8 1,3 95,4 
t = 30 1),2 1,0 26,0 0,4 0,5 2,8 

the sample cutted 
from a long tube 

firms this op1n10n, because the measured value Tc = 16,7 K 
corresponds to tin concentration in the Nb)Sn compound, which 
is 2),5 % at. 131. 

NON-CONTACT METHOD OF CRITICAL 
CURRENT MEASUREMENT 

Non-contact methods are based on measurements of a magne
tic field, generated by currents, induced in closed supercon
ducting circuits with further calculation of linear density 
and critical current for established structural parameters of 
the sample and orientation of the external magnetic field in
duction vector. 

Usually in investigations of the current critical density 
in superconducting cylinders the axis of the latter is parallel 
to the external magnetic field induction vector and the field 
of circular currents is measured as the difference of fields 
inside and outside the cylinder. 

Fig.2. Arrangment of samples in the experiments on non
contact measurements of the current critical den
sity. (a) The weld is in the plane ZOY; (b) The 
weld is in the plane XOY. 
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This method is not suitable for the considered case 
because of quick attenuation of circular currents on the non
superconducting weld. For this reason in our experiments the 
cylinder axis was oriented perpendicularly to the magnetic 
induction vector. In this case the screen current circuits 
are saddle-shaped. Two positions of the weld in relation to 
the external field vector are possible (Fig.2). If the weld 
is positioned in the plane XOY, two circuits of screen cur
rents are induced by analogy with tests of a continuous super
conducting cylinder. If the weld is positioned in the plane 
ZOY it divides one of the circuits into two smaller area 
circuits. 

Field induction of screen currents in the centre of the 
sample is calculated on the basis of Biot-Savart's law for the 
following assumptions and conditions: 
- the calculation is carried out for the case when the cros's
seotion is filled with ourrent, i.e. for the moment oorres
ponding to transition of the sample into normally oonducting 
stage; 
- the metallographio analysis of the structure established 
that the Nb)Sn grains have equal axis in the plane of the 
underlayer, so it is assumed that jc~=jc~ ; 
- current critical denSity jo= oonst(~,B). 

The last assumption simplifies the calculations but in
troduces the error into the quantitative estimations, especial 
ly for small fields. But this is allowed beoause the main aim 
of non-contact measurements is comparison of small samples 
annealed in different conditions in order to choose the heat 
treatment conditions for long samples •. 

For the sample the length of whioh is equal to its diame
ter, equal to )) mm, below are presented solutions of equa
tions, oonneoting the induction of soreen current field with 
linear density of the critical ourrent for the case when the 
weld is in the XOY plane: 

ABz1=1,26.10-6jc; (1) 
for the oase when the weld is in the ZOY plane: 

A Bz2=1 ,2).10-0jo, (2) 

Fig.). The experimental diagram for non-oontact measure
ments of the current critical density. t - time of 
the heater switching on; Bex - induction of the ex
ternal magnetiC field; B2 - induction of the magne
tic field in the centre of the sample. 
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Fig.4. 

O~~i~-2~~3~~¥--~$' 

Bex(r) 
Dependence of linear critical current density on 
the induction of the external magnetic field based 
on the results of non-contact measurements. 

where: ~B7. .... Z - induction component of screen current 
field (T); 

jc - linear density of critical current (AIm). 

The calculated coefficients were checked in a model e~pe
riment, using a cylinder with a gap, manufactured from a n~o
bium-titanium tape with a set value of critical current den
sity. 

Fig.3 illustrates the sequence of experiments. The field 
of the externel solenoid changes monotonically with time. Ini
tially ideal screening is observed (section AB), then the 
field begins to penetrate into the sample from the end faces 
(section BC) due to the small length of the sample. At the 
point C the transition of the sample into normal state takes 
place (section CD), then the heater is switched on in order 
to exclude "diamagnetic" currents. During the work of the 
heater screening is absent (DE). The heater is switched off 
and the cycle is repeated. 

Value t\ Bzi ' substituted into the equation (1) or (2), 
allows to calculate in a corresponding external magnetic 
field. Plotting the envelope (CF) one can determine the cri
tical current density for any induction value of the external 
field. 

Fig.4 shows the results of measurement of the critical 
current density for cylindrical samples in a transverse mag
netic field, calculated for the case presented in Fig.2b. The 
tests were carried, chosen on the second stage of the experi
ment. Sample 102 was annealed in a vacuum furnace at a tempe
rature of 7000 C for 72 hours and sample 103 - for 48 hours. 
After analysing test results it was decided to carry out heat 
treatment of a sample 30 m long at a temperature of 7500 C for 
30 hours with the aim of decreasing the annealing time. After 
annealing the tube was cut into three equal lengths, and a 
sample was taken from each length (104,105,106) for testing 
in order to control homogeneity of characteristics along the 
full length. Fig.4 shows that the critical currents of three 
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last samples are very close, but a bit smaller, than the cri
tical currents of model samples (102,103). 

FOUR-CONTACT METHOD OF CRITICAL 
CURRENT MEASUREMENT 

For further electrical tests of corrugated conductor, 
possessing the highest current-carrying capacity was chosen 
(sample 106). 

Block diagram of the test unit for studying the current
carrying capacity of the corrugated conductor is presented in 
Fig.5. Input of transport current into the corrugated conduc
tor (1) was carried out by a superconducting transformer (2). 
A superconducting transformer without a steel core was used, 
the primary winding of which was made from the wire f} 0,36 rom 
on the basis of NbTi with the number of turns t£f : 4510 and 
inductance valueL: 0,353 H. The secondary winding of the 
transformer was a coaxial pair of conductors, shortcircuited 
between them on the ends. The inner conductor of the coaxial 
pair was a length of corrugated conductor 600 rom long. The 
external conductor (3) enveloped the superconducting trans
former, placed on the corrugated conductor. 

To decrease the inductive and resistive load components 
of the transformer, 15 tapes 7,2 mm wide, based on Nb3Sn, 
were laid as the external conductor on the circumference with 
18 rom radius parallel to the corrugated conductor axis; 
the length of P)P5 and P7P8 solded connections was 150 rom. 

X-Y 
plotter 

X-Y 
t-----fplott er I-----r?, r-.v----f 

source 

Fig.5. Block-diagram of the facilities for studying the 
current-carrying capacity of the conductor by four
contact method. 1 - superconducting corrugated con
ductor; 2 - superconducting transformer; 3 - super
conducting tape; 4,5,6 - measuring coils; P1-P10 -
potential probes. 
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Current values in the corrugated conductor were measured 
with toroidal coils (Rogowski coils), preliminary calibrated, 
and were checked using the Hall converter. Volt-ampere cha
racteristics of the corrugated conductor seals, and external 
conductor were studied using potential probes and Rogowski 
coi~s. 

studies of current characteristics of the corrugated 
conductor for impulse input of the current and for 50 Hz 
frequency gave the following results. 

For impulse input of the current with the speed 50 A/c 
in the primary winding the current decay constant in the 
secondary transformer winding reached ~120c, certifying high 
quality of the connections. 

Critical current values for criteria 0,1; 1 and 5 ~V/cm 
andquench reached 21,0 and 2),5; )1,7 and )),0 kA, correspon
dingly. Resistance values of the 8onnections p)Ps and P4P6 
equel, correspondingly, 5,26.10-1 and 5,5).10-10 $1 and 
practically did not change when transport current value varied 
from 10 to 25 kA. 

Magnetic field induotance values of the surface fo the 
corrugated oonductor corresponding to the critical current for 
1 jJ.V/cm and the quench current reached 0,)24 and 0,455 T, ac
cordingly. 

During current tests at a frequency of 50 Hz Measurement 
of electromagnetic energy losses was carried out by calorimet
ric method according to the quantity of evaporated helium 
using specially designed and manufactured gas-holders. Losses 
in the corrugated conductor were determined by subtraction of 
preliminary measured losses in the primary winding of the 
transformer and in Nb3Sn -tapes of the external conductor from 
total losses. Losses in oonnec~ions were also taken into 
acoount. 

Energy losses in a corrugat~d conductor were large and 
reached~ for exwmple, 4300 MW/cm at a linear current density 
of 2.5bO A/cm. 

High level of losses in the corrugated superconductor is 
explained by presence of bronze and residual excessive tin on 
the strrface of Nb)Sn-layer and by exceEfsive roughness of the 
conductor surface (see Fig.1) and can be reduced by polishing 
of its surface. 

The peak value of the current at a frequency of 50 Hz 
reached 15,) kA, whioh corresponds to the rate of change of the 
magnetic field induction on the surface of the conductor, equal 
to 66,) T/s. The corrugated conductor withstood prolonged cur
rent transmission of 14,) kA at a frequency of 50 Hz without 
avalanche-type heating. The obtained data prove high stabili
zation level of the corrugated oonduotor. 

SUMMARY 

The resUlts of experimental investigations of the oorru
gated 'superdonductor on the Dasis of Nb)Sn oertify good pers
pective of using the described technology in production of 
flexible superconducting condUctors with a central channel for 
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helium pumping in reference to cryogenic electrotechnical d.c. 
devices. Linear critical current density was6equa12to 2580 A/cm, 
and the oritical current density was;v2,6.10 A/cm in the 
field withI'VO,32 T inductance at a temperature of 4,2 K. It is 
evident that the current-carrying capacity of the corrugated 
conductor and the critical characteristios of Nb3Sn-layer can 
be greatly improved by increasing the conductor aiameter and 
choice of optimum chemical oomposition of the initial substrate 
and conditions of thermal diffusion treatment during indirect 
heating. It should be mentioned that final conclusions concer
ning the developed technology can be made only after carrying 
out a wide range of investigations of influence of mechanical 
loads and deformations on the current-carrying capacity of the 
conductor. With reference to the alternating current the cor
rugated superconductor and its production process need further 
study in order to get a superconducting coating with a low 
level of electromagnetic energy losses. 
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ABSTRACT 

As part of an interlaboratory comparative testing program conducted in support of 
the Versailles Agreement on Advanced Materials and Standards (V AMAS), transverse
field DC hysteresis loss measurements were made at liquid-helium temperatures at fields 
of up to 3 T (30 kG) on two samples of multifilamentary NbTi composite. The strands 
differed widely in filament number, were comparable in filament diameter, and one of 
them was provided with a Cu-Ni barrier between the filaments. The results have been 
analyzed, and magnetically deduced critical current density values obtained (for 
comparison with directly measured transport data) using various standard techniques. 
Based on these studies, a figure-of-merit for AC loss is recommended. The Cu-matrix 
strand, with its interfilamentary spacing of less than 1 #m, exhibited pronounced 
proximity-effect-induced coupling losses; this was not observed in the mixed-matrix strand 
which possessed not only a Cu-Ni barrier but also an interfilamentary spacing of typically 
4#m. 

INTRODUCTION 

In support of the Versailles Agreement on Advanced Materials and Standards 
(V AMAS), DC hysteresis loss measurements were made at liquid-helium temperatures in 
transverse magnetic fields of up to 3 T (30 kG) on samples prepared from two types of 
multifilamentary NbTi composite superconductors. The strands, designated herein as 
Sample E (henceforth SL-E) and Sample D (henceforth SL-D), had been manufactured in 
Japan and in the U.S.A., respectively. SL-E is a "mixed-matrix" strand in which the 
filaments are surrounded first by Cu and then by a thin (15 #m) eddy-current barrier of 
Cu-Ni alloy. SL-D consists of closely spaced NbTi filaments separated only by Cu. 
Photomicrographs of the strands are presented in Figs. 1 and 2. Noticeable in the 
magnified cross sections are the irregular shapes of the filaments, particularly in SL-E. 
For this reason, accurate filament cross-sectional areas (for the purpose of Jc calculation 
from the results of Ie measurement) could only be obtained by an etching-and-weighing 
procedure. Some specifications of the strands are listed in Table 1. 

HYSTERESIS-LOSS MEASUREMENT 

Measurements were made at Battelle, Columbus Division (BCD) and the National 
Institute of Standards and Technology (NIST) using vibrating-sample magnetometry. At 
both places the instruments were calibrated against pure Ni standards. At BCD, 
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Fig. 1. Scanning electron micrograph of 
Sample E (SL-E). 

Fig. 2. Scanning electron micrograph of 
Sample D (SL-D). 

magnetization was measured in the slowly swept field (amplitudes 0.1 to 1.6 T; sweep rates 
1.7 to 28 mT/s) of an iron-core electromagnet; data were recorded automatically at a field 
resolution of about 1/200th of the field-sweep amplitude. At NIST, point-by-point 
measurements were taken in stepped fields (up to 3 T) provided by a superconducting 
solenoid. The typical BCD sample consisted of an epoxy-potted 3-mm-diameter bundle of 
6-mm-Iong pieces of strand. The typical NIST sample was formed by winding a strand or 
group of strands along the thread of a 5-mm-diameter nylon screw. 

Table 1. Specifications of Strands under Investigation 

Sample Code 

Type 
Configuration 
Volume Ratio 
Twist pitch, mm 
Strand diameter, D, mm 
Fil. diameter*, w, pm 
Number of filaments 
Ie at 3 tesla, A 
J/** at 3 tesla, 105Ncm2 

Sample E (SL-E) 

Mixed matrix 
NbTi/Cu/CuNi 
21.5/44.1/34.4 

6 
0.35 
5.79 

760 
50 
2.50 

Sample D (SL-D) 

Copper matrix 
NbTi/Cu 
42.0/58.0 

13 
0.742 
4.62 

10,980 
675 ** 

3.67 

* Measured by the etching-and-weighing technique on 304-cm (SL-E) and 149-cm 
(SL-D) lengths of strand. Measured density of bulk Nb-46.5Ti = 6.097 g/cm3. 

** Straight-sample measurement at NIST (manufacturer's supplied value, 653 A). 
*** Based on Ie and the above-measured NbTi cross-sectional area. 
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of strand at 4 K for SL-E 
-- typical NIST data. 

5.0 

Fig. 3. Magnetization per unit length 
of strand at 4.2 K for SL-E 
-- typical BCD data. 
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Fig. 4. Magnetization per unit length 
of strand at 4.2 K for SL-D 
-- typical BCD data. 
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-- typical NIST data. 
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RESULTS AND DISCUSSION 

Some typical hysteresis loops are presented in Figs. 3 to 6. Two features are 
noteworthy: (1) Fig. 3 (in which a large field-sweep amplitude has been deliberately 
selected) exhibits a pronounced paramagnetic slope due to the presence of the CuNi 
barrier material of which 34.4 vol. % is present; (2) Fig. 4 exhibits a shoulder and a peak 
near the origin, structure which is not resolved in Fig. 6. The shoulder is due to the NbTi 
filament magnetization while the sharp peak, which also dominates Fig. 6, results from 
coupling currents flowing in the Cu matrix (cf. Ref. 1). Coupling is not present in SL-E 
with its larger filament separation and resistive barrier layer. 

The results of AC-loss measurements can be represented in several ways. A direct 
approach, and one which is useful from an applications standpoint, is to tabulate or plot 
the energy loss per cycle per unit length of wire, Q.e,.. as function of the field-sweep 
amplitude,~. This is done in Fig. 7. According to the figure, there is good general 
agreement between the BCD and NIST data over the entire field-amplitude range, in spite 
of the fact that the two sets of measurements were made on samples differing widely in 
configuration. Furthermore, when measurements were made in both laboratories on the 
BCD samples, the results differed by less than 7% *. 

AC-LOSS REPRESENTATIONS AND FIGURES OF MERIT 

Representations of AC Loss 

Depending on the purpose in mind, various "levels" of refinement can be adopted 
in reporting and comparing of AC-loss information. In general, the hysteretic loss of a 
multifilamentary strand per unit volume of superconductor per unit field-sweep amplitude 
may be regarded as a function, Q(Jc' w, P, A), of: (i) the critical current density, Jc' of the 
superconductor, (ii) the diameter, w, of the filaments, (iii) P, the influence of proximity
effect coupling between the filaments, and (iv) an "addenda", A, which includes the effect 
of imponderables such as filament-cross-section irregularity. 

Level-O. The simplest representational level, referred to here as Level-O, is Q.e. (Fig. 
7) which derives directly from hysteresis-loss measurements on aknown length, 2., of 
strand. At this level the various possible contributions to loss remain unspecified. 
According to Fig. 7, under the Level-O criterion SL-D is the more lossy -- but it also 
possesses more filaments than SL-E and is able to carry, for this and other reasons, a 
larger critical current. 

Level-I. A more significant indicator of hysteretic loss, especially from an 
pngineering standpoint with a particular application in mind, would be to normalize Q.e. to 

~ Ic of the strand (taken, perhaps, at some operating field of interest). In this next level 
of refinement hysteretic loss, gauged by QQ}Ic' responds only to differences in wand A 

Level-2. Finally, underLevel-2 (to be discussed below), differences in w would also 
be absorbed, and the resulting criterion would be positioned to emphasise loss due to 
proximity-effect coupling and the addenda. 

* At ~ = 0.97 T, the per-cycle hysteresis loss in SL-E as measured at NIST was 6.7% 
lower than ~he BCD-measured value; also at ~ = 0.97 T, the NIST-reported loss in SL
D was 1.4% higher than the BDC value. 
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Fig. 7. The Level-O criterion (loss per cycle per unit length of strand) 
applied to Sample D (SL-D) and Sample E (SL-E). 

Figures of Merit for Hysteretic Loss 

The Qj} c (Level-I) Approach. Following the well-known critical-state model2 as 
applied by Carr and co-authors (whose work is summarized in Ref. 3) to a multifilament
ary composite strand in a transverse applied field, the hysteresis loss per unit volume of 
the superconducting component of the strand, Qy, is given in SI units by: 

Qy = (8/3,") w Jc Po ~ 
(or Qy = (0.8/3,") w Je~' in practical units) (1) 

i.e., RO = QjJe = (8/3,") w Po ~ 
(or RO = QjJe = (0.8/3,") w~, in practical units) (2) 

It follows that a plot of Ro versus ~ should, under the Bean approximation, be linear 
with slope proportional to w, the filament diameter. Departure of Ro from its expected 
value, possibly as a result of proximity-effect coupling between the filaments, could then 
be expressed in terms of some effective filament diameter4, weff• Within this framework, 
the following figures-of-merit (FOM) might be selected: (i) at a given ~, the ratio 
weff/w; (ii) at a given ~ and H, the quotient Ro = QjJe(H). The use of Je(H) 
recognises that in practice Je is not independent of field, and that for the purpose of a 
criterion may have to be measured at some field different from~. Finally, we note that 
in obtaining an experimental value of Ro' it is convenient to replace QjJe by its identical 
equivalent, QQ)Ie' the latter being a ratio of directly measured quantities, Fig. 8. 

For a pair of "ideal" multifilamentary strands, say A and B, the quotient 
RQ,A/RO,B at a given ~ should be simply w A/wB' the filament-diameter ratio. In the case 
of the present strands, direct measurements have shown that wE/wD = 1.25 (see Table 1 
and its footnote *). At ~ = 3 tesla, this may be compared to the magnetically obtained 
value of Ro,EiRQ,D = 1.35. The interfilamentary coupling present in SL-D (see Fig. 4) 
should cause RO,E/Ro,D to be less than the filament-diameter ratio. That it is not, 
suggests that factors not yet taken into consideration are masking the ability of the RQ 
criterion to properly represent the presence of coupling. One such factor could well be a 
difference between the field-dependences of Jc for the two strands. 
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The QvLAMv (l.evel-2) Approach. According to the critical-state model for a 
cylinder of diameter w in a transverse applied field, the total height, flMy(H), of the NbTi
volume-normalized hysteresis loop (measured between the shielding and trapping 
branches) at some field H is related to Jc(H), in SI units, by: 

flMy(H) = (4/3,.) Jew 
(or flMy(H) = (0.4/3,.) Je w, in practical units) (3) 

Bean's model was of course based on the premise that Je was independent of field; 
nevertheless, even Bean2 and many others to follow, employed Eqn. (3) to determine the 
field-dependence of Je, as for example in Fig. 9. A more rigorous treatment of the critical 
state would be to introduce a field-dependent Je at the outset -- as in the work of Ohmer 
and Heinrich6, who constructed a critical state model (for cylinders in the field-parallel 
orientation) based on a modified Kim7 equation. 
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Open Symbols: SL-D 
Filled Symbols: SL-E 

Field Sweep Amplitude, H",. tesla 

Hm.= 
(9/l0)H", 

(112)H,. 

(1!3)H", 

2 

Fig. 10. The Level-2 criterion as function of M(H)-loop amplitude, ~. 

The proportionality between AMy(H) and Je(H) provides an opportunity to convert 
RQ into a quotient that can be derived solely from the hysteresis loop, without recourse to 
a separate Je measurement. From Eqns. (1) and (3), and referring to either unit-volume 
or unit-length quantities, respectively: 

RM = OjAMy(H) = O.e}AM.e.<H) = 2 Po ~ 
(or RM = OjAMy(H) = O.e}AM.e.<H) = 2~, in practical units) (4) 

Under a strict Bean criterion (Je = const.), AM is independent of Hand RM is linear with 
slope 2.0. Fig. 10 indicates the extent to which this is obeyed in practice. In formulating 
RM as a new FOM it will be necessary to normalize 02.. to a loop height measured at 
some arbitrarily selected reference field, Href: In Fig. 10, RM is plotted versus ~ for 
three values of Href.: (1!3)~, (1/2)~, and (9/10)~, respectively. An important 
advantage of RM as an FOM lies in its independence of both Je (as in the Level-O 
criterion) and w (Level-I). Thus, RM is expected to respond directly to the influence of 
proximity-effect coupling. Indeed, in Fig. 10, the curves for SL-D (which is coupled) all 
lie above their SL-E counterparts. 

SUMMARY AND CONCLUSION 

The hysteretic loss of two multifilamentary strands has been measured by vibrating
sample magnetometry. The results emphasize the importance of acquiring high-resolution 
data at low fields where Je, and hence, the hysteresis-loop-height and the loss per unit 
field increment is greatest. Furthermore, if interfilamentary proximity-effect is present, 
high-resolution data are useful for resolving the coupling peak and its nearby NbTi 
shoulder. 

Several representations of AC-Ioss criteria have been suggested. The simplest is Ov 
or 02.. (Level-O), which leaves unspecified all possible contributions to loss and which 
derives directly from hysteresis measurements on known amounts of superconductor. The 
next level of refinement takes current-carrying capacity into account, resulting in a 
criterion that responds to filament diameter and what might be termed "high-order" 
hysteretic losses such as those due to proximity-effect coupling, and perhaps filament
shape distortions and other "addenda". The final level of refinement yields a criterion 
that includes both Ie and w, and which emphasizes proximity-effect coupling and the 
addenda. 
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The criterion Ro = Q2fIe = QjJe (Level-I), normalizes hysteretic loss to current
carrying capacity and is thus useful from a design standpoint. Since filament diameter, w, 
is not absorbed into the criterion, the strand with the largest w (for given Ie) will have the 
largest RQ• Next, the presence of an interfilamentary-coupling contribution to AC loss 
could be identified directly by introducing the concept of an effective filament diameter4, 

weff = RaI(8/3r")flxn (in SI units, see Eqn. (2)); the corresponding FOM (a quantity 
intended to increase beyond 1 in proportion to increased coupling loss) would be wctlw. 

Finally, a Level-2 form of FOM that includes both Je and w has been suggested; it is 
QRlAMQ. (see Eqn. (4)). Under a strict Bean criterion, in which Je is assumed independent 
of H, AMQ. is constant and equal to AMQ.(flxn); a dimensionless QRl[AMQ.(flxn).flxn] is then 
equal to 2.0 (see Fig. 10). But in practice Je and hence AM.e.. decreases with H. 
Consequently QRl[AMQ.(H).flxn] becomes equal to 2 only when AMQ. is measured at some 
intermediate value (H < flxn) of the applied field. An advantage of the Q/AM quotient is 
that it can be obtained entirely by magnetometry, AMQ. substituting for an auxiliary Je 
determination. Another advantage of this approach lies in the fact (indicated in the first 
paragraph of this discussion) that the largest contribution to incremental hysteretic loss 
occurs at low fields, a region in which Je may be out of the range of the current-transport 
measuring equipment. 

In conclusion it is important to recognize, as a comparison of Figs. 8 and 10 
indicates, the more inclusive the AC-loss criterion or FOM, the smaller is its variation 
from sample to sample. In general, when defining an FOM, normalization should be 
carried only far enough to achieve some specific objective, be it engineering or scientific in 
nature. 
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INTRODUCTION 

A very important parameter of superconducting wires for 
ac applications is the energy loss dissipated when they are 
subjected to time-varying magnetic fields!. These losses add 
to the refrigeration load and in many cases may be the main 
heat load. Several efforts have been carried out in recent 
years to obtain superconducting composites suitable for ac 
applications2 ,3,4. Their use requires accurate measurements of 
the ac losses and the establishment of reliable standard 
techniques for their determination. One of the most effective 
ways to attain this goal is the use of round-robin tests in 
which samples from the. same lot are measured by several 
laboratories and the results are correlated. Under VAMAS 
activity, a cooperative programme has been started for the 
measurement, with existing techniques and apparatuses, of ac 
losses on four reference NbTi multifilamentary wires. 

The measurements have been carried out according to 
settled guidelines. The experimental results obtained at CISE 
on samples exposed to variable magnetic fields or supplied 
with 50 Hz transport currents are presented and discussed. 

EXPERIMENTS 

Samples 

The characteristics of the NbTi multifilamentary wires 
tested are reported in Table 1. The Japanese A (sample E) and 
the American (sample D) wires are designed for pulsed magnets 
while the Japanese B (sample F) and the European (sample G) 
wires, having submicrons filaments and Cu-CuNi mixed matrix, 
are specially devoted to ac use at 50/60 Hz. We have measured 
their ac losses at 4.2 K during variable external magnetic 
fields or when supplied with 50 Hz transport current in the 
presence of a transverse dc magnetic field. 

Advances in Cryogenic Engineering (Malerials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Characteristics of tested samples and coil geanetries 

sanple E F D G 
characteristics (JPN A) (JPN B) (US) (EC) 

wire diameter (mn) 0.35 0.14 0.742 0.2 
filament diameter (fun) 6.3 0.5 4.6 0.175 
number of filaments 760 14,280 10,980 242,892 
Nl:1I'i/Cu/CuNi 21.5/44.1/34.4 1/1/3.5 1/1.38/0 0.02/0.79/0.19 
twist pitch (mn) 6 1.9 13 0.8 
critical current (A) 56 (3 T) 10 (1 T) 675 (3 T) 42 (1 T) 

sanple roil dimensions 
inner diameter (mn) 36.9 44.6 30.92 44.6 
outer diameter (mn) 39.7 44.88 32.4 45 
length (mn) 70 13 55 13 
number of tums 721 14 55 14 
number of layers 4 1 1 1 

Experimental Apparatuses for ac Loss Measurements 

Fig. 1 shows the experimental apparatus used to perform 
ac loss measurements in external fields varying in time with 
triangular waveform having a maximum sweep rate of 0.3 Tis. 
The technique used is based on the electrical method developed 
by Fietz5 in which the losses are evaluated by the area of the 
magnetization cycles. Magnetization is a parameter that 
permits evaluation of ac losses, effective filament diameter 
and critical current density, thus providing a wide characte
rization of superconducting wires. The wire, wound on a 
cylindrical support, (see Table 1), is inserted between two 
concentric pick-up coils in the bore of a 8 T superconducting 
magnet with the wire axis perpendicular to the external field. 
Sample magnetization M(t) is measured as the integrated 
differential signal induced in the pick-up coils. The external 
field H(t) is measured by the voltage across a shunt resistor. 
These two signals are amplified and sent to a digital 
oscilloscope where the magnetization loop is displayed. The 
losses are evaluated by a computer interfaced to the digital 
oscilloscope. With this technique we have measured the losses 
of D and E samples. Fig. 2 'shows the experimental apparatus 
used for the measurements of ac losses due to a 50 Hz 
transport current supplied to the superconducting wire. The 
samples are wound in the form of a single layer, non-inductive 
coil (see Table 1). The still present inductive component of 
the terminal voltage across the sample is compensated by the 
output of a mutual inductance coupled to a magnet current lead 
which, by integration, also provides a signal proportional to 
the transport current. The compensated voltage and the 
current signals are amplified and then displayed on a digital 
oscilloscope. The losses may be evaluated either by an 
analogic microwattmeter or by digital sampling and 
multiplication of the instantaneous values of current and 
voltage. The self-field losses have been measured on F and G 
samples at different bias magnetic fields. 

RESULTS 

The hysteresis losses have been evaluated from 
magnetization loops at very low dB/dt values for different 
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1 - dlgHal osciloscope 
2 - magnetometer 

3 - healer power supply 
<4 - magnet power supply 

5 - funclion generator 

Fig. 1. Experimental apparatus for ac loss measurements of 
superconducting wires exposed to variable magnetic fields. 

peak-to-peak AB values of the magnetic field. 
obtained on D and E samples are reported in 
results are in good agreement with the Bean 
hysteresis losses per cycle and unit length: 

Q = (4/31t) ABJc dAs (Jim) 

The results. 
Table 2. The 

formulas of 

where J c is the critical current density, d the filament 
diameter and As the superconducting cross section of the wire. 
From this formula effective diameters of 4.6 ~m and 5.7 ~m are 
evaluated for samples D and E respectively. 

Measurements of the hysteresis loss for 0-1-0 T cycle had 
been recommended for intercomparison, and our results seem to 
be in reasonable agreement with those reported from the other 
laboratories. Owing to the high transverse resistivity of the 

v,ut.lbl* lemp 
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magnetle field 
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prlnte, 
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, compuC.' 

pIOIt.' 

Fig. 2. Experimental apparatus for ac loss measurements of 
superconducting wires supplied with 50 Hz transport current 
and exposed to a transverse magnetic field. 
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Table 2. Hysteresis losses of D and E samples 

Bm; n -Bm ax D E 
(T) Q (mJ/m) Q (mJ/m) 

o - 1 4.8 0.47 
2.5 - 3.5 1.39. 0.13 
4.5 - 5.5 0.88 

mixed matrix, the losses of the E sample are very low and 
essentially hysteretic in nature. The dB/dt dependence of ac 
losses, due to coupling currents between the filaments, for 
sample D is shown in Fig. 3. 

The results of self-field 50 Hz loss measurements on 
F and G samples as function of transport current at different 
static fields are shown in Fig. 4. For submicron filaments, 
energy losses different from the predicted ones should occur 
due to proximity effects2. The measured power losses per unit 
length are characterized by a power law p~In with 2.6<n<3.3, 
depending on the bias magnetic field; the slope of the loss 
curve steepens on approaching the critical current. 

CONCLUSIONS 

The increasing demand for superconducting wires for ac 
applications and pulsed magnets requires reliable standard 
measurement methods to evaluate their ac losses. Within the 
VAMAS round robin test we have measured ac losses of NbTi 
multifilamentary wires exposed to variable magnetic fields or 
subjected to 50 Hz transport currents. Our experimental 
results are presented and discussed. All the characterizations 
have been performed by electrical methods; calorimetric ac 
loss measurements will be also involved in the intercomparison. 
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Fig. 3. dB/dT dependence of ac losses in D sample for 
different magnetic cycles. 
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Fig. 4. 50 Hz self-field losses of F and G samples. 
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AC LOSSES IN A PROTOTYPE NbTi CABLE FOR THE LHC DIPOLE MAGNETS 

ABSTRACT 

A.J.M. Roovers, A.J. van Pelt and L.J.M. van de Klundert 

University of Twente, Dept. of Applied Physics 
P.O. Box 211, NL-1500 AE Enschede 
The Netherlands 

In this paper loss measurements on a prototype NbTi cable for the 
Large Hadron Collider dipole magnets are presented. The cable is meant to 
be used for the outer layer of the magnets. It is a trapezium-shaped 
(key-stoned) Rutherford cable. The experimental results were obtained in a 
Twente test facility. Magnetization loss measurements as well as transport 
current loss measurements were performed. The resul ts are compared with 
classical loss models. From the magnetization experiments the coupling time 
constant of the cable at different magnetic fields can be obtained. It is 
also possible to estimate the critical current density from these 
measurements. The critical current and the effective transverse resistivity 
are important for calculations concerning the loss during ramping the 
magnetic field and the field disturbance due to shielding currents in the 
filaments and to the coupling currents. 

INTRODUCTION 

At the University of Twente a test facility has been developed which 
can be used to determine the characteristics of high-current super
conducting wires and cables1 ,2,3 In. this facility the losses in a 
prototype NbTi cable :for the LHC dipole magnets have been measured. The 
Large Hadron ColI ider is an accelerator, which is planned to be bui It in 
the existing LEP tunnel at CERN4 ,s. The LEP tunnel, 21 km long, is meant to 
investigate collisions between electrons and protons. A proton-proton or 
proton-antiproton collider has become of interest for CERN. Building a 
hadron collider on top of the LEP, so using the existing infrastructure, is 
a cost-efficient option. In order to obtain the required energies of 8 to 
9 TeV in the existing tunnel, 10 T dipole magnets need to be installed. The 
limited available space forces the use of "two-in-one" dipole magnets. Two 
apertures are included in the magnet system. At the moment two options are 
examined. The first is the Nb3Sn option in which the magnets operate at 
about 4.5 K. A second option is one using the conventional NbTi technique. 
In this case however, the operating temperature should be approximately 2 K 
in order to be able to generate the required magnetic field. A high overall 
current density is needed because the maximum size of the magnets is very 
limited. For the same reason the dipole coils consist of two layers each 
carrying different current densities. The inner layer is made of a 
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Table 1 Specifications of the LHC cable 

Type of conductor Rutherford cable 
Outer dimensions 1.67/1.30 x 17 mm 2 

Number of strands 40 
Cabling length 190 mm 

Strand diameter 0.84 mm 
Number of filaments 

per strand 912 
Filament diameter 14 11m 

Superconductor NbTi 
Matrix material Cu 
Cu : NbTi 0.64 : 0.36 
Insulation none 

26-strand Rutherford cable, having the dimensions 2.06/2.50x17.0 mm2 . The 
conductor for the outer layer (1.30/1 . 67x17.0 mm2 ) consists of 40 strands. 
The conductor should be able the carry 17.5 kA at 8.5 T and 2 K. The cable 
tested is the one that is to be applied in the outer coil of the dipole 
magnets. 

Magnetization losses have been measured in a frequency range of 0.1 to 
50 Hz at magnetic field amplitudes up to 0.1 T. Transport current losses 
have been determined in the case of alternating transport currents. The 
magnetic background field was varied in the range of 0 to 5 T. The 
experimental results will be presented in this paper . 

SPECIFICATIONS OF THE LHC CABLE 

The LHC cable examined is a 40-strands Rutherford with a large aspect 
ratio (width/thickness). The cable is not exactly rectangular . It is more 
or less trapezoidal shaped. This particular shape is mainly used to obtain 
a high average critical current density in the magnet, without removing a 
part of the stabil izat ion material. The characterist ics of the cable are 
summarized in Tab. 1. 

A cross-section of the cable is shown in Fig. 1. Solder has been 
attached to the outside of the cable . 

TEST CONOI TI ONS 

The magnetic background field points in the test set-up in radial 
direction. It means that the field is perpendicular to the wide side of the 

Fig. 1 A cross-section of the Rutherford cabl e for the model dipole 
magne ts of the LHC accelerator at CERN. 
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conductor. The alternating magnetic field is parallel to the wide side. As 
long as the background field is large compared to the alternating field 
however, the direction of a transverse background field does not affect the 
loss behaviour. The transport current is induced by means of a transformer 
circuit. The losses were measured using the electric method, i.e., with 
pick-up coils for the magnetization losses and voltage taps for transport 
current losses. For more details about the test set-up is referred to 
Ref. 3. 

EXPERIMENTAL RESULTS 

The measurements have been performed at liquid helium temperature, 
4.2 K. The actual temperature at which the conductor wi 11 be operated is 
2 K. In spite of this difference in temperatures it is possible to relate 
the experiments at 4.2 K to the behaviour of the conductor at 2 K. The 
electrical resistivities are identical at these two temperatures. A 
different temperature only affects the critical current density. It was 
found however, that for large fie Ids the critical current densi ty versus 
field dependence at 2 K corresponds to the one at 4.2 K if the magnetic 
field is shifted about 3 T 6. 

We were not able to determine experimentally the critical current due 
to premature quenching. This may be caused by wire motion: a part of the 
cable has not been impregnated. Furthermore the impregnated part of the 
cable in the test volume is not firmly fixed in the sample holder. 
Combining this with the large superconductor to matrix ratio makes 
instabilities due to movements likely to occur. A second explanation might 
be the current distribution among the different strands. If the cable is 
not fully transposed one strand might carry a larger current than the other 
strands. As a consequence this strand will reach its critical current 
before the others. If one strand quenches the others will follow if they 
cannot take over the current with a limited power dissipation. Because the 
strands are partially soldered together, so providing a low electrical 
resistance this between them, this is not the most likely explanation. A 
third explanation is the so-called self-field instability. A thermal 
disturbance invokes a current redistribution which causes a thermal run 
away. If we make an estimation of the quench current using the equations 
given by Veringa7 for the self-field stability criterion for a round wire 
we find a quench current to critical current ratio of approximately 0.4. 
This agrees rather well with the quench currents we found C14 kA at 5 T). 

Magnetization losses 

The magnetization losses of the LHC cable have been measured at 
background fields of 2 and 5 T. They were determined by subjecting the 
conductor to a sinusoidal magnetic field parallel to the wide side of the 
cable. The loss was determined using the electrical technique. The results 
of the magnetization measurements at a background field of 5 T are depicted 
in Fig. 2. The losses per cycle per unit length of conductor are plotted as 
a function of the frequency for various amplitudes of the magnetic field. 

The magnetization losses are dominated by the coupling loss. The time 
constants can be derived from the measurements at 2 and 5 T. They were 
found to be 98 ms and 0.13 s respectively. This decrease of the coupling 
current time constant can be partially explained by the increase of the 
effective transverse resistivity due to magnetoresistivity. The 
magnetoresistivity of copper is rather well described by: 

pCB) = pCO)·C 1 + 0.5 IBI ) (1) 
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Raising the magnetic field from 2 to 5 T results in an increase of the 
resistivity of copper of approximately 75 %. The increase of the effective 
transverse resistivity is approximately 35 %. This means that the effective 
transverse resistivity is determined part ially by the copper matrix and 
partially by other barriers, like the contact resistance between the 
strands and the resistance of the solder. Considering the increase of the 
copper resistivity and the effective transverse resistivity, an almost 
equal contribution of the copper and other barriers is expected. 

Campbel18 gives an expression for the coupling loss in a monolithic 
superconductor: 

[ -1-+-W-:-2-r-2 ] a b, (2) 

where a is the small side and b the wide side of the conductor. The typical 
time constant of the wire is given by: 

(3) 

In this expression Lp denotes the twist pitch and ~l the effective 
transverse conductivity. 

In order to account for the hysteresis losses in the superconducting 
filaments, the losses given by Pang et al. 9, corrected for the shielding 
due to the coupling currents, can be used: 
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Fig. 2 The magnetization losses per cycle per unit length of conductor in 
the LHe cable as a function of the frequency of the applied magnetic 
field. The magnetic background fieJd equals 5 tesla. The solid lines 
represent the calculated losses per cycle according to Eq. 2 and 4. 
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Fig. 3 The transport current losses per cycle per unit length of conductor 
in the LHC cable as a function of the amplitude of the transport 
current. The losses were obtained using bipolar and unipolar 
currents at zero and 2 T background field and frequencies of 0.2 and 
0.5 Hz. The solid lines represent the self-field loss calculations 
according to a slab model. 
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p 13'" 

(4) 

where Bp ' the penetration field, is given by 

(5) 

In Eqs. 4 and 5 N£i 1 represents the number of filaments and R£ its 
diameter. 

Substituting the fitted time constant in Eq. 2 yields a theoretical 
curve which describes the coupling loss in the LHC cable very well. 
Combining this with the existence of resistive barriers, it is most likely 
to attribute the loss to inter-strand coupling currents. The effective 
transverse conductivities at 2 and 5 T, calculated from Eq. 3, are 
4.4.109 (Qm)-l and 6.0.109 (Qm)-l respectively. 

Transport current losses 

The transport current losses have been determined for slowly changing 
currents without applying an alternating magnet ic fie Id. The transport 
current was changed sinusoidally in time. figure 3~ shows the transport 
current loss for a bipolar current (between -It and +I t ) having a frequency 
of 0.2 and 0.5 Hz respectively, at zero background field. The transport 
current loss has also been obtained at 0.5 Hz at a magnetic background 
field of 2 T. In this qase an unipolar current has been used: the current 
varies between 0 and 2 It. 
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The losses at zero field for 0.2 and 0.5Hzcoincide, which implies 
that under these circumstances the major part of the dissipation occurs in 
the superconducting material. 

The LHC cable, having the dimensions a x b, with a« b, can be 
approximated by an infinitely extended slab, having a thickness a (see 
Fig. 4 a). Assume a current distribution like in the self-field case of a 
solid conductor (see Fig. 4 b). 

The amplitude of the transport current is given by: 

(6) 

The transport current as a function of time is expressed in Eq. 7: 

(7) 

The self-field loss can be calculated using the Poynting vector. rn order 
to calculate the Poynting vector the electric and magnetic field at the 
surface of the conductor have to be known. The magnetic field can be 
calculated to be: 

Using Maxwell's equation By Ez -Bt Bx and Ez(d(t» 
electric field at the surface: 

Bra [D-d(t)] 
110 at b 

(8) 

o yields for the 

(9) 

Eliminating the moving boundary defined by d(t) expresses the electric 
field in terms of the transport current and its derivative: 

a b 

Fig. 4 A slab approximation of the LHe cable (a). The current distribution 
in a solid superconductor under self-field conditions (b). 
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]. ( 10) 

Integrating the Poynting vector over the surface yields the self-field loss 
per unit length of conductor: 

(11) 

Since we were not able to determine the critical current of the 
conductor experimentally, an estimation has to be made. M. A. Green10 has 
collected various data of critical current density measurements in order to 
study the possibility of calculating the J e, He' Te surface, using 
reduced-state parameters. From these data we obtained cri tical current 
densities at 2 tesla J e(2T) = 4.5.109 Am-2 and at 0.2 tesla 
J e (0.2 T) = 1.3.1010 Am-2 . These critical current densities correspond to 
critical currents of 4.1.104 A and 1.2.105 A at 2 and 0.2 T respectively. 
The calculated losses according to Eq. 11, using the estimated critical 
currents, are depicted in Fig. 3 (solid lines). 

DISCUSSION 

The magnetization losses in the LHC cable are well described by the 
coupling loss formula for a rectangular conductor and the hysteresis loss 
formula for superconducting filaments. The effective transverse resistivity 
is expected to consist of two contributions. The first is the resistivity 
of the matrix material (copper), and the second is a magnetic field 
independent barrier, which may be due to the solder or the contact 
resistance between the individual strands. 

The transport current losses have been measured in the case of an AC 
transport current at a background field of 0 and 2 tesla. The results have 
been compared with a simple self-field slab model. The theoretical and 
experimental results fit satisfactorily. The lack of difference between the 
the measurements at 0.2 and 0.5 Hz shows that the losses mainly occur in 
the superconducting material. 

CONCLUSIONS 

The magnetization losses due to a transverse alternating magnetic 
field were measured for different magnetic background fields. The field 
dependence of the effect i ve transverse resistivity is less than would be 
expected in the case where the resistivity is purely determined by the 
copper matrix. The coupling losses are well described by the formula for 
rectangular multifilamentary composites. It is therefore likely to ascribe 
the coupling loss to the coupling of the individual strands. 

The AC transport current loss, as measured in the LHC cable, is well 
described by a self-field slab model. It explains the frequency 
independence of the loss per cycle in the low-frequency range as well as 
the increase of the losses for a larger magnetic background field. 
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AC LOSS MEASUREMENTS ON SUPERCONDUCTORS USING 
A (LOW-INDUCTIVE) COIL GEOMETRY 

ABSTRACT 
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L.J.M. van de Klundert, and J.L. Sabrie 
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In this paper loss measurements on various superconductors are 
presented. The measurements were performed on samples in a coi 1 
configuration. Most of the results wi 11 be used in the VAMAS Round Robin 
Test, in the course of which the experimental data of several laboratories 
throughout the world are compared. The characteristic loss parameters of 
the conductors are extracted from the experimental results, when possible, 
using classical loss theories. 

Except from the loss measurements, also data concerning the critical 
currents of various conductors have been obtained. In order to investigate 
the effect of the fi lament diameter on the current carrying capaci ty of 
multifilamentary superconductors the results of critical current 
measurements on conductors, others than used in the VAMAS project, are also 
presented. Comparing these data indicates that the transport current at 
lower fields consists for fine filament conductors of bulk currents and 
surface currents. 

INTRODUCTION 

As part of the VAMAS Round Robin Test, concerning the AC behaviour of 
superconductors, the losses in coils made of these conductors are measured 
in several laboratories in the U.S.A., Japan and Europe. In this paper the 
loss measurements performed on the samples D and F (See Tab. 1) are 
presented. 

The critical currents of the VAMAS samples E,F and G have been 
obtained in the magnetic field range of zero field to 6 T. 

For reasons of comparison loss measurements and critical current 
measurements on other conductors were also performed. 

SPECIFICATIONS OF THE CONDUCTORS 

The cri tical currents and the losses of a number of superconductors 
have been measured. The specifications of the wires considered in this 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 

191 



www.manaraa.com

Table 1. The specifications of the conductors considered in this paper. A 
few of the conductors (D-G) are used in the VAl'1AS Round Robin 
Test. 

Name DWi r e [mml D£i 1 [Ilml Nt; 1 1) Lp[mml matrix 

Sample D 0.742 4.6 10,980 0.42 13 Cu 

Sample E 0.35 6.3 760 0.215 6 Cu/CuNi 

Sample F 0.14 0.50 14,280 0.182 1.9 Cu/CuNi 

Sample G 0.20 0.175 242,892 0.186 0.8 Cu/CuNi 

Sample X 1. 00 0.875 242,892 0.186 4 Cu/CuNi 

Sample Y 0.32 0.0388 9,393,931 0.138 ? Cu 

Sample Z 0.12 0.58 14,496 0.33 0.8 Cu/CuNi 

paper are summarized in Tab. 1. The conductors listed in the first block of 
Tab. 1 CD-G) are used in the VAMAS Round Robin Test. The other conductors 
are used for comparison purposes. All wires are NbTi multifilamentary 
conductors. 

CRITICAL CURRENT MEASUREMENTS 

The critical currents of the VAMAS conductors, E, F and G have been 
measured. The conductors were wound on a bobbin which was placed in the 
bore of a magnet. The voltage drop along the wire was measured over a 
length of 0.25 m. The critical currents were determined using the 
1 IlV/cm-criterion and the 10-14 ~m-criterion. The results, in terms of the 
critical current density, are shown in Fig. 1. 

The n-values of the conductors appeared to be independent, within the 
accuracy of the measurements, of the applied magnetic field. The n-values 
of the E, F and G sample were 30, 13 and 10 respectively. One should note 
the low n-value for the fine filament conductors. Figure 1 shows that the 
cri tical current densities of the wires having fine fi laments increase 
rapidly when the magnetic field is lowered in the 0-2 T range. In this 
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Fig. 1 The critical current densities of the samples E, F and G as a 
function of the applied magnetic field. The solid lines indicate the 
1 IlV/cm-criterion; the dashed lines the 10-14 ~m-criterion. 
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Fig. 2 a Jc'B as a function of B for several conductors. b Jc'Dfil as a 
function of Dfil at different fields. The filament diameter was not 
varied, but the data has been obtained from different conductors of 
various manufacturers. 

region these conductors do not obey Kim's law. In the case of bulk currents 
the maximum volume pinning force is calculated by multiplying the critical 
current density by the magnetic field. For thick filament conductors this 
pinning force usually has its maximum in the range of 4 to 5 T. Plotting 
J c ' B as a funct ion of B shows for fine fi laments a maximum at much lower 
fields (See Fig. 2al. 

The excessively large critical current densities at lower field for 
fine filament conductors may be ascribed to surface currents. The ratio 
Nfil1lDfil/(Nfil1l/4D~il 1 is much larger for these kinds of conductors than 
for those having thick filaments. If we assume the existence of both a bulk 
current and a surface current the critical current can be written as: 

(ll 

In Fig. 2b the critical current density multiplied by the filament diameter 
is plot ted versus the fi lament diameter for most conductors I isted in 
Tab. 1. The critical current data of sample D were taken from Goodrich1 . 

For small magnetic fields the values of Jc·Dfil tend to become a constant 
for small diameters while for large diameters they are proportional to the 
filament diameter. This agrees well with the idea of coexisting bulk 
currents, which are determined by the manufacturing process, and surface 
currents, which are a characteristic for the material. 

LOSS MEASUREMENTS 

Sample G 

The losses of sample G were measured in the case where an AC current 
was fed through a coil made of this conductor. In order to be able to 
extend the frequency range to higher frequencies the sample coil was part 
of a resonant circuit. For this purpose a capacitor was placed in series 
with the coil. The coil itself was part of a transformer. The data of the 
sample coil are given in Tab. 2. 
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Table 2 The characteristics of the sample coil used for the loss 
measurements on samp1eG 

Inner diameter 12. 1 mm 
Outer diameter 19.2 mm 
Length 170 mm 
Number of turns 5076 
Number of layers 12 
Inductance 29.8 mH 

The conductor was not insulated. It was therefore spaced by a 
non-conductive wire (diameter 0.14 mm) while it was wound on a bobbin. The 
individual layers were insulated by means of Kapton foil of 25 Mm. The coil 
was wet-wound with a filled epoxy, STYCAST 2850 FT. 

The losses were measured calorimetrically in the case of a sinusoidal 
changing transport current (frequency 48, 118 and 301Hz). There was no 
magnetic background field. The results are shown in Fig. 3. 

The dissipation appeared to be proportional to 12 . 6 . The losses per cycle 
for different frequencies coincide. The losses in the stabilizing material 
are, therefore, of no significance. 

Sample X 

Sample X is the same kind of conductor as sample F. It just did not 
pass the final drawing stages. Therefore the only differences are therefore 
the dimensions of the wire and its filaments. The losses of this conductor 
have been obtained using a sample coil as specified in Tab. 3. The coil 
consists of four layers of which two are wound in opposite directions to 
the others. The coil was designed in such a way that coupling with the DC 
magnet was minimized. The coi 1 was part of the secondary circuit of a 
transformer. The current through the sample coil was induced by means of a 
toroidal transformer. A transformer circuit provides a possibility to 
induce a larger current through the sample than the maximum current of the 
power supply. In our set-up a current amplification of 20 was achieved. The 
current was measured by means of a Rogowski coil. 
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Fig. 3 The losses measured on the coil made of sample G as a function of 
the transport current for different frequencies. 
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Table 3 The characteristics of the bifi1ar1y wound sample coil used for the 
loss measurements on sample X 

Inner diameter 40.1 mm 
Outer diameter 50.5 mm 
Length 20 mm 
Number of turns +28/-22 
Number of layers 4 
Inductance 10 /lH 

Table 4 The characteristics of the bifi1ar1y wound sample coil used for the 
loss measurements on sample D 

Inner diameter 40.1 mm 
Outer diameter 48.0 mm 
Length 20 mm 
Number of turns +32/-26 
Number of layers 4 
Inductance 13 /lH 
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Fig. 4 The AC losses per cycle per uni t length of conductor of sample X. 
The left figure shows the results at zero field and the right figure 
the results at a background field of 1.5 T. 
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The sample coi 1 was placed in the bore of a DC magnet. Measurements 
were performed at zero field and at a background field of 1. 5 T. The 
electrical as well as the calorimetric method was applied. 

The experimental results are show in Fig. 4. The losses are presented as 
the average loss per cycle per uni t length of conductor. The losses per 
cycle were found to be independent of the frequency. 

Sample D 

The losses of sample D were measured in the same set-up as used for 
sample X. The characteristics of the sample coil are listed in Tab. 4. The 
inner two layers were also wound in a direction opposite to the outer two 
layers. 

The losses were measured at zero field and at a background field of 
1.5 T. The results of the measurements at 1.5 T are shown in Fig. 5. 

The losses show a behaviour which is typical for the case where the 
coupling losses are dominant. 

DISCUSSION 

The losses measured on sample G appeared to be proportional to i 2. 6 . 

It suggests that the dissipation is due to the so-called dynamic resistance 
in the case where the wire is part ly saturated. An extreme form of this 
loss mechanism is the self-field loss. A numerical program2 which takes 
into account the current distribution and calculates the transport current 
loss and the magnetization loss predicts that for this geometry 
(combination of the local magnetic field and the transport current) the 
magnetization losses should be dominant for currents below 15 A. For large 
currents (where the transport current losses are larger than the 
magnetization losses) the program describes the loss behaviour well. For 
small currents the program calculates a dissipation proportional to the 
amplitude of the current (magnetization losses), while the experimental 
data show in this range the same current dependence as for large currents. 
In this program a field dependence 0)0 th~2 critical current density 
according to Kim was assumed (JeO = 1. 9·10 Am and Bo = 0.25 T) 
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Fig. 5 The AC losses per cycle per unit length of conductor of sample D as 
a function of the frequency for several values of the transport 
current. The figure shows the results obtained at a background field 
of 1. 5 T. 
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The measurements on sample X show a similar behaviour. The calculated 
losses at zero field, obtained with a numerical grogram in which a 
Je(B)-function according to Kim with J eO = 1.6.1011 Am- and Bo = 0.3 Twas 
fitted, agree well with the experimental losses for larger currents 
(I > 70 A). For smaller current the experimental losses are significantly 
lower. The critical current density required to fit the experimental data 
however, is quite large. 

At a background field of 1. 5 T the losses are well predicted by the 
numerical code using a constant critical current density of 3.109 Am-2 . 

The coupl ing current time constant of a conductor can be obtained 
using two methods. The first one is to find the frequency at which the loss 
per cycle has its maximum value. The second one is calculate the time 
constant from the slope of the loss per cycle versus the frequency 
dependence in the low frequency 1 imi t. In the latter case we need the 
average value of the squared magnetic field amplitude <Ba2>. This quantity 
can be calculated from the field distribution function of the cOil 3 . 

Knowing this value and so the coupling current time constant, the effective 
transverse conductivity is expressed as: 

(2 ) 

where Lp denotes the twist pitch and Rw the radius of the conductor. Using 
Eq. 2 leads for sample D to an effective transverse conductivity at 1.5 T 
of 1. 7.109 ,( Qm) -1. Deduct ing the effecti ve transverse conduct i vity from the 
frequency fo where the maximum of the loss per cycle occurs leads to: 

[ 
27f ] 2 

Lp 
(3 ) 

This maximum was found to be at a frequency of 30 (±3) Hz (at 1.5 T). This 
frequency yields an effective transverse conductivity of 2.0.109 (Qm)-l at 
a background field of 1.5 T. The experiments at zero field showed that the 
frequency f o , at which the maximum of the loss per cycle occurs, is 
20 (±2) Hz. From this frequency we calculated an effective transverse 
~_:~:!uct.ivity of 3.0.109 enm)-l. 

Schmidt 4 reports an RRR-value for sample D of 179 in absence of a 
magnetic field. This corresponds to a conductivity of the copper at 4.2 K 
of 1. 1.1010 (Qm)-I. If we assume that the filaments act as insulators, the 
effective transverse conductivity would be 4.5.109 (Qm)-l. 

From the zero frequency limit, the hysteresis losses in the 
superconducting filaments can be obtained. These losses can be used to 
estimate the critical current density. For induced magnetic fields, much 
larger than the penetration field the critical current density can be 
extracted from the loss measurements according to: 

3 lim Q 
f->O 

( 4) 

The critical current density at 1. 5 T according to Eq. 4 was estimated to 
be 5.7 109, Am-2 . Extrapolating the losses to zero frequency also yields the 
penetration field. From the penetration field we obtained the same value 
for the critical current density. This agrees well with the interpolated 
value of 5.3.109 Am-2 calculated from critical current measurements 
at 1 and 2 T reported by Goodrich1 . 
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CONCLUSIONS 

From the critical currents measurements we can conclude that the 
n-values of fine filament conductors are substantially lower the the ones 
of thick filament conductors (which is usually in the order of 50). As a 
consequence the critical current density is less well defined, as it 
depends strongly on the criterion used. 

The dependence of the critical current density on the applied magnetic 
field of fine filament conductors does not obey Kim's law7 . The values of 
the critical current density are for these conductors at low fields much 
higher than for thick filament conductors. This is probably caused by 
surface currents which are more evident for fine filaments conductors, due 
to their large filament surface to volume ratio. 

The loss measurements on fine fi lament conductors showed that the 
magnetization losses are not in accordance with the Bean models. The 
magnetization behaviour of fine filament conductors is still not fully 
understood. The development of new models, which may include surface 
currents, is therefore desirable. This anomalous behaviour has already been 
not iced by other authors5 ,6. In the region (larger currents) where the 
transport current losses determine the loss behaviour the theoretical and 
experimental results agree well. This also holds for the coupling losses. 
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VAMAS INTERCOMPARISON OF AC LOSS MEASUREMENT: JAPANESE RESULTS 
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The first worldwide round robin test on ac losses was carried out, 
where 10 Japanese labs participated. 4 test samples, D, E, F and G, were 
prepared, and ac losses were measured as a function of either applied field 
amplitude or transport current. A variety of measurement methods were 
adopted, and an interim intercomparison of the results was made in terms of 
the hysteresis loss for 0 to 1 T fi~ld cycle as well as the coupling time 
constant. The standard deviation in hysteresis loss among labs including 
those of US and European labs so far reported was about 10 % for both high 
loss samples D and E. Time constants obtained among labs were in a rela
tively poor agreement with each other. 

INTRODUCTION 

The ac loss, or the electric power loss caused by a changing magnetic 
field, is an important parameter to such applications of superconductivity 
as ac machines, fusion generators and particle accelerators. Particularly, 
recent development in the fabrication of ultra-fine filament supercon
ductors encourages ac power frequency applications. However, a large vari
ety of measurement methods and variables on ac losses exist, and it is 
quite difficult to evaluate the results measured at different places. 

The VAMAS (Versailles Agreement on Advanced Materials and Standards) 
technical working group in the field of superconducting and cryogenic struc
tural materials has recently started a program on the intercomparison of ac 
loss measurement preceded by a similar one on the critical current measure-

Advances in Cryogenic Engineering (Materials), Vol. 36 
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Table 1: Specifications of round robin test samples 

Sample D E F G 

Outer diam. 0.742 mm 0.35 mm 0.14 ~mm 0.2 mm 
Fil. diam. 4.6fl, m 6.3fl, m 0.5 fl, m 0.175 fl, m 
No. filaments 10,980 760 14,280 242,892 
NbTi!Cu/CuNi 1/1.38/- 21.5/44.1/34.4 1/1/3.5 18.6/2/79.4 
Twist pitch 13 mm 6 mm 1.9 mm 0.8 mm 
Insulation none polyester polyester none 

ment l • The purpose of the present program is to work out proposals which 
will eventually be useful for the standardization of the ac loss measure
ment. In this paper, the results so far obtained at Japanese labs are pres
ented. The final results will be presented elsewhere together with US and 
European results. 

TEST GUIDELINES 

The ac loss in multifilamentary wires is usually understood in terms 
of hysteresis loss, coupling loss and eddy current loss. Hysteresis and 
eddy current losses are due to the properties of superconducting and stabi
lizing materials, respectively, while the coupling loss is a loss caused by 
the current flowing between superconducting filaments when a changing field 
is applied. In the present round robin test, there were few restrictions 
on the measurement methods and variables to allow as many labs as possible 
to participate in the test. In order to compare the results among labs, 
however, the measurement of the hysteresis loss for 0 to 1 T field cycle 
and the coupling time constant at around 1 T were recommended. 

SAMPLES AND MEASUREMENT METHODS 

Samples 

4 multifilamentary NbTi conductors were chosen as test samples, one 
supplied from each of the US and Europe, and two from Japan. In this paper 
these samples are arbitrarily labelled as samples D, E, F, and G. Similar
ly, participant labs are labelled as lab g - lab o. Specifications of 
these samples are shown in Table 1. 

Sample D, originally developed for accelerator magnet use, contains 
more than ten thousands of NbTi filaments embedded in a copper matrix, and 
has a high critical current density, J o , 2500 A/mm2 at 5 T. Sample E 

Table 2: Specifications of coil samples 

Sample coil F1 F2 G1 G2 G3 

Length of coil(mm) 160 160 170 170 170 
Inner diam. (mm) 15.95 15.95 12.1 12.1 12.1 
Outer diam. (mm) 21.65 21.70 19.2 19.2 19.9 
N. of layers 10 10 12 12 12 
N. of turns 9,940 10,001 5,076 5,015 4,817 
Total length 
of wire(m) ~ -587 - 591 -250 -247 -241 
Inductance(mH) -- -- 29.8 29.5 --
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Fig. 1: Jc versus applied field 
curves for samples D, E, 
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1, respectively. Rest 
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contalns the largest filament diameter, 6.3M m, among 4 samples, which 
usually results in relatively large hysteresis loss. However, since each 
filament in this sample is separated from others by the highly resistive 
Cu-Ni alloy sheath, the electric coupling between filaments should be sup
pressed. Samples F and G, both developed for ac power frequency use, have 
filaments of sub- M m in diameter, each separated by the Cu-Ni sheath. In 
sample F, a considerable amount of copper divided into pieces by Cu-Ni is 
placed in the center of the conductor, while little copper is incorporated 
in sample G. Both samples are twisted with a very short pitch. 

An about 10 meter of sample D and an about 100 meter of sample E 
without windings were distributed to all of the participant labs. These 
lengths were suitable for electromagnetic measurements but not enough for 
calorimetric measurements. In order to enable both the calorimetric and 
electromagnetic measurements, 5 small solenoid coils with relatively large 
volumes were produced from samples F and G, and circulated among several 
partlcipant labs. The specifications of these coil-shaped samples, 
labelled as F1, F2, G1, G2 and G3, are given in Table 2. All of these coil 
samples except G3 have almost identical dimensions and structures. Sample 
G3 was designed as the self-inductance come minimum for which electro
magnetic measurements are more convenient. The current terminals were 
attached to these samples, enabling the current injection to the coil 
winding. In case of samples F1 and F2, a 0.2mm thick GFRP foil 
and a doubled 0.025mm thick Kraft paper were alternately inserted between 
windlng layers. These two samples, impregnated with epoxy resin, had 
narrow cooling channels engraved around the GFRP coil bobbin. Samples G1, 
G2 and G3 were wet-wound with A120s filled epoxy, 'STYCAST 2850FT' on a 
bobbin made of 'Celleron'. Their windings were spaced with a 
non-conductive wire of 0.14mm in diameter, since these conductors had no in
sUlation on themselves. The winding layers were then insulated with a 
0.025 mm thick 'Kapton' foil. Samples F1 and G2 were circulated from lab 
to lab, and ac loss measurements were carried out at each lab. 

Measurement Methods 

The test instruments for ac loss measurements used at the Japanese 
labs may be classified in four categories, that is, vibrating sample 
magnetometer (VSM) , flux meter, tan 0 meter and calorimeter. The VSM is 
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Table 3: Measurement methods, and field and current application details 
adopted at Japanese participant labs 

Lab Sample Measurement Wave form and changing rate Transport 
method of field current 

g D,E,Fl flux meter sine wave, 0.1 - 1Hz(D), null 
and G2 0.2,lHz(E) , 0.1 - 0.3Hz(Fl) 

0.1 - 0.4Hz(G2) 
" traQezoidal,O.04 - 1.03T/s(D null 

h E VSM triang:ular, 0.0125T/s null 
> 

1 D&E flux meter triangular, 0.2Hz(D&E) null 
" triangular, slow change(E) null 

Fl&G2 liq He level null sine wave ,50Hz 

j E,F1 tan 0 null sine wave, 32 
and G2 meter - 73Hz(E) ,37 - 55 (Fl&G2) 
F VSM triangular,slow change null 

k D,E,Fl flux meter triangular, 0.02 - O.4T/s null 
and G2 

m D&E flux meter sine wave, 0.05 Hz null 
" triangular, 0.023T/s null 
" sine + eXQonential decay, null 

rise time:40ms, decay:110ms 
Fl&G2 calorimeter null sine wave, 50Hz 

n D,E flux meter triang:ular, 0.016T/s(D&E) null 
instant change,l.23 -> 1 T(D) null 

0 D,E VSM triangular, 0.003T/s null 

an induction instrument and capable to measure static magnetic properties 
as a function of field, temperature and time. A bundle of short-cut wires 
were prepared as a specimen. The flux meter is also an induction instru
ment and capable to measure dynamic magnetic properties as a function of 
frequency or sweep rate dB/dt, and changing field amplitude. The tano 
meter is a method to measure coil loss by picking up the voltage across 
both ends of the sample coil. Detail of the method appears in Ref 2. The 
calorimetric measurement was carried out at labs i and m by observing the 
shift of liquid helium level in a'dewar. In both of the tan 0 and the 
calorimetric measurements the transport current was fed to the sample. The 
measurement methods and variables adopted are summarized in Table 3. The 
measurements under dc background fields were not made at Japanese labs. 

Critical Current Measurements 

Homogeneity studies on sample E were performed at labs hand 1 by mea
suring Je's at 4.2 K and for various magnetic fields. At lab h 7 specimens 
of sample E were prepared, each 20 cm long and taken from every 200 m of 
the whole sample conductor length. The standard deviations of Ie and n 
value at field range of 2-7 T were within 1% and 10% of their averages, re
spectively, indicating the excellent homogeneity of sample E. Similar 
results were obtained at lab I, where Je's of 12 specimens were measured at 
4 to 10.5 T. The averaged Jc vs magnetic field curves are shown in Fig. I, 
together with the curves for samples D, F and G which were reported from US 
and European labs; no homogeneity studies have been performed on these 
samples. 
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RESULTS AND DISCUSSION 

Field Amplitude Dependence 

Figs. 2a-2d show ac losses per unit wire volume for samples D, E, F 
and G, respectively, as a function of amplitude of applied field, Bmex. 
Open and solid symbols in these figures denote half cycle (0 - Bmex) and 
full cycle (-Bm~x, +Bm~x) losses, respectively. Results obtained at US lab 
d are also presented in the figures by a dashed line. 

The losses shown in Fig. 2a for sample D would involve both hysteresis 
and coupling losses. Judging from the dB/dt dependence of ac loss measured 
at lab g, dB/dt should be less than 0.03 T/s, since the coupling loss may 
then be reduced to less than 5 % of the total loss. Equally, the frequency 
should be much less than 0; 1 Hz for Bmax above ~ 0.1 T, judging from the 
curves for 0.1 and 1 Hz in Fig. 2a reported by lab g. Thus, most of the 
full cycle loss curves in Fig. 2a possibly contain the contribution of 
coupling loss. However, the curves for samples E shown in Fig. 2b may not 
contain the contribution of coupling loss. In fact, the loss curves for 
frequencies 0.2 Hz and 1 Hz were almost identical. The scatter in data on 
the full cycle loss of sample E among labs is rather small compared to that 
of sample D. In the case of the half cycle loss, the scatter among labs is 
small for both of the samples, although it tends to increase at larger Bm~x, 
especially for sample E. 

The losses of samples Fl and G2 were measured at 5 labs electro
magnetically (labs g and k by flux meter, lab j by tan 0 meter) or 
calorimetrically (labs i and m). At labs i, j and m, transport currents 
with frequencies around 50 Hz were fed to the samples to generate field by 
themselves. The losses thus measured are plotted in Fig. 3 as a function 
of rms amplitude of transport current. Also shown in the figure are the 
results on sample G2 measured calorimetrically at European lab c. The 
losses on sample G2 by lab j are a factor of 2 larger than those by others 
in all the current range, probably because of the less reliability of the 
tan 0 meter on such sample coils with low impedance as sample G2. In Figs. 
2c and 2d shown are the short sample losses per cycle for samples Fl and G2. 
The losses by lab j are calculated values from the field profile in the 
windings and the dependence of the coil-loss on frequency and current. The 
upper shift of the losses by lab j in the large Bmex region may be due to 
the generation of coupling loss. 

Intercomparison of Half Cycle Hysteresis Losses 

Fig. 4 demonstrates the correlation of hysteresis losses for 0 to 
+Bmex(=1 T) cycle in sample D with those in sample E, including the data 
from US and European labs3 ; at labs hand i hysteresis losses were measured 
only on sample E, being 5.6 and 5.0 in kJ/m3 , respectively. The standard 
deviations in the losses among labs are about 10 % of the averages for both 
of the samples. These values seem to be relatively small when considering 
the large variety of instrumentations used. 

It is found in Fig. 4 that the data points are distributed along a 
straight line drawn through the origin and the point corresponding to the 
averages of losses for both samples. This implies that the substantial 
portion of the data scatter may be attributed to the systematic errors due 
to the yariety of instrumentations and evaluation methods among labs. In 
fact, the standard deviation in the loss ratios of sample D to those of 
sample E is about 5 % which is a half of the standard deviation for each 
sample. 
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The hysteresis loss can be described in terms of the critical state 
model and calculated as a function of Jc , filament diameter, Bmox and 
back ground dc field; this may not be true for ultra-fine filament wires 
where interfilament proximity effect becomes significant. Jc changes 
rapidly at fields below Bmex(= 1 T). Its change is extremely large 
at fields close to zero field, leading to a drastic change in magnetization. 
The hysteresis loss is given by integrating the magnetization with respect 
to field. Thus, the precise determination of field strength around zero 
field is critical to a reliable hysteresis loss measurement. 

In the case of the flux meter, a superconductor such as Pb, PbSn or Nb 
is used as standard sample on magnetization. An error may be introduced in 
determining the slope of magnetization vs field curve for the standard 
sample showing perfect diamagnetism. Another origin of errors may arise 
from the demagnetization factor which strongly depends on the shape of the 
sample and is thus difficult to be precisely estimated. 

As described in the paragraph on the field dependence of ac loss, the 
losses measured may contain a certain amount of coupling loss. This, in ad
dition to the uncertainty of sample temperature, could be important to the 
scatter in data. Detailed discussion on the scatter in the VAMAS ac loss 
data will be presented in the near future. 

Coupling Time Constants 

A direct measurement of the coupling time constant in sample D was 
carried out at lab n by plotting a decay profile of voltage generated in 
sensing coil to an instant change of applied field. The coupling time 
constants in sample D were also estimated indirectly from the coupling loss 

10° 

~ 

N 
:r: 
0 
lO 

10-1 

U) 
til 
0 
..J 

0 
u 

Sample G2 .. 
Sample Fl/ 

"'"" /1 
.,1 

m 

10 

Transport Current (Arms) 

Fig. 3: Coil loss versus ac 
transport current curves 
for samples F1 and G2. 
Losses for 50 Hz esti
mated at lab j are de
rived from the frequency 
dependence of the loss. 

14 
<IJ / 
U / 
>- / u x M- / 0 
E / 12 ;::; ill 0/ 

/ 
-'" 

/ 12 
/ 

0 / 

<IJ / 

0.. 'f'" 
/ 0 k E 

<1l / -
Vl 20/ 

X / 
til- 10 / 

" til / 0 
..J / 
u 
<0: 

6 4'--------:5~------:6~--' 

AC Loss, Sample E ( kJ /m3/cycle) 

Fig. 4: Correlation of hysteresis 
losses for 0 to +Bmox 
(=1 T) cycle in sample D 
with those of sample E; 
Japanese labs(o), US and 
European labs(x). 

205 



www.manaraa.com

measurement data at labs g, k and m. The time constants obtained are 8.8 
13.3 and 17 msec at labs g, k and n, respectively, much more scattered in 
comparison to the hysteresis losses measured. The origins of scatter are 
not clear at present and should be discussed in relation to the measurement 
and evaluation details including the demagnetization effect4 . The time 
constant in sample E was measured only at lab m using a pulsed magnet 
method, which was 19~ sec. 

CONCLUSION 

The round robin test on ac loss measurement was performed on 4 NbTi 
test samples, where 10 Japanese labs participated. The interim inter
comparison of the results were made on the hysteresis loss for 0 to 1 T 
field cycle and the coupling time constant. The standard deviation in the 
hysteresis losses among labs including US and European labs so far reported 
was about 10 % for both samples D and E. The standard deviation in the 
loss ratio of sample D to sample E was a half of that for each of samples, 
suggesting systematic errors in field determination and instrument calibra
tion, etc, may be responsible for the scatter in data. The time constants 
obtained among labs showed a larger scatter than the hysteresis losses. 

Analysis and comparison of the ac loss data measured asa function of 
field amplitude and transport current by means of a variety of measurement 
methods including tan 0 meter, calorimeter, VSM and flux meter methods 
should be beneficial for establishing standard ac loss measurement methods. 
Detailed discussion will be made after all the participants have completed 
their measurements. 
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ANOMALOUS LOW HYSTERESIS LOSSES IN NbTi SUPERCONDUCTORS 
WITH VERY FINE FILAMENTS 

ABSTRACT 

C. Schmidt 

Kernforschungszentrurn Karlsruhe 
Institut fur Technische Physik 
D-7500 Karlsruhe, FRG 

Hysteresis losses of multifilamentary NbTi/Cu/CuNi mixed ,matrix con
ductors with very fine filaments were measured in the frame of the VAMAS 
intercomparison. A calorimetric technique was developed for the purpose 
allowing short sample measurements in the microwatt range. This method 
allows an independent variation of the magnetic background field and the 
alternating field amplitude. For low amplitudes, the losses were found 
to be well below the values expected from the Bean model. A similar 
behaviour, found recently in magnetization measurements, was explained 
by reversible flux line motion.' The present data are reasonably well 
described by an existing theory. The paper includes also the results of 
two samples having thicker filaments. 

INTRODUCTION 

In the frame of the VAMAS intercomparison of ac loss measurements 
the hysteresis losses of NbTi multifilamentary conductors were measured 
for different samples. While hysteresis losses of the samples having 
larger diameter (»1 pm) are described with a reasonable accuracy by the 
Bean model of flux penetration, two of the samples with filament 
diameters below 1 pm showed a distinct anomaly. For decreasing 
alternating field amplitudes, the losses become much lower than 
predicted by the Bean model. The deviation can be more than an order of 
magnitude. 

Reduced hysteresis losses were recently found in magnetization 
measurements of ultrafine filament conductors1.2 and in calorimetric 
measurements on current carrying test coils.2 The. anomaly was explained 
by "reversible flux motion" and "flux line - filament size effect" in 
these materials. The purpose of the present paper is to give additional 
experimental data measured calorimetrically on short samples, where the 
alternating field amplitude and the background field can be varied as 
independent parameters, and where no transport current flows in the 
sample. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Superconducting samples 

I SAMPLE D E F G 

i Wire diameter (mm) 0.74 0.35 0.14 0.2 

No. of filaments 10980 760 14280 242892 

I Filament diameter (11m) 4.6 6.3 0.5 0.175 

Twist pitch (mm) 13 6 1.9 0.8 

NbTi:Cu:CuNi ratio 1 :3.8' - 1: 2.1: 1.6 1: 1 : 3.5 1 : 0.11 : 4.3 

Ic (8 = 1 T) (A) 1101 108 12.6 44.1 

jc (1 T) in NbTi (GAlm2) 6.1 5.2 4.5 7.5 

! Rest resistivity ratio 179 15.6 16.3 15 

I Coupling loss constant at 
i Bo = 1 T (mWs2/T2) 22.5 0.025 ± 30% - -

The only quantitative theory known to the author which explains the 
reduced hysteresis losses was proposed by Takacs and Campbell. 3 A 
calculation according to this theory was performed and compared to the 
experimental results. The theory seems to describe the results, at least 
in a certain range of parameters, quite reasonably. 

EXPERIMENTAL 

The losses of some of the samples to be measured are several orders 
of magnitude below the resolution of the most sensitive experiment using 
the standard helium boil-off method. 4 We therefore developed a technique 
allowing a calorimetric measurement with a resolution of about 10-8 W. 
The technique is similar to a thermal conductivity measurement. It was 
first used for the measurement of large superconducting cables in the 
high loss range. 5 It ist however also suitable for very sensitive 
measurements, if the design of the experimental arrangement is 
appropriate. 
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A few meters of the superconducting wire are wound on a winding 
form. This sample is placed in a vacuum vessel and coupled to the liquid 
helium bath via a thermal resistance, see Fig. 1. The alternating field 
as well as the background field perpendicular to the wire axis is 
supplied by a superconducting coil. The figure gives also the definition 
of the ac-field parameters. The ac field leads to a temperature increase 
of the sample, which is a direct measure of the losses. The thermal 
resistance is here a copper wire of 0.1 mm dia. and the sample 
temperature is measured with an Allen Bradly carbon resistor. The 
temperature sensor must not be calibrated, and the value of the thermal 
resistance mu'st not be know exactly. Calibration of the ac loss power is 
done with an ohmic heater connected to the sample. Further experimental 
details will be published elsewhere. 6 

Samples and data evaluation 

Tab. 1 gives the characteristic parameters of the samples used in 
the VAMAS intercomparison. Sample D is a NbTi/Cu conductor, the other 
three samples are mixed matrix NbTi/Cu/CuNi conductors. Samples F and G 
are for 50 Hz application and have filament diameters below 1 pm. 

The main loss component is, for samples E to G, hysteretic. Only 
sample D has large coupling losses, as it is expected for a pure Cu
matrix conductor. Sample E has only a small coupling loss contribution 
which was difficult to extract from the total losses. Samples F and G 
did'nt show a measurable contribution of coupling losses. The separation 
of coupling and hysteresis losses is described in 5. The coupling loss 
power, Q, is, for not too high frequencies, proportional to (f·6.B)2. The 
coupling loss constants given in Table 1 are the values Q/(f·6.B)2 for 1 m 
of sample length. 
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Table 2. Critical currents of samples F and G. Criterion is /l V /cm 

Sample B(T) 0.2 0.25 0.3 0.4 0.5 0.6 0.8 1 1.5 2 2.5 

F* '«A) 27.8 19.6 12.6 9.35 7.53 6.28 

G IdA) 128 109 92.5 79.5 69.5 54.3 44.1 28.2 20.8 15.4 

* from Ref. 8 

RESULTS 

Fig. 2 shows the hysteresis loss energy per cycle, H, divided by the 
NbTi volume, V, as a function of the double field amplitude, ~B. 

According to the flux penetration model, the hysteresis losses can be 
expressed by 7 

with 13 = ~B/~Bp. 

for ~B < ~B 
p 

for ~B > ~B 
p 

(1) 

~Bp = (4 /lo/n)r· jc is here the penetration field, r the filament 
radius and jc the critical current density in the superconductor. For ~B 
« ~Bp, the losses tend to a ~B3 dependence, whereas for ~B » ~Bp, a 
linear dependence on ~B is approached. 

The dashed lines in Fig. 2 are calculated for the Bo = 1 T data of 
samples E to G. The curve for sample D, which is not much different from 
that of sample E, was omitted for clarity. For sample E, the penetration 
field is 0.02 T and the calculated curve describes reasonably well the 
data. 

For the samples with very fine filaments, F and G, the penetration 
field is 1.8 and 1.0 mT, respectively. The condition ~B » ~Bp is 
fulfilled in the whole range of measurement, and a linear dependence on 
~B is expected. As Fig. 2 shows, the experimental results are not at all 
described by Eq. (1). Only at high field amplitudes, H (~B) is more or 
less linear. 

The flux penetration theory seems to be valid for these samples only 
at large ~B values. The fact that the experimental values are here above 
the calculated curves, is not surprising. H is proportional to the 
filament radius and to the critical current density. The calculation was 
done with the nominal filament radius, calculated for ideally round 
filaments, whereas the effective filament radius is certainly higher.For 
jc, the values measured according to the 1 /lV/cm criterion were used 
(Table 2). This definition is however artificial and only of practical 
use. Hysteresis losses are determined rather by the local critical 
current density, which may be appreciably higher. The factor r· jc could 
be used as a fit parameter to adjust the calculation. In this case an 
effective r· jc higher by a factor of 1.5 and 2 would be required ·for 
sample F and G, respectively. 
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Fig. 3 and 4 show the hysteresis losses as a function of the back
ground field for fixed alternating field amplitudes. The decreasing 
losses with increasing Bo reflect the jc(Bo) dependence of the samples. 
The dashed lines in Fig. 3 and 4 are calculated for samples E and F, 
using Eq. (1) and critical current values given inS. While the agreement 
for sample E is quite good, the losses of sample Fare, in the whole 
field range, below the Bean model. For sample G, the Bean model gives 
values almost an order of magnitude to high. 
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Table 3. Hysteresis losses per unit NbTi volume 
for a 0 ~ 1 ~ 0 Tesla cycle 

SAMPLE 0 E F G 

H IV (kJ/m3) 31.4 26.1 3.09 2.4 

A further requirement of the VAMAS intercomparison was the 
measurement of the hysteresis losses for an 0 ~ 1 -+ 0 Tesla cycle. The 
results are given in Table 3. 

DISCUSSION 

The preparation of superconductors with finer and finer filaments, 
in order to reduce the hysteresis losses, led, below a certain filament 
diameter, to a sharp increase of the losses. 9 It was understood that 
enhanced losses are due to the proximity effect, for which the critical 
parameter is not the filament diameter, but the' spacing between 
filaments. The critical value for the filament spacing is about 150 nm. 1 

If the condition of that minimal distance is fullfilled, however, a 
drastic reduction of losses below the expected values of the Bean model 
was found. 1,2 

Takacs and Campbel13 proposed a theory for the case where the 
filament diameter is smaller than the pinning penetration depth and a 
background field is present. According to these authors, the effect of 
reduced hysteresis losses appears below a critical field amplitude, 
which increases as the filament size is reduced. This critical amplitude 
is 

!1B = 2 a B Ir 
o 0 

where ao is the vortex spacing. For Bo = 1 T, ao is 49 nm. This gives 
critical amplitudes of 0.2 and 0.56 T for samples F and G, respectively. 
The data of Fig. 2 show that major deviations from the Bean model occur 
indeed approximately below these l1B-values. The calculation of Takacs 
and Campbell assumes that the effect of pinning forces on the amplitude 
of flux line oscillation is small. A correction factor with respect to 
the Bean model is calculated using a parameter 

1 
c = - !1B r I (B· d), 

2 0 
(2) 

which physical significance is the ratio of vortex displacement ampli
tude to vortex spacing. 

A problem in this theory is the parameter d, the "interaction 
distance", which can only be deduced from measurements of the force
displacement curve of the vortex lattice. A further complication is, 
that the parameter d is not a constant, but depends on the background, 
field Bo , and on the pinning mechanism. Campbell measured values around 
2.5 nm for a PbBi sample. 10 Since this value is not obviously the same 
for NbTi, we should consider the parameter d rather as a fit parameter, 
as long as no measured values are available. 
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The calculation of the correction factor, k, yields, according to 3 

(3) 

The hysteresis losses expected from the Bean model (Eq. 1), must be 
multiplied with this factor. Eq. (3) is valid for a slab model, but 
according to Takacs and Campbell, the more complicated numerical 
calculation for a cylindrical geometry gives only a little difference 
between the correction factor for a cylinder and for a slab. 

A calculation using d = 2.5 nm and the nominal filament radius 
(Table 1) was done for the Bo = 1 T data (solid lines in Fig. 2). For 
sample E, the correction makes only a small change from the Bean model, 
but the corrected curve comes closer to the measured values. 

For samples F and G, the calculation describes reasonably well the 
sharp decrease of the losses with decreasing ~B, and the large deviation 
from the Bean model. For high ~B values, where k approaches unity, the 
deviation between calculation and experiment can again be attributed to 
the difference between nominal and effective values of r· jc. Playing 
with the parameters r, jc and d could improve the fit (a larger r would 
require a higher d in order to fit the data in the low ~B range). It 
seemed however not useful to simulate, for a few measuring curves, a 
perfect agreement with the theory, which may perhaps not hold for other 
data. 

The solid lines in Fig. 4 give the calculated dependence of H on 
the background field, using again d = 2.5 nm. The calculation for 
samples F and G gives, at least, values of the right order of magnitude, 
but the agreement with the measured dependence on Bo is not perfect for 
sample F and very poor for sample G. It should be taken in mind, 
however, that the parameter d can vary with the background field. A 
dependence of d (X Bo-1, e. g., would remove most of the discrepancy 
between calculation and experiment of sample G. There is still some work 
to do on the theoretical side, before abetter understandir.g of the 
hysteresis losses in very fine filaments is achieved. 
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MAGNETIC CHARACTERISTICS AND MEASUREMENTS OF 

FILAMENTARY Nb-Ti WIRE FOR THE SUPERCONDUCTING SUPER COLLIDER 

ABSTRACT 

R. B. Goldfarb and R. L. Spomer 

Electromagnetic Technology Division 
National Institute of Standards and Technology 
Boulder, Colorado 80303 

In synchrotron accelerator applications, such as the Superconducting 
Super Collider (SSC), superconducting magnets are cycled in magnetic field. 
Desirable properties of the magnets include field uniformity, field sta
bility with time, small residual field, and fairly small energy losses upon 
cycling. This paper discusses potential sources of problems in achieving 
these goals, describes important magnetic characteristics to be considered, 
and reviews measurement techniques for magnetic evaluation of candidate SSC 
wires. Instrumentation that might be practical for use in a wire-fabrication 
environment is described. We report on magnetic measurements of prototype 
SSC wires and cables and speculate on causes for instability in mUltipole 
fields of dipole magnets constructed with such cables. 

INTRODUCTION 

A typical field cycle for the proposed Superconducting Super Collider 
(SSC) consists of an initial charge to a full field of 6.6 T, reduction of 
field to 50 mT, increase to 0.33 T for proton injection, and a slow increase 
of field to 6.6 T as the proton beam is accelerated. 1 The multifilamentary 
Nb-Ti cables used in the construction of the superconducting dipole magnets 
are themselves exposed to the field of adjacent windings, usually approximat
ed as a transverse field. Electromagnetic characteristics of the wires and 
cables are potential sources of difficulty in meeting magnet specifications. 
Thus, requirements for the magnet imply design and performance specifications 
for the wires and cables. In this paper we discuss magnetic parameters 
useful for evaluating multifilar Nb-Ti superconductor wire and cable for the 
SSG. 

MAGNETIC CHARACTERISTICS 

Superconductors under steady-state conditions are loss less except for 
losses associated with thermally activated flux creep. With transient or ac 
currents and fields, there are several sources of energy dissipation. These 
ac losses may be classified according to their mechanism and localization 
within a wire composed of fine superconducting filaments in a normal-metal 
matrix. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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In this section we describe ac loss effects that may be detected with 
magnetic instrumentation. We discuss both time-independent and time
dependent phenomena for the wire and cable, not the dipole magnets made with 
these elements. Ideally, all of these ac losses should be minimized, subject 
to the often conflicting requirements of high critical current and stability 
against propagation of a normal zone (quench). 

Time-Independent Effects 

Hysteresis. Magnetic hysteresis upon field cycling is a major loss 
mechanism. Hysteresis loss per field cycle is frequency independent. It 
arises in type-II superconductors from irreversibility of the penetration of 
flux vortices and shielding currents reSUlting from flux pinning in the 
filament volume and at the filament surface. The energy dissipation per 5e 
might be viewed as a trivial problem in applications where field is only 
occasionally cycled. However, large hysteresis leads to large remanent 
magnetization from trapped flux in the filaments as the applied field is 
reduced to zero. This remanent magnetization is the source of residual field 
in a superconducting magnet. Even at low fields, such as the O.33-T sse 
injection field, trapped flux acts as an offset to the field expected from 
the magnet current. When it is predictable, the residual field may be 
compensated. Field uniformity is usually achieved by strategic magnet 
design. However, remanent magnetization due to trapped flux in the 
superconductor wires makes it difficult to obtain uniform fields at low 
currents. 

Because the ability of a superconductor to pin flux is an essential 
requirement for high critical current, both small remanent magnetization and 
small hysteresis may be achieved, not by reducing flux pinning, but by 
reducing filament diameter, as predicted by the critical state model. 2 

Hysteresis loss is generally higher for wire carrying transport current than 
for an open-circuited sample, with the extra energy pr?vided by the current 
source, not the field. 3 Hysteresis loss is determined as the enclosed area 
in a plot of magnetization vs. field. Measurements often are made with field 
cycled from positive to negative values. The sse cycle is such that fields 
are always positive. In typical multifilamentary wires measured in 
transverse field, positive-field hysteresis loops, with maximum applied 
fields of 1 T, have about 45% of the loss associated with complete 
hysteresis loops. 

Self-field of transport current. When transport current changes, 
moving self-field lines dissipate energy.' The use of small-diameter wires 
reduces these virtually hysteretic losses. In fine-filament wires, the self
field loss may be greater than the magnetic hysteresis loss. In accelerator 
applications, cabling with fully transposed strands reduces self-field loss; 
simple twisted strands would still have a large self-field. Three methods of 
transposition are twisted rope, woven braid, and flattened twisted cable. 
The last is planned for the sse, but it results in mechanical damage to the 
cable corners with a local reduction in critical current. 5 

Coupling between filaments. There are two time-independent sources of 
filament coupling. One is simply interfilament contact arising from metal
lurgical problems in processing. Coupled filaments act as a single filament 
of large diameter, with its associated problems. The second is inter
filamentary coupling by the proximity effect when filament spacing is on the 
order of the coherence length. This type of coupling is important for wires 
with closely spaced fine filaments. The addition of impurities, such as Ni 
or Mn, to the matrix material is often effective in reducing the coupling.6 
In any event, proximity-effect coupling is disrupted when magnetic fields 
approach the effective critical field of the coupling medium. The losses 
associated with time-independent filament coupling are hysteretic. 
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Time-Dependent Effects 

Couplin~ between filaments. An important coupling arises from eddy 
currents driven by voltages induced by a changing applied field. Coupling 
loss is caused by the transfer of current between filaments and dissipation 
within the matrix. This relaxation phenomenon leads to time-varying 
magnetization and field instability of the magnet. It may be reduced by 
transposing the filaments, approximated by twisting the wire, during 
manufacture. 7 This decreases the longitudinal distance over which the 
transverse coupling currents can flow. Other ways to reduce coupling are by 
increasing the resistivity of the Cu matrix and by increasing the distance 
between filaments. The former strategy is consistent with other wire 
requirements provided the stability of the conductor is not impaired. 

Flux creep. Flux creep consists of thermally activated jumps of bundles 
of flux vortices between pinning sites at constant field. Flux creep causes 
slow changes in magnetization and, in a superconducting magnet, changes in 
magnet field. Flux creep is often ignored in strong-pinning superconducting 
materials. In particular, the critical state model assumes that there is no 
flux creep. 2 However, flux creep has been found to be a problem in 
accelerator dipole magnets. S - 10 The activation energy for flux creep is 
reduced by the Lorentz force of the applied field on vortex currents. 11 Flux 
flow results as a limiting case when flux vortices are no longer pinned at 
high fields. 

Flux jumps. Flux jumps are sudden unpinning of flux vortices in 
response to instabilities, temperature increases, and breakdown in shielding 
currents as the applied field is changed. In wires with insufficient Cu or 
Cu-alloy stabilizer, flux jumps could lead to a quench. Flux jumps result in 
sudden drops in magnetization and could result in small changes in the field 
of a magnet. 

Eddy currents. Eddy currents arise in the normal matrix material in 
response to a field change according to the classical mechanism dependent on 
the skin depth. The time constant of the eddy currents, a function of 
resistivity, is short. These eddy currents are differentiated from those 
that couple filaments, discussed above. 

MAGNETIC MEASUREMENTS 

The magnetic parameters of interest in evaluating multifilar Nb-Ti wire 
for the SSC may be obtained from measurements of magnetization as a function 
of field, time, and transport current. Ideally, measurements on cable 
samples should be also obtained. For a useful analysis, it is necessary to 
know the critical current density of the wire at several fields. In 
addition, the wire should be characterized by filament diameter, filament 
spacing, filament twist pitch, number of filaments, sample volume, and 
matrix-to-superconductor volume ratio. Magnetization values are usually 
reported per unit volume of superconductor or of total composite. 

Magnetization in filamentary superconductors is the signal from 
superconductor shielding currents and other matrix currents discussed above. 
The magnetization-field cycle, or hysteresis loop, should have a variable 
cycle time, up to several hours, to extract time-dependent coupling 
information. The field should be transverse to the wire axis and cycle from 
zero to positive value. Additional information may be obtained from 
longitudinal-field measurements. Transport current could be controlled 
independently of the applied field, though in actual SSC operation the 
current would be approximately proportional to the field. 
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Total magnetic loss is the area enclosed by the loop in the 
magnetization-field plane. In the limit where coupling currents have 
decayed, the remaining area represents the magnetic hysteresis. The width of 
the loop at relatively high fields may be used to compute an "effective" 
filament diameter,12 according to the Bean model,13 if the critical current 
density is known. If coupling currents have not decayed or if filaments are 
coupled by the proximity effect, a large loop area will result. 

Magnetization vs. Field 

Several methods of magnetometry might be used for the magnetization 
measurements: integrated-flux, vibrating-sample (VSM) , vibrating-coil (VCM) , 
SQUID, and Hall-probe. We will discuss their advantages and disadvantages. 
To our knowledge, VCM and Hall-probe magnetometers have not been used for 
magnetic measurements of superconductors. They may be well suited for this 
task in a wire-fabrication environment. 

Integrated-flux. This method14 , 15 is good for measurements on wires 
carrying transport current. It detects flux jumps and frequency dependence. 
It requires large samples to increase the signal-to-noise ratio. Integration 
instrumentation limits the measurement to relatively fast field cycles. 

VSM. Vibrating-sample magnetometer measurements are made with the 
vibration axis 10ngitudinal16 or transverse17 to the field. This method is 
sensitive to small samples. It is a dc measurement when the field is stepped 
and the signal is allowed to stabilize. However, if synchronous detection is 
used or if the pick-up cqils are well matched, data may be taken while 
sweeping the field. It is difficult to vibrate samples with current leads 
attached. We calibrate the pick-up coils with Ni wires, plates, cylinders, 
or spheres in the same configuration as the superconductor samples. 

VCM. A vibrating-coil magnetometer18 ,19 would be good for measurements 
on samples carrying transport current because the sample remains stationary. 
As with a VSM, the VCM may be used in stepped or swept fields. A wire sample 
could be formed into a coil, noninductively wound to avoid a magnetic signal 
from the transport current in the sample. As with a VSM, the field is 
supplied by an external magnet. The applied field should be uniform to avoid 
field-induced signals. Calibration would be similar as for a VSM. 

SQUID. This method20 ,21 is extremely sensitive and precise, suited to 
small samples. Any current to the sample would disrupt the SQUID circuitry. 
Field cycles are extremely slow. 

Hall-probe. Two calibrated, cryogenic probes are used, one to measure 
the applied field, the other to measure the flux density at the sample 
surface. 22 - 24 The difference is the sample magnetization (after correcting 
for demagnetizing field, if necessary). The Hall probe could be positioned 
so the Hall element is parallel to the azimuthal magnetic field from the 
current, but perpendicular to the magnetic field and the magnetic moment from 
the superconducting shielding currents. This method would be appropriate for 
cable samples. Calibration may be achieved as for a VSM. 

AC Susceptibility vs. Temperature 

AC susceptibility is usually measured as a function of temperature in 
constant ac field, with or without a dc bias field. Measurements are made 
with a coaxial mutual-inductance system consisting of a primary excitation 
field coil, a secondary pick-up coil, and a secondary compensation coil. 25 ,26 
Susceptibility is an excellent tool for determining critical temperatures and 
proximity-effect coupling in fine-filament superconductors. 27 Low 
frequencies are used to avoid eddy currents in the normal-metal matrix. 
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STUDY OF PROTOTYPE SSC WIRES AND CABLES 

A disconcerting problem in accelerator magnets is field change over 
several hours at constant magnet current. This is often expressed as 
instability in multipole fields. 1 ,8,9 Possible mechanisms are flux creep and 
eddy-current coupling between filaments. If the mechanism is flux creep, 
there are two possibilities. One is flux creep intrinsic to the Nb-Ti 
superconductor filaments or their surface. The other is flux creep in the 
proximity-coupled matrix. (The proximity coupling itself is not time 
dependent.) The presence of proximity-effect coupling in filamentary 
superconducting wire may be deduced from measurements of magnetization vs. 
field or magnetic susceptibility vs. temperature. 

Proximity-Effect Coupling 

In hysteresis loops of magnetization vs. field, proximity coupling 
causes a magnetization peak centered near zero field. 28 ,29 (The exact 
position depends on a demagnetization correction of the field axis.) This 
peak is different from the peak in the second and fourth quadrants which is 
seen experimentally and predicted by the Kim model for critical current 
density. 30 The coupling peak arises from a large effective filament 
diameter when filaments are coupled at low field. The proximity coupling is 
destroyed at fields greater than about 0.2 T. 

In ac susceptibility measurements, a large coupling peak in the 
imaginary part may be seen as a function of temperature. This peak 
represents hysteresis loss when the lower critical field of the proximity
coupled matrix becomes on the order of the measuring field as temperature 
increases. Thus, the peak temperature is a strong function of measuring 
field amplitude. We have used this technique to study intergranular coupling 
in high-temperature superconductors. 31 
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Fig. 1. AC susceptibility (uncorrected for demagnetization factor) vs. 
temperature measured at 0.1 mT rms at 10 Hz for wire and cable 
samples; The imaginary part shows intrinsic and coupling loss 
peaks. The real part shows a broad transition which includes 
intrinsic and coupling transitions. 
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Figure 1 shows the real and imaginary parts of external (not corrected 
for demagnetization factor) ac susceptibility as functions of temperature 
for samples consisting of small, sawed segments of prototype SSC wire and 
cable with 0.5% Mn in the Cu matrix. The filament diameter is 5.3 ~m and 
the filament spacing is 0.53 ~m. The susceptibility is plotted per unit 
volume of Nb-Ti. The measuring field was 0.1 mT rms at 10 Hz applied 
perpendicular to the wire and cable axes. The cable was the type used in the 
fabrication of the inner layer of dipole magnet D-15A-6 in Ref. 1. 

Intrinsic and coupling loss peaks (partially overlapping) appear in the 
imaginary part of susceptibility. Correction for demagnetization factor 
would change the apparent shapes of the peaks. For a measuring field of 
0.01 mT, the coupling peaks move to higher temperature. For a 1-mT field, 
the peaks are well separated as the coupling peaks move to lower temperature. 
Much less pronounced susceptibility peaks were seen for fields applied 
parallel to the wire and cable axes. But similar coupling peaks in the 
imaginary part were seen for wire and cable used for the outer layer of 
dipole magnet D-15A-6. The filaments are coupled at low temperature for low 
fields despite the Mn doping of the matrix. As expected, magnetization vs. 
field at 4 K showed characteristic coupling peaks near zero field. 

Multipole-field instability occurs at the relatively high fields that 
would destroy proximity-effect coupling. However, there are portions of a 
dipole magnet which are exposed to very small fields where coupling is 
presumably intact. In multifilamentary wires that are proximity coupled, 
flux creep may occur in the interfilamentary matrix. We recently proposed 
this mechanism to explain subtle intergranular frequency effects in the ac 
susceptibility of high-temperature superconductors. 32 To inhibit low-field 
proximity coupling, more Mn could be added to the matrix, or a resistive 
Cu-Ni matrix could be used. 

Intrinsic Flux Creep 

In addition to the possibility of flux creep in the proximity-coupled 
matrix, there may be intrinsic flux creep in the superconducting filaments. 
Flux creeplO has been observed in Tevatron cable made with wire containing 
presumably decoupled filaments separated by approximately 3 ~m. 

We measured positive-field VSM hysteresis loops for a small segment of 
D-15A-6 outer-layer cable, filament diameter 4.3 ~m and filament spacing 
0.43 ~m, to see if there were time effects. The maximum field was 1 T, high 
enough to uncouple the filaments, perpendicular to the cable axis and 
parallel to the wide side. The field was stepped in units of 50 mT. For one 
cycle, magnetization was recorded after waiting 30 seconds after a field 
change. The wait time was 3 minutes for the other cycle. There was no 
significant difference in the hysteresis loops. This suggests an absence of 
intrinsic flux creep on the time scale of these measurements. 

Eddy-Current Filament Coupling 

If multipole-field instability arises from eddy-current filament 
coupling, more twist per unit length would help alleviate it. However, 
because the coupling currents decay quickly in the resistive matrix,33 they 
should not be a factor for the drift of multipole fields over a period of 
hours. 

To check for this time-dependent effect, we measured hysteresis loops, 
using the two field cycles described above, for two coiled samples of D-15A-6 
wire used in the inner- and outer-layer cables. The field was applied along 
the axis of the coils, approximately transverse to the wire axis. These 
particular samples had 0.5 and 1.5 twists per centimeter, respectively, 
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verified by etching in nitric acid the matrix of companion samples. Unlike 
the short cable segment described above, the length of wire for each coil 
sample was about 25 cm, long enough to contain many twists. There were no 
differences between long and short field cycles for the two coils. The 
result suggests that 0.5 twist per centimeter is adequate to inhibit eddy
current filament coupling for these wait times. 

CONCLUSIONS 

We have discussed several magnetic parameters to be considered in 
testing multifilar Nb-Ti superconductor for the SSC, with the goal of 
minimizing field nonuniformity, field instability, large residual fields, 
and large energy losses. These parameters may be extracted from 
measurements of magnetization vs .. field. Several measurement methods, each 
with certain advantages, were described. 

Measurements of ac susceptibility of candidate SSC wires and cables 
demonstrate proximity-effect coupling. Flux creep in the proximity-coupled 
matrix may be a source of time variations of multipole fields in prototype 
SSC magnets. Intrinsic flux creep was not observed over a period of minutes. 
Wires used for the inner and outer layers of the D-15A-6 prototype SSC dipole 
magnet did not show serious eddy-current filament coupling for these sample 
twist pitches. 
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THE EFFECf OF FLUX CREEP ON THE MAGNETIZATION FIELD IN THE SSC 

DIPOLE MAGNETS* 

ABSTRACf 

W.S. Gilbert, R. F. Althaus, P. J. Barale, R. W. Benjegerdes, 
M. A. Green, M. 1. Green, and R. M. Scanlan 

Lawrence Berkeley Laboratory 
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Berkeley, CA 94720 

The sextupole fields of model SSC dipole magnets have been observed to change with 
time when the magnets are held at constant current under conditions similar to injection into 
the SSC accelerator. The changes in the sextupole component have close to a linear log time 
dependence, and is felt to be caused by flux creep decay of the magnetization currents in the 
superconductor filaments. Measurements of this decay have been made under various 
conditions. The conditions include various central field inductions and changes of field prior 
to when the decay was measured. The measured field decay in the dipole's sextupole is 
proportional to the magnitude and sign of the sextupole due to magnetization which was 
measured at the start of the decay. This suggests that the decay is a bulk superconductivity 
flux creep. Proximity coupling appears to play only a minor role in the flux creep according 
to recent LBL measurements with a stable power supply. 

INTRODUCTION 

At the 1988 Applied Superconductivity Conference, we presented data on the decay of 
magnetic field harmonics, at injection, of four model SSC dipole magnets. 1 One of these 
magnets, DlSA-4F, had the power supply drifting at SA/hr. during the decay. We have 
since shown that this drift causes an error in the measured field decay and that magnet has 
been remeasured with a low drift power supply. An additional five magnets have been 
measured in the past year and this report includes data on the sextupole field decay for all 
nine magnets. (The 12-pole field decay in the tested quadrupole). The other multipoles will 
be included in a more comprehensive LBL report.2 

These measurements are extremely sensitive to details of set up cycles, ramp rates, 
power supply overshoot and stability. Some of these details are included here and others 
will be in the more complete report. The measurements with model dipoles are so time 
consuming and subject to unavoidable small variations in power supply repeatability that 
small changes in field decay in different magnets wound from superconductors of different 
designs are likely to be masked. Large variations in field decay were not observed. 

*This work is supported by the Office of Energy Research, Office of High Energy and 
Nuclear Physics, High Energy Physics Division, Dept. of Energy under Contract No. DE
AC03-76SF00098. 
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The association of the magnetization field decay with bulk flux creep is most strongly 
suggested by the linear log time behavior, but we are not aware of any theory that predicts 
this decay from fITst principles. Through the use of composite billets with different filament
matrix geometry, we have some data on the behavior of the composite decay with and 
without proximity coupling. 

THE MAGNETIZA nON PROBLEM IN SSC OPERA nON 

Fig. 1 shows the sextupole field at the reference radius of 1 cm as a function of magnet 
excitation. The current is ramped'at approximately 6A/s from some low current, say 50A, to 
the injection current of 320A (approx. 0.33 tesla). The current is held constant from one to 
three hours while protons are injected into the two main rings. Then the ramp is resumed 
until the operating field is reached at 6600A. The stored beams interact for about a day, at 
which time the current is ramped down to near zero, the beams are dumped and the entire 
process is repeated. The reason the sextupole field changes with magnet current is the 
presence of magnetization currents in the superconducting filaments; otherwise the field 
shape would be constant and detennined only by the transport currents flowing in the 
magnet coils. The observed slow decay of the magnetization sextupole can result in beam 
loss during the extended injection period. When ramping is resumed, the sextupole 
suddenly regains its pre-decay value, resulting in rapid beam loss. 

Powered correction elements can correct for the magnetization sextupole if it is accurately 
known. The time decay of the field complicates this problem and if different magnets made 
from different superconductors were to have fields decay at different rates, the problem 
would be even more difficult. One of our goals was to see if there were differences in field 
decay for different conductors designs. 

EFFECT OF POWER SUPPLY OVERSHOOT ON DECAY 

When the current ramp is smoothly stopped at 320A, we get the sextupole decay curve 
shown in Fig. 2. The linear log time relationship indicates a flux creep behavior.3 Current 
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Fig.2 LBL 1 Meter Model Magnet D-1SA-SR3 320 A Decay@ 4.3K with overshoot. 

overshoot was simulated in other runs by allowing the ramps to proceed to either 32SA or 
330A and then decreasing the currents to 320A before the decay data were taken. One can 
see that the overshoot reduced the initial sextupole fields and the subsequent decay rates. 

EFFECT OF RAMP RATE ON DECAY 

In Fig. 3 are shown the sextupole field decay curves at 320A for excitation ramp rates of 
160, SO, 16,6.6, and 1.6 Als. The excitation cycle is from 0 to 6600A, 6600 to SOA, and 
SO to 320A, which is then maintained for the one to three hour decay. Fig. 1 shows that the 
equilibrium sextupole field, in going from SOA to 320A, goes from more than positive 2S 
units (a unit is 10-4 of the dipole field) to a negative 7 units, going through a minimum of 
negative 12 units at lS0A. It is clear that the magnetization currents take tens of seconds to 
stabilize. This could be a measure of the field diffusion time or an inward flux creep. Most 
of our data have been taken with a ramp rate of 16 Ns and the decay data are close to those 
taken at the projected SSC ramp rate of 6.6 Als. 

TEMPERATURE EFFECT ON DECAY 

Fig. 4 shows sextupole decay at 4.3K and 1.8K for magnet D1SA-SR2. The greater 
magnetization sextupole at injection field is expected as the conductor Je is greater at the 
lower temperature. The 1.8K decay seems to be slightly slower. Similar data for magnet 
D1SC-1 appear in Fig. S. Here the 1.8K decay seems to be considerably slower than at 
4.3K. 
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REPRODUCIBILITY OF DECAY RA 1ES FOR SAME MAGNET 

Magnet DlSA-SR2 had six sextupole field decays measured under similar set up 
conditions_ For each decay a straight line slope was fitted to the roughly linear log time data. 
The early, less that 0.1 hour, data usually lie above the fitted slope (slower decay). Often a 
sudden jump is observed. For these decays, the slopes yield 1.2 ± 0.1 units/decade. This 
spread is due not only to the data not lying on a perfectly straight line, but on different set up 
cycles. The 10,000 A power supply sometimes has a variation of a few amperes at the 50A 
turnaround and at the 320A levels. One wouldn't expect the reproducibility of the set up 
conditions to be any better for other magnet tests which are at least one month apart. 
Therefore, our present accuracy on sextupole decay slope is roughly ± 0.1 units/decade. 
Magnet D-15A-5 was run three different times in a five month period with slightly different 
pole shims. This should not influence the magnetization effects. The three different 
configurations are referred to as R1, R2, and R3. All the decay measurements compared 
below had the same set up cycles at a ramp rate of 16 Ns. 

R1 has one decay with slope = 1.20 units/decade 
R2 has six decays with slope = 1.18 ± 0.07" 
R3 has three decays with slope = 0.98 ± 0.09" 

PROXIMITY COUPLING - SMALL FILAMENT SPACING 

Proximity coupling, which effectively increases the magnetization by coupling small 
diameter filaments together, occurs when the filament spacing is too small, less than Illm. 
The conductor in magnet D-15A-4FRI (see Table 1) has a spacing of only OAllm, and has 
been measured to have a large magnetization at 0.3 tesla.4 The decay data, tentative at this 
time, show a sextupole decay rate of 1.00 unit/decade, which is about the same as that for 
other conductors. There is some evidence that the proximity coupling portion of the 
magnetization decays faster than the bulk: property flux creep. 
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Table 1 - A Comparison of the Superconductor in LBL Magnets in 
Which Long Time Constant Decay was Measured 

DlSA-4FRI DlSA-SR1, DlSA-6 D1SC-l DlSB-l 
Magnet---> R2 R3 DlSC-2 

Inner Layer Inner Layer 
Cable Cable Cold 

Annealed Worl<ed 
Inn~rLayer 

Number of Strands in Cable 23 23 23 23 23 
Strand Diameter (mm) 0.808 0.808 0.808 0.808 0.808 
Normal Metal to SIC Ratio 1.26 1.3 -1.35 1.52 1.52 
Filameut Diameter (J.U1l) 4.7 6.0 5.3 5.0 5.0 
Filament Spacing (/-1m) 0.4* 1.5 0.53 1.2 1.2 
Material Between Filaments Cu* Cu Cu-Mn** Cu Cu 

Ie at 5 T and 4.2K (A mm-2) 2600 -2700 -2700 2650 2650 

Strand Twist Pitch (twists per in.) 2.0 2.0 2.7 0 0 

Cable Twist Pitch (twists per in.) 2.0 1.6 2.2 1.6 1.6 

Magnetization data (H~O.3T) 
Inner Luyer 

25.6 21.4 16.2 17.1 15.4 2M(mT) 
2Me(mT) 3.6 1.3 0.9 0.8 0.6 

Outer Layer 
Number of Strands in Cable 30 30 30 30 30 

Strand Diameter (mm) 0.648 0.648 0.648 0.648 0.648 

Normal Metal to SIC Ratio 1.76 1.8 -1.35 1.75 1.75 

Filament Diameter (/-1m) 4.7 6.0 4.3 6.0 6.0 

Filament Spacing (J.U1l) 0.4* 1.5 0.43 1.2 1.2 

Material Between Fialments Cu* Cu Cu-Mn** Cu Cu 

Ie at 5 T and 4.2K (A mm-2) 
2618 -2700 -2700 2582 2582 
2.0 2.0 5.4 2.0 2.0 

Strand Twist Pitch (twists per in.) 2.0 1.6 4.9 1.6 1.6 
Cable Twist Pitch (twists per in.) 
Outer Layer Magnetization 22.3 19.2 - 17.5 17.5 

2M (mT) 3.1 2.0 - 2.0 2.0 
2Me(mT) 

2M= magnetization between upramp 
& downramp current sweeps 

2Me= Excess magnetization due to 
eddy currents 

* & ** from page 2 ofLBL-25139 

Quadrupole 
QA-IRI 

30 
0.648 
1.69 
5.0 
1.2 
Cu 
2743 
2.0 
1.6 

15.6 
1.6 

30 
0.648 
1.69 
5.0 
1.2 
Cu 
2743 
2.0 
1.6 

15.6 
1.6 

Magnet D-15A-6 also has conductor with small filament spacing, 0.53 11m, but the 
normal copper is doped with Mn and doesn't show any measured increase in its 0.3 tesla 
magnetization. 

DECAY RATES - DIFFERENT MAGNETS; DIFFERENT CONDUCTORS 

In Table 1 are listed the conductor details for the various magnets in which field decay, at 
injection energy, was measured. 

In Table 2 are listed the slopes of the various sextupole decays for similar set up cycles 
and ramp rate of 16 Ns. As discussed above, the data has enough scatter that one can't 
attribute the small differences in magnet decays to the conductor designs. 

It is worth notipg that a dipole magnet has conductor at various magnetic fields and 
effectively integrates the different magnetization cycles over the entire volume. Laboratory 
magnetization experiments on conductor at a single field possibly could more precisely probe 
the differences in field decay associated with different conductor designs. 

QUADRUPOLEBrnLDDECAY 

QA-IRI is a model SSC quadrupole built at LBL. The 12 pole magnetic field harmonic, 
called b5, is analgous to the sextupole field in the case of the dipoles already cited. The 
same set up cycle was used for the quadrupole and the decay of the 12 pole field is shown in 
Fig. 6. The magnetization offset at injection and the rate of decay are both about double that 
for the case of the dipoles. 
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Table 2 - b2 decay @ 320 A. 4.3K 

Magnet No. Decay Slope (units/decade) 
D-15A-5Rl 1.20 
D-15A-5R2 1.18 ± 0.07 
D-15A-5R3 0.98 ± 0.09 
D-15A-4FRl 1.00 (tentative) 

D-15A-6 1.17 
D-15B-l 0.85 
D15C-l 0.80 

QA-IRI (Quad) 2.7 (b5) 

b5[units] 
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Fig.6 QA-IRI - Cold Measurements - TBL 35, 320 amp decay@ 4.3K 

CONCLUSIONS 

The decay of magnetization currents as observed in the LBL-SSC model dipoles is 
roughly a linear log time relationship, suggesting a flux creep lasting over several hours. 
We have also measured a surprisingly long time to stablize these fields, some tens of 
seconds. The decay seems to be a bulk property effect and not particularly sensitive to 
details of conductor design. 
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ABSTRACT 

Magnetization studies have been conducted on a 23,OOO-filament composite (with a 
filament-spacinglfilament-diameter ratio, sid, of about 0.19) drawn down to d = 11.5 to 
0.5 JIm. Various techniques have been used to explore the occurrence and properties of 
proximity-effect coupling between the filaments across the Cu-0.5wt.%Mn matrix. This 
coupling, which sets in at d < 1.5 JIm -- much smaller than 2.5 JIm intended for 
superconducting supercollider (SSC) magnet applications -- is studied both at low fields 
(well below the Rc1 of the NbTi) and at high fields (of up to 1.5 tesla (15 kG)). 

INTRODUCTION 

When a superconductor is subjected to a time-varying external magnetic field the 
"height" of the M(R) hysteresis loop is proportional to the critical current density, Jc' and 
the thickness, d, of the superconductor. Thus in order to minimize the residual 
magnetization retained in a partially de-energized coil, such as an SSC magnet following 
de-excitation from an operating field of 6.6 tesla to a beam-injection field of 0.3 tesla, it 
has been recommended that the filaments of the cable strands should be made as small as 
possible. The preservation of a high J c under these conditions dictates the use of a 
filament-spacinglfilament-diameter ratio, sid, of some 0.13-0.17. A consequence of this is 
that filaments less than 3-4 JIm in diameter are coupled by rroximity effect (even at 0.3 
tesla) which contributes an unwanted excess magnetization ,2,3 to at least a portion of the 
M(R) hysteresis loop. Interfilamentary coupling can be suppressed by alloying the matrix 
with a high concentration of Ni (e.g. 30 wt.%) or, preferably, a low concentration of Mn 
(e.g. 0.5 wt.%i,2,3.4. For the multifilamentary strands prepared for this study, an 
interfilamentary alloy of Cu-O.5wt.% Mn was used. As a result, filaments as small as d = 
2.5 JIm (hence s = 0.5 JIm, at the design sid of 0.19 in this case3) were successfully 
decoupled. 

The purpose of the study was: (a) to determine for Cu-O.5wt.%Mn the coupling
threshold value of d (hence s); (b) to examine the manner in which coupling 
magnetization manifested itself both in the low-field regime below the RC1 of NbTi as well 
as in the high-field regime up to about 15 kG. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Specifications of 23,000-Filament Strands 

Sample Strand Strand Avg. Fi!. Cu/SC ~oJAsc 
Code Diam. Diam. Diam.* Ratiot 

(nom.), (actual), 
mils ISm ISm 

CMN-115 119 2998.7 11.556 1.941 2.940 
CMN-25 25 635.0 2.459 1.912 2.912 
CMN-21 21 529.4 2.051 1.909 2.909 
CMN-15 15 385.0 1.495 1.897 2.897 
CMN-I0 10 274.5 1.086 1.885 2.885 
CMN-5 5 127.2 0.4995 1.831 2.831 

* Obtained by etching using measured density of bulk Nb-46.5Ti (= 6.097). 
t Obtained from measured strand and filament diameters. 

EXPERIMENTAL 

Magnetization Measurements 

Magnetization was measured as function of temperature up to the Tc of NbTi with 
field sweep amplitudes of from a few tens of gauss up to 15 kgauss on cylindrical bundles 
of multifilamentary strand. Measurements were taken with the applied field transverse to 
the sample axis. A computerized PAR-EG&G vibrating-sample magnetometer (VSM) 
was used, in association with a 17-kG iron-core electromagnet powered by a ± 65 A field
controlled bipolar power supply. In completing a full hysteresis loop, including the initial 
branch from the origin, the instrument records 1,023 data pairs. Thus the field resolution 
in any experiment is about 1/200th of the field-sweep amplitude, which enables all fine 
structure associated with coupling magnetization to be fully recorded. 

Sample Material 

Samples were prepared from high-homogeneity Nb-46.5wt%Ti rods clad with a thin 
barrier-layer of Nb (whose presence was ignored in the data analyses) and enough Cu
O.5wt.%Mn to provide an sid ratio of 0.195. The strand design called for an annulus of 
22,902 filaments encased in Cu and surrounding a Cu core for a total matrix/super
conductor ratio of about 1.9. Photomicrographs illustrating this configuration have heen 
presented elsewhere3 (see also Table 2). The strands under study, whose filament diameters 
ranged from 11.5 ISm (CMN-115) down to 0.5 ISm (CMN-5), had not been twisted or heat 
treated (except for a final 4h/225°C anneal). Some of their specifications are listed in 
Table 1. Some further critical dimensions of CMN-5 are listed in Table 2. 

Magnetometer-Sample Preparation 

The samples consisted of cylindrical bundles, about 3 mm in diameter and 6 mm in 
length, of parallel multifilamentary strands imbedded in epoxy. Depending on the strand 
diameter, the number of strands in the bundle varied from about 15 (2.5 ISm filaments) to 
200 (0.5 ISm filaments) so as to keep the volume of superconductor roughly constant at 
about 0.01 cm3. Specifications of the magnetometer samples, including that of a sample 
prepared from unclad CMN-5 (i.e. CMN-5B, in which the Cu and Cu-Mn matrices had 
been removed by etching), are given in Table 3. 
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128.0 
126.5 
125.5 
125.0 

126.3 

Table 2. Configuration of CMN-5 

98.04 
101.35 
98.04 
97.79 

98.81 

39.62 
39.62 
38.10 
36.58 

38.48 

Length of magnetization sample = 0.588 cm 
Tot. Bundle Volume (incl. core) = 4.509xlO-5 cm3• 

Tot. Bundle Vol./(n x fil. vol.) = 1.709 
Filamentary Bundle 
Diameter, Dg 

Table 3. Magnetization Sample Specifications 

Sample Fil. Number of Sample NbTi Filament 
Code Diam., I'm Strands Length, mm Volume, 1O-3cm3 

CMN-115 11.556 1 5.892 14.15 
CMN-25 2.459 15 5.64 9.201 
CMN-21 2.051 21 6.15 9.772 
CMN-15 1.495 33 5.60 7.429 
CMN-I0 1.068 58 5.736 6.826 
CMN-5 0.4995 200 5.88 5.278 

CMN-5B* 0.4995 200 5.734 5.147 

* All the matrix material removed by etching -- 4.5804 x 106 independent filaments. 

LOW-FIELD MAGNETIZATION 

Provided that the field-sweep amplitude remains below the He1 of NbTi, the magnetic 
susceptibility of a cylindrical composite or its filamentary components in a transverse 
magnetic field, is given by the Meissner (flux-exclusion) value: X = dM/dH = (-1!211")P. 
Here P, the "flux-exclusion" volume fraction, is given by: P = 1-(2/x)ItCx)/Io(x), where x 
represents the ratio of filament radius (R = d/2) to the penetration depth, (AL)' and 10 
and 11 are modified Bessel functions of the first kind of order 0 and 1, respectively (see 
Ref. 6 and the companion paper in this proceedings\ For large-diameter cylinders, P = 
1; on the other hand significant temperature-dependent departures from unity are noted 
for very fine filaments when the radius becomes comparable to AL. 

The low-field magnetization loops for the entire series of clad multifilamentary 
specimens are presented in Fig. 1. Two features are immediately noted: (a) a decrease in 
overall dM/dH slope in going from CMN-115 to CMN-5; (b) for CMN-lO, a slight 
opening of the loop near the origin, and for CMN-5, a pronounced hysteresis. The 
susceptibility decrease is due to the increasing influence of field penetration as R/AL 
decreases with decreasing R (see Ref. 7 for a full account of this effect). The first 
appearance of magnetic hysteresis with decreasing R (hence decreasing s) signifies the 
onset of coupling. 
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Fig. 1 Low-field «Hcl) hysteresis loops for samples CMN-115 to CMN-5 at 4.2 K. 

The initial magnetization for CMN-5, throughout the superconducting temperature 
range above 4.2 K, is shown in Fig. 2. The slope of the initial branch is -1.26xlO-3 emu/G 
which, normalized to the exclusion-volume of the 200 filamentary bundles each of 
diameter 9.88x10-3 cm (see Table 2) that make up the sample, yields a volume 
susceptibility of -0.140. Comparing this with the ideal value of -1/211'= -0.160 for a 
cylinder in a transverse field, we note that in fields of up to about 8 or 9 G the 
filamentary bundle excludes (or screens out due to proximity-effect-permitted circulating 
supercurrents) about 88% of the applied field. 

In CMN-5 at 4.2 K, departures from dM/dH linearity begin to occur as the applied 
field exceeds about 9 G. Above that field, flux begins to penetrate the bundle just as if it 
were a type-2 superconductor with a lower critical field, "HclB'" of about 9 G. From the 
intercept of a plot of HclB versus temperature a Tc of 8.95 K for the fine-filamentary 
NbTi is deduced (a value agrees well with the 8.93 K obtained from the susceptibility 
temperature dependence of the bare filaments7). A plot of HclB versus t2, where t = 
T/Tc' the reduced temperature, is presented in the inset to Fig. 2. We note that HclB has 
a quadratic temperature dependence and a zero-K value of 10.5 G. 
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Fig. 2 Temperature dependence of (a) the initial magnetization of CMN-5; 
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Fig.3 Low-field «He1) hysteresis loops for CMN-5 and the unclad CMN-5B at 4.2 K. 

The full magnetization loop for CMN-5, at 4.2 K and with field amplitude less than 
the He1 of the NbTi filaments*, is shown in Fig. 3. Inserted is the magnetization loop 
(closed line) for the corresponding bare-filamentary sample CMN-5B, the slope of which 
approximates the between-wings slope of the Cu-clad sample. The susceptibility of the 
bare CMN-5B, measured as part of a companion study7, was found to be -0.0108 (a value 
which is a factor of 14.74 lower than it would be in the absence of field penetration, and 
which yields a 4.2-K penetration depth7 AL = R/x = 323 nm). The measured ratio of the 
clad to bare low-field ( < 9 G) susceptibilities* is 0.140/-0.0108 = 13.0, which in itself is 
spectacular evidence for the existence of coupling. This comparison of the magnetizations 
of clad and unclad materials is exploited further in the high-field regime. 

With decreasing d (hence s), coupling also manifests itself as a development of the 
M(H) line into a hysteresis loop, as indicated in Fig. 3 for CMN-5. This excess 
magnetization, say Mex; which decreases monotonically with increasing field, can be 
thought of as being superimposed on an imaginary inclined line (drawn between the wings 
of the M(H) loop) representing the Meissner diamagnetism of the filaments themselves. 

TRANSITION FROM THE LOW-FIELD- TO THE HIGH-FIELD MAGNETIZATION 
REGIMES 

As the field-sweep amplitude, ~, increases three new features of the coupling 
emerge: (1) The peak of Mex moves away from H = o. (2) As depicted in Fig. 4, the 
peak value of Mex increases with ~ in two stages -- stage-i, for ~ < H e1, corresponding 
to filaments in the Meissner state, and stage-ii, for Hm > H e1, corresponding to filaments 
in the mixed state. (3) As will be seen below: whereas at low values of ~, a coupling 
Mex appears during both the increasing and decreasing sweeps of the applied field (Fig. 
3), when Hm exceeds He1 the coupling occurs predominantly during the field-decreasing 
(so-called "trapping") segments of the M(H) loop. 

* As discussed in a companion paper7, the critical field of fine filaments is strongly 
enhanced as a result of field-penetration effect. For example, the measured He1 of CMN-
5 at 4.2 K is 607 gauss7. 
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Fig. 4 Excess magnetization (clad-unclad, with respect to CMN-5 and CMN-5B) at the 
coupling peak in the positive M(H) quadrant, as function of the field-sweep 
amplitude. 

HIGH-FIELD MAGNETIZATION 

Clad-Filament/Critical Current Method 

For a cylindrical superconducting composite in a transverse magnetic field sufficiently 
strong to place the filaments in the mixed state, the full height, llM, of the magnetic 
hysteresis loop (in emu/cm3 based on the strand volume) is given by 

llM = (0.4/311-) L Je d (1) 

i.e. llM/(Icf~trand) = (0.4/311-) d (2) 

where L is the filling factor (= AScl~trand)' Je and Ie are the strand critical current 
density (Ncm2) and critical current (A), respectively, and the strand diameter, d, is in 
cm. The conventional approach is thus to compare (as function of filament diameter, at 
constant applied field) the measured llM with the expected height based on Eqns. (1) or 
(2). General examples of the use of this approach have been presented elsewherel,~. For 
the present material, the results of applying the Eqn.-(2) approach are given in Ref. 3. 

From the plot of llM/(IScI~trand) versus d we noted that coupling was just beginning to 
appear in CMN-lO, in agreement with the low-field conclusion (Fig. 1) and was more 
strongly present in CMN-5. 

Clad-FilamentlBare-Filament Method 

A second approach to the study of coupling uses magnetization only and eliminates 
the need for critical current measurement. It does, however, call for the preparation of a 
second set of samples in which all the matrix material has been removed by etching. 

In analyzing the results of magnetization measurements performed on clad materials 
and their unclad counterparts, the left-hand side of Eqn. (2) may be essentially replaced 
by the height-ratio (llM)clad/(llM)bare' There are then two useful ways of dealing with this 
quotient: (1) Select a particular field strength, and plot the height-ratio versus d; (2) 

236 



www.manaraa.com

15 

CMN-5 

10 

J , 
'1 ... 

5 

0.01 0.1 1.0 
Magnetic Field Strength, tesla 

Fig.5 Ratio of the hysteresis-loop height (clad/unclad) for CMN-5 and CMN-5B as 
function of the corresponding field. 

select a particular strand, and plot the height-ratio versus applied field strength. The 
result of applying the second method is shown in Fig. 5 for the strand-pair CMN-5 and 
CMN-5B. 

Finally, the availability of unclad-strand magnetization data sheds further light on the 
properties of the coupled strands. In Fig. 6 the high-field magnetization loops for CMN-5 
and CMN-5B are superimposed. The former exhibits a tilt due to the paramagnetism of 
the Cu-O.5wt.%Mn interfilamentary matrix. But once this tilt is removed it can be seen 
that the curves superpose almost completely along the field-increasing (shielding) 
branches, while most of the coupling appears along the trapping segments of the M(H) 
loop. 
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Fig. 6 High-field (mixed-state) hysteresis loops at 4.2 K for CMN-5 and CMN-5B, 
indicating the predominance of coupling along the trapping branches 
of the M(H) loop. 
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SUMMARY 

In sample CMN-5, with an interfilamentary separation (across a Cu-O.5wt.%Mn 
matrix) of about 0.1 pm, the filamentary bundle at very low applied field strengths 
simulates a solid cylinder of superconductor with a zero-K lower critical field, HeIB, of 
10.5 G. Above HeIB, but below the Hel of NbTi, the hysteresis loop of the composite 
exhibits an excess magnetization, Mex, symmetrically disposed about a line representing the 
Meissner diamagnetism of the uncoupled NbTi filaments. As the field sweep amplitude 
increases beyond Hel, the height of the coupling peak increases in two steps separated by 
Hm = Hel· During large~, Mex is no longer symmetrical about the mixed-state 
magnetization of the NbTi. Instead, the coupling manifests itself predominantly during the 
"trapping" stroke of the hysteresis loop -- an effect which is being examined more 
extensively using more strongly coupled unalloyed-Cu-matrix composites. 
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LOW TEMPERATURE SPECIFIC HEAT AND MAGNETIC SUSCEPTIBILITY 

OF NbTi AND NbTiMn ALLOYS 

ABSTRACT 

E. W. Collings*, R. D. Smith*, J. C. Hot, and C. Y. Wut 

* Battelle, Columbus, OH 43201 

t Wichita State University, Wichita KS 67208 

We report on the results of a low temperature specific heat and magnetic susceptibility 
studies of a series of annealed-and-quenched binary NbTi alloys in the concentration 
range 41"'53 wt.% Nb, which includes most compositions of technical interest. Also 
discussed is the influence of Mn on the calorimetrically measured properties of NbTi. 
Three series of alloys are considered: (i) a set of binary control alloys; (ii) alloys with Mn 
content fixed at "'0.5 wt.% and with Nb concentration between about 41 and 53 wt.%; (ii) 
alloys with an almost fixed Ti content ("'46 wt. %) and with Mn concentration between 0 
and "'5 wt.%. In alloys such as Ti-52Nb it is demonstrated that the addition of several 
percent of Mn causes a decrease in the electronic specific heat coefficient and a 
concomitant decrease in Te' In that regard the effect of Mn on Te (dT.!dc = -0.22 
Klat.%) is comparable to that of Cr, Mo, or Re (for which dT.!dc = -0.2 Klat.%). It is 
concluded: (i) that Mn is a strong stabilizer of the bee phase in Ti-base alloys; (ii) that Mn 
in bee NbTi acts like any other nonmagnetic transition-element and influences Te through 
its influence on the band density of states. 

INTRODUCTION 

Low temperature specific heat and magnetic susceptibility measurements have been 
made on three series of binary and ternary Ti-Nb-base alloys: (i) A set of binary control 
alloys, designated NTM43 to NTM53, with Nb concentrations in the range 43"'53 wt.%; 
(ii) essentially the same set of alloys but with the inclusion of "'0.5 wt.%Mn -- these are 
designated NTM43/1 to NTM53/1; (iii) a series of alloys, designated NTMO to NTM6, 
with an almost fixed Ti content ("'46 wt. %), but with a Mn content that varies from 0 to 
..,5 wt.%. The exact compositions (as determined by electron-beam/x-ray wavelength 
analysis) are listed in Tables 1-3. 

EXPERIMENTAL 

Low temperature specific was measured at temperatures, T, from "'4 to "'14 K on 
samples weighing typically 20 g; they had been water quenched following an anneal in the 
bee (p-phase) regime. Pulsed Joule heating and germanium thermometry were used. The 
heater and thermometer were attached to a Cu block to which the sample was thermally 
coupled via a layer of GE 7031 varnish; the heat capacity of these "addenda" was 
separately measured. The low temperature specific heat, C, of a metal in the normal state 
is usually represented by the relationship 

Advances in Cryogenic Engineering (Malerials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 

(1) 
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where the electronic specific heat coefficient, 7, is related to the Fermi density of states, 
and lattice specific heat coefficient, p, when expressed in the units mJ/mol K4, yields the 
Debye temperature, 90 , when inserted in the formula 

(2) 

If-the metal is a superconductor, its second-order transition into the superconductive state 
at the transition temperature, Tc, is accompanied by a jump, fJ.C, in the electronic specific 
heat. In BCS theory the relative height of this jump is fJ.C/7Tc = 1.43. With further 
decrease in temperature the electronic heat capacity descends exponentially to zero at 0 K. 
These features are exhibited in subsequent fjgures: 

Magnetic susceptibility, X, in the temperature range .,.298 K to N77 K, was measured 
by the Curie technique using an electronic microbalance in association with an 
electromagnet fitted with 7-in.-diam. "constant-force" pole caps. Calibration was against 
pure Pt. At each temperature, magnetic force was measured at five fields, H, between 3.6 
and 9.7 kgauss enabling the effect of ferromagnetic contamination (of saturation moment 
M) to be corrected for using the Honda-Owen method. In that method, the corrected 
susceptibility, Xoo, was obtained as the intercept of a reciprocal-field "plot" based on the 
equation 

X = Xoo + M/H 

All data reduction was performed numerically as described in Ref. 1. The susceptibility 
samples, weighing typically 100N150 mg, were measured in the bcc(p)-annealed-plus 
quenched condition except for members of the NTMO-NTM6 series which had received 
precipitation heat treatments (PHT) as for technical superconducting wire. 

DATA SUMMARY 

Calorimetric Data 

(3) 

The calorimetric data for the series of binary Ti-Nb alloys (NTM43, NTM47, NTM51 
and NTM53) are presented in Fig. 1; the corresponding calorimetric parameters are listed 
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Fig. 1. Low temperature specific heat of the binary Ti-Nb alloys NTM43-NTM53 in 
the condition p-annealed (48h/1000°C) and quenched. 
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Table 1. Specific Heat of Binary Ti-Nb Alloys 

Alloy Code NTM43 NTM47 NTM51 NTM53 

Wgt.% Nb 41.23 46.49 50.39 52.80 
Wgt.% Ti 58.77 53.51 49.61 47.20 

At.% Nb 26.56 30.94 34.37 36.58 
At.% Ti 73.44 69.06 65.63 63.42 

Molar Wgt, g 59.85 61.82 63.37 64.36 

Electronic S.H. Coeff., 7, mJ/mol K2 7.97 10.39 10.80 10.41 
Lattice S.H. Coeff., p, mJ/mol K4 0.146 0.165 0.170 0.176 
Debye Temp., en, K 237 228 225 223 

Supercond. { onset 7.5 8.6 9.1 9.2 
transition middle 7.3 8.5 8.9 9.0 
temp., K tail (peak) 7.2 8.4 8.7 8.9 

Table 2. Specific Heat of NTM43/1 to NTM53/1 

Alloy Code NTM43/1 NTM47/1 NTM51/1 NTM53/1 

Wgt.% Nb 41.20 45.91 50.33 52.58 
Wgt.% Ti 58.28 53.61 49.02 47.08 
Wgt.% Mn 0.52 0.49 0.65 0.34 

At.% Nb 26.56 30.46 34.35 36.39 
At.% Ti 72.87 68.99 64.90 63.21 
At.%Mn 0.57 0.55 0.75 0.40 

Molar Wgt, g 59.89 61.65 63.41 64.31 

Electr. S.H. Coeff., 7, mJ/mol K2 8.46 10.07 9.57 10.34 
Lattice S.H. Coeff., p, mJ/mol K4 0.156 0.168 0.176 0.168 
Debye Temp., en, K 232 226 223 226 

Supercond. { onset 7.8 8.6 8.9 9.1 
transition middle 7.6 8.5 8.7 8.9 
temp., K tail (peak) 7.5 8.4 8.6 8.8 

Table 3. Specific Heat of NTMO-NTM6 and NTM53/1 

Alloy Code NTMO NTM53/1 NTM2 NTM4 NTM6 

Wgt.% Nb 53.3 52.6 52.1 51.9 50.2 
Wgt.% Ti 46.7 47.1 46.1 44.7 44.7 
Wgt.% Mn 0.34 1.8 3.4 5.2 

At.% Nb 37.0 36.4 36.1 35.9 34.5 
At.% Ti 63.0 63.2 61.8 60.1 59.5 
At.% Mn 0.4 2.1 4.0 6.0 

Molar Wgt, g 64.56 64.31 64.30 64.35 63.84 

E.S.H. Coeff., 7, mJ/mol K2 11.1 10.3 11.1 8.04 6.32 
L.S.H. Coeff., p, mJ/mol K4 0.168 0.168 0.135 0.135 0.128 
Debye Temp., en, K 226 226 243 243 248 

Supercond. { onset 9.1 9.1 8.8 8.7 8.7 
transition middle 9.0 8.9 8.6 8.0 7.4 
temp., K tail (peak) 8.9 8.8 8.4 7.4 6.8 
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Fig. 2. Low temperature specific heat of the ternary Ti-Nb-Mn alloys NTMO-NTM6 in 
the condition p-annealed (24h/1000°C) and quenched. 

in Table 1. Table 2, for the alloys NTM43/1, NTM47/1, NTM51/1 and NTM53/1, lists the 
effect of including "'0.5 wt.% of Mn in the formulations of the binary series. 

The calorimetric data for the alloy series NTMO-NTM6, in which a varying level of Mn 
(0..,5 wt%) is added to an almost-constant Ti concentration (,.,46 wt%) Ti-Nb base, are 
presented in Fig. 2. The corresponding calorimetric parameters are listed in Table 3. 
Also included in that table, for completeness, is one of the above-mentioned data sets. 

Susceptibility Data 

The susceptibility-temperature-dependence data for the binary Ti-Nb alloy series 
NTM43-NTM53 and the ternary Mn-containing series NTM43/1-NTM53/1 are presented 
in Fig. 3. Those for a representative member of the PHT series (viz. NTM6) are 
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Fig. 3. Magnetic susceptibility temperature dependence of (a) the binary Ti-Nb alloys 
NTM43-NTM53, and (b) the ternary alloys NTM43/1-NTM53/1, all in the 
condition p-annealed (48h/10000q and quenched. 
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Fig. 4. Magnetic susceptibility temperature dependence of the binary Ti-Mn alloys Ti
Mn(0.5 at.%) and Ti-Mn(1.8 at.%) in the condition p-annealed 
(5h/lOOO°C) and quenched, and the ternary alloy NTM6 in the condition 
p-annealed (48h/lOOO°C) and quenched. 

presented in Fig. 4. Also included in the latter figure are a set of data for two hcp-phase 
binary Ti-Mn alloys -- Ti-Mn(O.5 at.%) and Ti-Mn(1.8 at.%). 

RESULTS AND DISCUSSION 

Calorimetric Results -- Binary Alloys 

The calorimetrically measured Tc of the present binary Ti-Nb alloys is plotted versus 
Nb content in Fig. 5 where a comparison can be made with other data that have been 
reported in the literature. Note the strong Tc composition dependence exhibited by the 
present alloys; they are evidently on the threshold of a regime of rapidly increasing (with 
decreasing Nb content) w-phase volume-fraction2,pp.l00-110. As also indicated in the figure, 
the (w + p)-phase region gives way (below "'20 at.% Nb2,pp.78-79)) to a region of 
martensitically transformed structures indicated by am. The metastable structures 
mentioned refer to quenehed-fram-bee, rather than equilibrium-phase, alloys. 

The relative height of the specific heat jump at Tc is plotted versus Nb content in Fig. 
6. We note that the data all lie above the "BCS-line" indicating that the alloys concerned 
are not of the "weak-coupling" kind. A similar conclusion was reached by Sasaki et al3 in 
studies of Ti-Nb(21 at.%). With a fJ.C/7Tc of 1.86 (and other relevant properties), that 
alloy was claimed to exhibit, like pure Nb itself, "intermediate-coupling behavior". 

Magnetic Results -- Binary and Ternary Alloys 

Comparing Fig. 3 with the curves for Ti-(O.5 at. %) and Ti-Mn(0.8 at. %) in fig. 4, we 
conclude (see also Ref. 8) that, within the regime of Ti-base alloys, only when Mn resides 
in an hcp environment does it exhibit a localized magnetic moment. Conversely, the 
absence of a Curie-Weiss lIT-type susceptibility temperature dependence implies an 
immeasurably small level of so-called a-phase (hcp) precipitation. Applying this 
conclusion to the curve in Fig. 4 for NTM6, we deduce that PHT in that alloy did not 
produce measurable precipitation. The X(T)s of the other heat-treated NTM-series alloys 
were also flat9• The results indicate that Mn inhibits a-phase precipitation in Ti-Nb. In 
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Fig. 5. Calorimetrically determined Te of Ti-Nb alloys. Data sources: (0) Ref. 3; 
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other words it acts as if to increase the equivalent Nb content; the rate at which it does so 
will be discussed below. 

Calorimetric Results -- Ternary Alloys 

According to Table 2, The inclusion of "'0.5 wt.% of Mn in Ti-Nb alloys influences 
their Tc in a manner that depends on the host's Nb content. The change of Tc changes 
sign in going from NTM43 (whose Tc is increased) to NTM53 (whose Tc is decreased). 
This seems to be the result of the following competing tendencies: (i) Mn increases the 
effective Nb content of the alloy (which will increase Tc in the low-Nb-content range, 
where Tc has a strong positive composition dependence -- see Fig. 5); (ii) the addition of 
transition elements other than Nb to Ti-Nb alloys generally tends to lower T/o. 
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Fig. 6. Relative height of the specific heat jump at Te' 
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Fig. 7. Transition temperature of Ti-Nb alloyed with Cr, Mo, Mn, and Re. 

To investigate further the influence of Mn on p-quenched Ti-Nb alloys the NTMO
NTM6 series of alloys was created. The data listed in Table 3 show that T c scales with '1 
indicating that the decrease of T c with increasing Mn content for these alloys is simply a 
band density of states effect. Fig. 7 indicates that the effect of Mn on calorimetrically 
measured Tc (viz. dTcfdc = -0.22 Klat.%) is comparable to that of Cr, Mo, or Re (for 
which dTcfdc = -0.2 K at.% -- based on the first three data points in each case). 

Beta-Stabilizing Strength of Mn in Ti 

The experimental evidence suggests that Mn acts to increase the equivalent Nb 
content of the Ti-Nb alloy -- i.e. it increases the stability of the bee or p phase. The rate 
at which it does so can be described from both superconductive and metallurgical 
standpoints. 

Su rconductive Evidence: The superconductive viewpoint has been discussed 
previousl . After comparing the composition dependences of the critical fields of the 
NTM series of alloys with those of binary Ti-Nb (taken from the literature), it was 
asserted that NTM4 was equivalent to a Ti-Nb binary alloy with 65-70 at.% of Nb. This 
indicates that 1 wt.% (at.%) of Mn is equivalent to ... 8.3 wt.% ( ... 7.9 at.%) of Nb. 

Metallurgical Evidence: From a metallurgical standpoint, the p-stabilizing strengths of 
transition-element (TM) additions to Ti can be gauged by the rates at which they lower 
the martensitic transus (i.e. the slope of transformation-start temperature, Mg, versus 
composition, c) hence to the degree to which they permit the retention of the p phase at 
some reference temperature. Mo1chanovall has presented a set of Ms(c) curves for twelve 
Ti-base binary alloys; from the low-temperature intercepts of these curves with the c-axis a 
list of critical concentrations for the retention of the p phase in Ti-TM alloys has been 
constructed. Normalized to the critical concentration for Nb, these data have led to the 
construction of Eqn. (4) -- a formula for the Nb-equivalency (from a p-stabilizing 
standpoint) of a fictitious multicomponent alloy of Ti with various non-interacting 
transition elements in solid solution. 

[Nb]eq. = [Nb] + 9[Fe] + 6[Co] + 6[Mn] + 4.5[Cr] + 4.5[Ni] + 3.6[Mo] 
+ 2.4[V] + 1.4[W] + 0.7[Ta] (4) 

This approach indicates that Mn is six times (in terms of wt. % ) more potent than Nb in 
stabilizing the p phase, and hence in suppressing the tendency for a-phase precipitation --
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in good agreement with the results of the previous paragraph. Within this framework, in 
binary-alloy terms, the alloys NTMO, NTM2, NTM4, and NTM6 would be equivalent, 
respectively, to Ti-53.3Nb, Ti-57.7Nb, Ti-61.8Nb, and Ti-64.6Nb. The high equivalent-Nb 
levels, especially in alloys NTM4 and NTM6, make it unlikely for a-phase precipitation to 
take place under the usual PHT conditions. 

SUMMARY 

The influence of Mn on the calorimetric, superconducting, and magnetic properties of 
Ti-Nb alloys has been studied. The magnetic results confirm that Mn carries no localized 
magnetic moment in bee Ti-Nb alloys and hence is to be treated, in that environment, as a 
nonmagnetic transition element. The addition of such elements to Ti-Nb generally 
decreases Te' But earlier superconductive and metallurgical studies have indicated that the 
,D-stabilizing strength of Mn in Ti-Nb is 6"'8 times that of Nb itself. Thus if Mn is added to 
Ti-Nb in the concentration range where dTd'dc is steeply positive Te tends to increase 
slightly with the addition of Mn; on the other hand, when Mn is added to higher 
concentration Ti-Nb alloys it lowers Te' The ,D-stabilizing potency of Mn causes it to 
suppress a-phase precipitation when it is added to the usual technical superconducting 
alloys. Thus the Te and the a-phase content of PHT alloys will be preserved only if a small 
amount of Mn is added to a sufficiently dilute Ti-Nb base. 
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DESIGN OF COUPLED OR UNCOUPLED MULTIFILAMENTARY SSC-TYPE 

STRANDS WIlli ALMOST ZERO RETAINED MAGNETIZATION AT FIELDS 

NEAR 0.3 T 

E. W. Collings*, K. R. Marken Jr*., and M. D. Sumption*t 

* Battelle, Columbus, OH 43201 
t Permanent address: Ohio University, Athens, OH 45701 

ABSTRACT 

Multifilamentary Cu-matrix strands with interfilamentary spacing as small as 0.2 pm 
can be almost fully decoupled by the addition of 0.5 wt.% Mn to the interfilamentary Cu. 
Decoupling in this way seems to be beneficial from a field-stability standpoint. On the 
other hand, the elimination of coupling does little to reduce residual strand-magnetization 
at the injection field of about 0.3 T when that field is approached, as usual, along the 
shielding branch of M(H). This residual diamagnetic magnetization (say MR) of the 
winding material is responsible for unwanted distortion (multipole formation) of the 
dipolar field. It is demonstrated that MR can be locally cancelled to zero by associating 
the strand with a small volume-fraction (less than 2%, depending on filament diameter) of 
pure Ni or any other low-field-saturable ferromagnetic material. The presence of the Ni 
has little effect on the shape of the M(H) hysteresis loop of the strand, other than to shift 
its wings uniformly in the + M ( when H is positive) and -M directions, respectively. In 
practice, the Ni could be administered as: (a) additional filaments, (b) interfilamentary 
barriers, or (c) an electroplated layer on the outside of the strand. 

INTRODUCTION 

Helmholtz coils, or modifications of them (e.g. saddle-coils) are commonly used for 
producing dipolar magnetic fields. But if the coils are wound from superconducting 
strands, residual magnetization, MR, resident in the strand material itself is responsible for 
multipolar distortions of the desired field. It is well known that the height of the M(H) 
hysteresis loop -- AM(H) :: (MR+ - MR-), where the signs refer to the trapping 
(paramagnetic) and shielding (diamagnetic) branches, respectively, of M(H) -- is 
proportional to the product of filament diameter, w, and critical current density, Je(H)!. 
Thus in an attempt to reduce strand magnetization (in the presence of high Je) and the 
attendant field distortion, a strong effort has been under way to produce, on a commercial 
scale, multifilamentary strands with smaller and smaller filaments. In order to preserve 
filament quality (i.e. to prevent thickness undulations, or "sausaging") in small filaments, it 
has been suggested necessary to confine the ratio of filament spacing (s) to filament 
diameter (d) to sid ~ 0.15±0.022. The combination of small d with low sid results in 
interfilamentary spacings sufficiently close to proximity-effect-couple the filaments. For 
example, at an sid of 0.13 Cu-matrix filaments that have been reduced to 5-1/2 pm in 
diameter are beginning to exhibit coupling; and the coupling becomes worse as d is still 
further reduced. But if the matrix is alloyed with ... 0.5 wt.% Mn, coupling is barely 
perceptible even with 1 pm diameter filaments2,3. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 

247 



www.manaraa.com

But is this reduction of coupling meaningful within the context of Superconducting 
Supercollider (SSC) performance? To be sure, the flM(H) of closely spaced material has 
been reduced to its uncoupled value. But what has this achieved from the standpoint of 
strand magnetization at the beam-injection field of 0.33 tesla? This question can be 
answered by a glance at Fig. 1, which compares the M(H) loops for "coupled" multi
filamentary strands both with and without the presence of the Cu matrix. Evidently 
practically all of the coupling magnetization shows up along the trapping segment of the 
loop. Beam injection takes place after a demagnetization cycle that terminates in a field
increase to 0.33 tesla along the shielding segment of M(H). 

MAGNETIZATION DECAY IN SSC-TYPE STRANDS 

Possibly related to coupling is a second serious problem exhibited by SSC dipole 
magnets, viz. magnetic field decay following change of field4• We are presently 
investigating this phenomenon with vibrating-sample magnetometry (VSM) using samples 
that consist of bundles of strand some 6 mm in length (see Ref. 5 for additional 
magnetometry and sample details). Prior to launching on the drift study proper, an initial 
test sample was assembled from a length of strand based on RHIC (relativisitic heavy-ion 
collider) materials. The specifications of it (designated RHIC-009) and related sample 
materials are given in Table 1. 

In order to simulate the magnetic state of the strand just prior to beam injection, 
magnetization studies were performed along the shielding branch of M(H). Since 
preliminary experiments indicated that the magnetization drift following field change was 
very small, the magnetometer was set to one of its high-sensitivity ranges (10-2 emu, in this 
case). Next, to permit full-precision data to be taken on this range, it was necessary to 
find some way of neutralizing most of the background magnetization (viz. about -0.1 emu). 
It was decided that background subtraction, free of noise and phase instability, could best 
be achieved by attaching to the sample holder a weighed amount of fine pure Ni wire. 
Some M(H) loops for sample RHIC-009 with Ni attached are given in Fig. 2. Note the 
almost complete diamagnetic moment cancellation in the vicinity of 0.3 tesla. 

120 

'1~ 80 

~ 
II) 40 

.g 

.g 0 
II) 

J -40 

t en -80 

-120 
-3 -2 -1 0 1 2 3 

Applied Field Strength, kgauss 

Fig. 1 Specific magnetization (NbTi volume) at 4.2 K of RHIC-009 material both with 
(clad) and without (unclad) the presence of the Cu matrix. Coupling 
magnetization is dominant only along the trapping branches of the loop. 
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Table 1 Specifications of Sample Material 

Fil. Magnetization Test Sample 
Sample 
Code 

Strand 
Diam.,D, 
10.2 cm 

Diam.,d*, 
pm 

NbTi 
area, A..o 
10.4 c~~ 

No. of Length, 
Strands mm 

Cu-Matrix Strands: 6,108 filaments (heat treated) 

RHIC-009 
RHIC-013 
RHIC-026 

2.51 
3.3 
6.5 

2.106 
2.890 
5.490 

2.128 
4.007 

14.459 

80 
48 
14 

Cu-0.5wt.%Mn-Matrix Strands: 22,902 filaments (not heat treated) 

CMN-005 
CMN-010 
CMN-015 

1.27 
2.75 
3.85 

0.500 
1.068 
1.495 

0.449 
2.052 
4.020 

200 
58 
33 

* Obtained by etching-and-weighing using separately measured density 
of bulk Nb-46.5Ti (= 6-.097). 

6.31 
6.31 
6.44 

5.88 
5.74 
5.60 

Having proceeded this far, it was recognized that a technique had been developed 
for fabricating SSC strand with close-to-zero residual magnetization at the injection field. 
On reflection, it was recognized that Ni barriers had been incorporated into multi
filamentary strands to eliminate proximity-effect inter:f:ilamentary coupling6, but the idea of 
using Ni to compensate for strand magnetization at injection is new. It may turn out to 
be convenient to add the Ni as an electroplated layer on the outside of the strand; but 
should internal Ni be preferred it will be possible to eliminate coupling and compensate 
for residual shielding magnetization in a single operation. 
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Fig.2 Specific magnetization (NbTi volume) at 4.2 K of clad RHIC-009, and that of the 
same sample to which 1.84 mg of pure Ni wire has been attached. 

249 



www.manaraa.com

METHODS OF DIAMAGNETIC MOMENT CANCEllATION 

In order to cancel the strong diamagnetic moment of a superconductor in the 
shielding mixed state a large positive moment is needed. Such a moment can be provided 
by either a paramagnetic or a ferromagnetic material. 

Paramagnetic Compensation 

Since Cu-Mn alloys have already been recommended as interfilamentary matrices 
for proximity-effect decoupling, it is natural to enquire into their potential for moment 
compensation. The 4.2-K hysteresis loop for a Cu-0.93 at.%Mn alloy is depicted in Fig. 3. 
(The offsets near the origin, the hysteresis, and the slight curvature at higher fields are a 
consequence of the alloy's mictomagnetism). Since the moment increases monotonically 
with field it is, in principle, possible to select, for a given superconductor/Cu-Mn volume
ratio, a field strength at which moment cancellation takes place. The disadvantage of a 
paramagnet is that even if moment-cancellation is practically feasible it would be strongly 
field-specific. 

Ferromagnetic Compensation 

Since the superconductor's diamagnetic moment decreases rather slowly with 
increasing applied field strength, near-compensation over a wide range can be achieved by 
a field-independent positive moment. An obvious candidate is the saturation moment of 
a soft ferromagnet (soft, because we would like the moment to drop to zero in zero field). 
The 10-K hysteresis loop for a sample of pure Ni wire (diameter, 0.1 mm) in what appears 
to be the as-drawn condition, is depicted in Fig. 4. Since the saturation moment of Ni 
increases by only 7.7 percent between 20°C and absolute zero7,p.S-144 it can be regarded as 
practically constant throughout the He-temperature range. In Fig. 4, the Ni moment is 
never fully saturated. The moment of annealed Ni saturates in fields less than 1 kgauss; 
special alloys such as 78 permalloy and deltamax saturate at even lower fields but have 
larger saturation magnetizations than Ni8• 
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Fig.3 Specific magnetization of Cu-Mn(0.93 at.%) at 4.2 K 
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Table 2 Specific Magnetization of Filamentary NbTi, Cu-Mn (both at 4.2 K) 
and Ni (at 10 K) 

Sample 
Material 

Strength of the Increasing Applied Field 

0.30 T 0.33 T 0.40 T 

Magnetization of NbTi! Mso emu/cm3 

RHIC-009 -10.758 -10.176 - 9.124 
RHIC-013 -13.073 -12.391 -11.185 
RHIC-026 -20.881 -19.917 -18.164 

CMN-005 - 6.366 - 6.036 - 5.178 
CMN-OlO - 6.223 - 5.796 - 5.048 
CMN-015 - 6.865 - 6.472 - 5.685 

Magnetization of Ni and Cu-Mn! Madd! emu/cm3 

Cu-Mn(0.93 at.%)* + 1.136 + 1.250 + 1.500 
Nit + 467.4 + 478.1 + 496.8 

* In normalization to unit volume, the density of pure Cu (8.95) was assumed7,p.2-20. 

t In normalization to unit volume, a density of 9.04 was taken7,p.2-21. 

DESIGN OF MAGNETIZATION-COMPENSATED STRANDS 

The specific magnetizations of six samples of filamentary NbTi in composite-strand 
form, a sample of Cu-0.93 at.%Mn alloy (both measured at 4.2 K) and a piece of pure Ni 
wire (0.1 mm diameter; measured at 10 K) at three values of a steadily increasing magnetic 
field (shielding, in the case of the superconductor) are listed in Table 2. For convenience 
in strand design a per-unit-volume unit of magnetization has been selected. 

Applied Field Strength, kgauss 

Fig.4 Specific magnetization of (evidently) unannealed pure Ni wire (0.1 mm diameter) 
measured at 10 K (the actual sample was RHIC-009 plus Ni measured above 
the Tc of the NbTi). 
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Table 3 Volume Ratio of Cu-Mn(0.93 at.%) Needed for Compensation 
at Various Fields 

Sample 
Code 

RHIC-009 
RHIC-013 
RHIC-026 

0.30 T 

9.5 
11.5 
18.4 

Volume Ratio, Re = Aadd/Ase 

0.33 T 

8.1 
9.9 

15.9 

0.40 T 

6.1 
7.5 

12.1 

If M represents a material's specific magnetization and A its cross-sectional area, 
while subscripts "SC" and "add" denote NbTi and the compensating addenda (Cu-Mn or 
Ni), then the fractional amounts of addenda material required for compensation are 
simply 

(1) 

Compensation with Cu-Mn 

For RHIC-type strands (the CMN series already contain Cu-Mn), the results of 
substituting the Cu-Mn magnetization data into Eqn. (1) are presented in Table 3. 
Clearly, compensation with the paramagnetic alloy requires an unacceptibly large volume 
fraction of additional material. 

Compensation with Ni 

The results of substituting the Ni magnetization data into Eqn. (1) are given in 
Table 4. Evidently strands with filament diameters between 1/2 and 5-1/2 #m require 
from 1-1/2 to 4 vol.% of Ni for compensation at fields near the injection field. These 
levels of Ni (which are based on the NbTi- rather than the total strand volume) can be 
introduced without significantly increasing the diameter, D, of the strand .. Two methods 
of doing so are indicated in Table 4: (i) an appropriate number of NbTi filaments can be 
replaced by Ni; (ii) a thin layer of Ni, of thickness t = (AsdllD)Ro can be applied (at 
any convenient stage of the fabrication process) to the outside of the strand. In addition 
to these is the possibility of introducing Ni in the form of an interfilamentary barrier. 

Table 4 Volume Percentage and Actual Volume of Ni Needed for Compensation 
at Various Fields 

Vol. Pct. Ni, 100Re == 100Aadd/Ase Thickness 
Sample No.ofNi of platingt 
Code 0.30 T 0.33 T 0.40 T Filaments* t,#m 

RHIC-009 2.302 2.128 1.837 127 0.6 
RHIC-013 2.797 2.592 2.251 154 1.0 
RHIC-026 4.468 4.166 3.656 244 3.0 

CMN-005 1.362 1.263 1.042 286 0.1 
CMN-010 1.331 1.212 1.016 274 0.3 
CMN-015 1.469 1.354 1.144 306 0.5 

* Number of Ni-replaced NbTi filaments for a total of 6,108 in the case of RHIC and 
22,902 in the case of CMN. 

t Plated layer applied to the outside of the strand (appropriate to 0.33 T operation) 
computed from the relationship t = (AsdllD)Re. 
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CONCLUDING DISCUSSION 

A few percent of Ni added to a superconducting strand can offset most of its 
shielding magnetization over a wide magnetic field range. Pure annealed Ni adds little to 
the existing magnetic hysteresis. Furthermore, since its magnetization saturates at fields 
below 0.1 tesla, its only significant effect on the shape of the M(H) loop is to shift the 
wings uniformly in the + M direction when H is positive and in the -M direction when it 
is negative. 

The addition of Ni to the strand may relieve the SSC magnets' need for fine
filaments, the initial reason for which was to minimize winding magnetization over the 
operating field range. 

We have indicated that the Ni can be introduced as an external coating at some 
convenient stage during strand processing, or may be incorporated into the strand in the 
form of replacement filaments. Other possible modes of deployment would be as: (i) a 
plating applied more-or-Iess directly onto the individual filaments (cf. Nb "diffusion
barriers"); (ii) an extended interfilamentary web throughout the strand (cf. "mixed-matrix" 
AC strands). 

Diffusion Barrier Technology 

In order to suppress intermetallic-compound node formation, it is customary to 
plate the NbTi elements with a few percent of Nb. In an extension of this procedure, the 
recommended few percent of Ni could be sandwiched between a pair of Nb layers. It is 
well known that the height of the magnetization loop, ~My~H) (emu/cm3) at any field H 
is related to the filament's critical current density, Jc (Alcm ), and diameter, d (cm), byl 

~My(H) = (0.4/3,,-) Je d (2) 

Next, taking ~My = -2Mso assuming a field of 0.33 tesla, and inserting Madd = 478.1 
emu/cm3 for Ni, it follows with the help of Eqn. (1) that 

The thickness, t (cm), of a compensating Ni layer adjacent to a round filament is then 
given by 

t = 1.41 x 10.5 Ie (A) 

(3) 

(4) 

Eqn. (4) shows that for a filament critical current at 0.33 tesla of 0.37 A (appropriate for 
RHIC-026) a Ni layer of thickness 0.052 #m would provide compensation. The corre
sponding Ni volume would of course be 3.8% of the filament volume. Eqn. (4) also shows 
that t is independent of filament diameter provided Ie is constant -c as it must be if the 
strand, whatever its diameter, is to carry a specified current at constant margin. 

AC Strand Technology 

In order to suppress eddy-current loss in AC applications, it is necessary to 
increase the transverse resistivity of the strand. One way of accomplishing this (and 
continuing to visualize the strand in cross-section) is to isolate the individual filaments 
within the meshes of a Cu-Ni net. To achieve the present goal, the Cu-Ni would be 
replaced by jure Ni. A step in this direction was taken several years ago by Curtis and 
MacDonald' pp.434·5 in connection with a Tevatron strand production program. NbTi
containing hexagonal-aD Cu tubes (3.05 mm across flats) were electroplated with about 
20 #m of Ni prior to billet assembly. During extrusion, a well-preserved and continuous 
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network of Ni barriers was developed. It is interesting to note that in this case, with a 
NbTi-rod diameter of 2.13 mm) the Ni/NbTi volume ratio was about 5.9%. 

Ferromagnetic barriers will of course suppress proximity-effect coupling between 
the filaments. Accordingly if the Ni-barrier approach is adopted both coupling
elimination (if that still remains a goal) and moment-compensation may be accomplished 
in a single operation. 
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ABSTRACT 

In samples in which at least one dimension, say 2R, is comparable to a penetration 
depth, AL' the flux-exclusion volume at fields below Hcl is less than the true sample 
volume. This "volume erosion" has two important consequences: (i) it causes the 
Meissner susceptibility to be less than the standard value -- for example, for a field
parallel plate, by a factor l-(l/x)tanh(x), where x = RIAL; (ii) it reduces the flux-exclusion 
energy density (based on the initial sample volume) by the square of that factor. In the 
latter case it calls for an enhanced applied field strength to terminate the Meissner state -
that enhancement factor being accordingly 1/~ l-(1/x)tanh(x). Both of these effects become 
more and more pronounced as T approaches Tc, since the field-penetration depth 
increases with temperature according to 1/m4, where t :: TlTc. The susceptibility
depletion and field-enhancement effects have been studied on a series of very fine 
filament composites (with NbTi filament diameters ranging from 0.5 to 11.6 pm), prepared 
from 23,000-filament NbTilCuMn strands from which (to avoid unwanted proximity-effect 
coupling) the Cu has been removed by etching and replaced by epoxy. For example, at 
4.2 K in the finest-filament material, susceptibility was found to be 1/15 of the Meissner 
value, and the sample exhibited a lower critical applied field of 607 gauss. 

INTRODUCTION 

In establishing the first experimentally-based phenomenological model for irreversible 
type-2 superconductivity, Bean1 conducted a series of magnetization and critical-current 
density measurements on a synthetic filamentary superconductor (filament diameter, 10 
nm or 30 nm) prepared by infiltrating molten Pb into porous Vycor glass. One perhaps 
surprising result of the study was the observation that, as a consequence of the filamentary 
subdivision, the 4.2-K critical field of Pb had become enhanced from 528 G, the bulk 
value, to a projected 26.0 kG. The enhancement was a size-effect function of the ratio of 
the filament radius (R) to the penetration depth (AL). In fact, for Pb, Tinkham2 had 
already predicted that 1.2 nm thick foils should have a critical field of at least 25 kG. 
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Table 1. Magnetization Sample Specifications 

Sample Fil. Number of Number of Sample Volume 
Code Diam., Strands* Individual Length, of NbTi, 

p.m Filaments mm 10-3 cm3 

CMN-115 11.556 1 5.892 14.15 
CMN-25 2.459 15 5.64 9.201 
CMN-21B 2.051 4.8094xlcf 5.79 9.200 
CMN-15B 1.459 8.2447xlOs 6.401 9.264 
CMN-I0B 1.068 1.626OxlOs 6.205 9.039 
CMN-5B 0.4995 4.5804xl06 5.734 5.147 

* The strands each have 22,902 filaments. 

An expression describing the effect of field penetration on the magnetization of 
spherical particles was published in 1950 by London3• The results of comparable 
calculations for cylinders and plates (of half-thickness R)4 are presented here. Field 
penetration manifestly influences the energetics of the field-exclusion or Meissner state 
especially at small x = R/AL; hence, it enhances the critical field needed to terminate that 
state, which for type-l superconductors such as Pb is He> the thermodynamic critical field. 
But with the recent availability of multifilamentary NbTi/Cu composites with very fine 
filament diameterss, an opportunity arose to investigate the field enhancement effect as it 
might apply to the Hc1 of a typical type-2 superconductor, NbTi. 

EXPERIMENTAL 

Starting materialfor sample preparation was a series of multifilamentary NbTi/CuMn 
composite 22,902-filament strands with filament diameters between 11.6 and 0.5 p.m, see 
Table 1 of Ref. 6. The strands were untwisted and had received no heat treatment except 
for a final 4h/225°C anneal. Samples for measurement consisted of cylindrical bundles, 
about 3 mm in diameter and 6 mm in length, of multifilamentary strands (fil. diams. of 
11.6 and 2.5 p.m) or parallel "bare" NbTi filaments (diams. of 2.1 p.m and less) imbedded 
in epoxy. In the latter case, the filaments had been extracted by etching from the 
composite strands. In all cases, the filaments remained coated with a thin "diffusion
barrier" film of Nb, whose presence was ignored in the data analysis. Specifications of the 
samples are given in Table 1. 

Magnetic susceptibility itself was measured as function of temperature up to the Te of 
NbTi by vibrating-sample magnetometry in a transverse magnetic field that was swept 
between ±25 G. The lower critical field, Hei> was measured at 4.2 K by observing the first 
departure from linearity of the initial magnetization curve. 

MAGNETIC SUSCEPTIBILITY -- THEORY 

The volume susceptibility, Xv' of a macroscopic superconducting body in the flux
exclusion state below He (type-I) or HcI (type-2) is a materials-independent function of its 
geometry and attitude. The susceptibilities of several such standard bodies are listed in 
the second column of Table 2. But when field-penetration cannot be neglected, the 
standard expressions must be modified by the appropriate shape-dependent f(x), as listed 
in the third column of Table 2. The temperature dependence of the susceftibility enters 
through that of AL' which is frequently taken to be given by AL = Aulm=t ), where t :: 
TiTc• By way of example, the susceptibility temperature dependences of four standard 
bodies/attitudes for two values of x, are given in Fig. 1. The zero-K penetration depth, 
ALD' is obtained by least-squares fitting the experimental Xv(T) to the appropriate function 
ofx. 
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Table 2. Magnetic Susceptibilities of Small Samples 
with Various Shapes and Attitudes 

Shape and Attitude 

Plate, field para!'l to faces 
Cylinder, field paral'l to axis 
Sphere 
Cylinder, field perp'r to axis 

Large-Scale 
Shape-Dependent 

Susceptibility 

-1/411" 
-1/411" 
-3/811" 
-1/211" 

* x = R/A, where R = radius or half-thickness 

Modification Due to Field 
Penetration, f(x)* 

1-(1/x)tanhx 
1-(2/x)I1(x)/Io(x) 
1-(3/x)cothx + 3/-2-
1-(2/x)I1 (x)/Io(x) 

Ref. 

[4] 
[4] 
[3] 
[4] 

10 and 11 are modified Bessel functions of the first kind of order 0 and 1, respectively. 

MAGNETIC SUSCEPTIBILITY -- EXPERIMENT 

In order to eliminate proximity-effect coupling between the filaments at very small 
strand diameters (hence very small filament diameters and interfilamentary spacings)6, 
which would interfere with the measurement of individual-filament susceptibility, the 
matrix material was removed by etching from all strands with filament diameters of 2.1 pm 
and below. The Xv(T)s of several representative sample groups are depicted in Fig. 2. We 
note the discrepancy between the temperatures at which the susceptibilities rise to zero, 
which suggests that Tc is diameter-dependent, at least in the finest filaments. The Tcs 
derived by extrapolating Xv(T) to zero are displayed in Fig. 3 as function of filament size 
(expressed in terms of strain relative to the area of CMN-115B). The origin of the Tc size 
dependence is not yet clear. Since the strands had not received precipitation heat 
treatment during processing, proximity effect between the beta-phase matrix and alpha
phase precipitates (as in Ref. 7) could not be the mechanism. Likewise, proximity effect 
between the NbTi filaments and the Cu matrix (as in Ref. 8) must be discounted, since for 
the filaments concerned the matrix had been removed by etching. But the immediate 
requirement for accurate Tc values was to enable the experimental Xv(T) data to be fitted 
to the computed susceptibility function, Xv(t) [i.e. Xv(x)] in which t :: T/Tc' In Fig. 4, we 
display the experimental Xv(t) data together with a set of least-squared fitted curves 
representing Xv = (-l/211")[1-(2/x)I1(x)/Io(x)]. From the fitting variable, x, a penetration 
depth was derived for each sample. A least-squares fit to the data indicates that as R 
decreases below about 5 pm, ALa rises exponentially from a zero-K bulk value of 0.253 
pm at a rate given by ALa (pm) = 0.253 + 0.0725 exp(-R). 

0 
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c. Plate I ~ ~ .(}.08 
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~ Cylinder .L 

'(}.16 
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0 

Reduced Temperature, t ;; Tffc 

Fig. 1. Magnetic susceptibilities of four standard bodies/attitudes in the Meissner state 
for two values of x = R/ALa' 
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Fig. 2. 

Magnetic susceptibility 
temperature dependences 
of four representative 
samples. 

Field penetration causes the magnetic susceptibility to be reduced by a factor f(x) 
below that of a similar macroscopic body. This effect is the result of a reduction in the 
"flux-exclusion volume". As a consequence of volume renormalization, the 
superconductor acquires energy density (averaged over the original volume) at the rate 
P(H2/S".)f(x) = P[HJ f(x)]2/S"., where P is a shape-factor. It follows that the applied field 
must attain the value Hc1/~ f(x) before a type-2 superconductor can acquire sufficient 
energy to transform out of the Meissner state. In other words, the critical field is 
enhanced by the factor 114 f(x), where the f(x)s are as listed in Table 2. 

For a verification of this conclusion for the special case of a type-l superconducting 
plate in a parallel magnetic field we cite the result of a direct calculation. According to 
London (Ref.3, pp.130-133), if field penetration is a factor, the unit-area free energy of a 
foil of thickness d = 2R in the field-parallel attitude (otherwise equal to -2RH2/S".) is 
reduced by an amount (H2/4".)tanh(R/Ad/(1!AL)' The energy balance equation in the 
Meissner state then becomes (on a unit-surface-area basis): 
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Calculated enhanced 
critical field, Hd 
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an infinitely thick 
cylinder (field perp.) 
or plate (field para.), 
respectively. 

-(d/8lr)(H/ - H2) - (H2/4lr)tanh(R/AL)/(1!AL) 

= -(d/8lr)[H/ - H2(1 - tanh(R/AL)/(R/AL))]' 

(1) 

(2) 

It follows that the applied field must be raised to an enhanced critical field, Hd, given by 

(3) 

before the superconductor transforms out of the Meissner state. This is in accord with the 
argument presented in the first paragraph of this section. Fig. 5 shows how HdIHc 
increases as R/AL decreases for a pair of standard bodies/attitudes. 

FIELD ENHANCEMENT -- EXPERIMENTAL 

Several methods have been recommended for the determination of Hcl' both in the 
past9 and more recently10,1l. He1 is difficult to determine by direct measurement on an 
irreversible type-2 superconductor. However, the method adopted here, as in Ref. 12, is 
to accept as Hc1 the applied field at which the the initial M(H) begins to deviate from 
linearity. Any deficiencies in this approach would tend to cancel out once the critical-field 
ratio (see below) is taken. 

In Fig. 6, volume magnetization is plotted versus applied field strength for all the 
samples studied. In it we see that the Hc1 of CMN-115, for example, is 165 G. Two 

"I 
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Fig. 6. Initial 4.2-K magnetization versus field. The slope of the linear portion is 
proportional to X; the departure from linearity takes place at Hc1 (i.e., Hd). 
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Fig. 7. (a) Data points -- measured relative critical field versus filament radius, R; 
Curve -- computed relative critical field; Href refers to the critical field of the 
largest (thickest) sample (CMN-115). (b) HdlHoo plotted versus x, the ratio of 
filament radius to penetration depth. 

consequences of field penetration are simultaneously displayed in Fig. 6: (1) the decrease 
in Xv = dM/dH with decreasing filament diameter; (2) an accompanying increase in Hel. 

Using the Hel of CMN-115B as reference (Href) the relative critical field (HctfHref) is 
plotted versus filament radius, Fig. 7. On the same graph we also display HdlHoo = 
1!~ 1-(2/x)Il(x)!Io(x) versus x (where x = R/Ameasured' and Hoo :: Hel'R=oo). Note that we 
have returned to using the transverse-field enhancement factor. Although the curve is 
plotted independently of the data rather than fitted to it, the agreement between them is 
excellent, thereby confirming that lower critical field enhancement in a fine transverse
mounted filament can be described by the expected formula. 
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PROXIMITY EFFECT ON FLUX PINNING STRENGTH IN 

SUPERCONDUCTING Nb-Ti WITH THIN a-Ti RIBBONS 

ABSTRACT 

Teruo Matsushita, Soji Otabe, and Tetsuya Matsuno 

Department of Electronics 
Kyushu University 36 
Fukuoka 812, Japan 

It has been found by Lee et a1. that the critical temperature reduces 
monotonically, while the critical current density first increases and is 
followed by a decrease, according as the diameter of superconducting 
multifilamentary Nb-Ti wire is decreased. This behavior is mainly caused 
by the proximity effect between superconducting matrix and normal a-Ti 
ribbons that becomes more remarkable as the thicknesses of two regions 
become smaller. The critical temperature and the elementary pinning 
strength of a-Ti ribbons are theoretically estimated by solving the 
phenomenological Ginzburg-Landau equations for multilayered structure with 
superconducting and normal layers. The critical current density is 
calculated from a statistic summation of the elementary pinning forces. 
The obtained critical temperature decreases monotonically, while the 
critical current density increases, with decreasing thicknesses of the two 
layers. The decrease in J c observed by Lee et al. is considered to result 
from constriction of superconducting layers by heavy cold work. 

INTRODUCTION 

Enhancement of critical current densities in superconducting Nb-Ti 
wires is required from the view of application. For a wire extensively 
cold-worked the critical current density of about 3,000 A/mm 2 was attained 
at B=5T. Larbalestier and his coworkers l - 3 obtained the maximum critical 
current densities for a final drawing strain ranging from 3 to 6. This 
indicates that the optimum condition is determined by other factors than 
the final strain. From the fact that precipitates of a-Ti phase are 
dominant pinning centers,4 their morphology is considered as a key factor 
The average thickness of ribbon-shaped a-Ti phase in the cold worked wire 

was of the order of lnm3 and is much smaller than the coherence length in 
Nb-Ti matrix (S phase). Since the average thickness of S phase between 
adjacent a-Ti ribbons is also very small, the proximity effect is expected 
to be prominent. In fact, a reduction in the critical temperature was 
observed around the optimum condition for flux' pinning. This means that 
the theoretical analysis taking account of the proximity effect is needed 
for a detailed investigation of the flux pinning. In this paper, this 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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problem is treated in terms of the phenomenological Ginzburg-Landau theory 
for an idealized superconducting and normal multilayers. 

THEORY 

We assume an idealized periodic multilayer shown in Fig. 1. The 
thicknesses of superconducting and normal layers normalized by the coher
ence length s in the superconducting layers are denoted by 2d s and 2dn , 

respectively. From the periodicity, we have only to treat the region 
O~n~ds+dn in Fig. 1, where n is the coordinate along the thickness 

normalized by s. The phenomenological Ginzburg-Landau equations in the 
superconducting layers (dn<n~ds+dn) are 

1 + 2 1 12 2m (-inV+2eA) 'l' = - a'l' - S 'l' 'l', 

where 1 the vector potential, 'l' the order parameter, and j the current 
density. In the normal region (O~n<dn)' the Schrodinger equation 

1 + 2 
-2- (-inV+2eA) 'l' = - a 'l' 

m n 

(1) 

(2) 

(3) 

is used instead of Eq. (1), where an is a positive parameter associated 
with the repulsive potential for superconducting electron pairs. The 
phenomenological theory can be approximately used even for a thin normal 
layer, since the proximity effect from the superconducting layers is 
prominent in it. 

Critical Temperature 

First, we shall investigate the proximity effect on the critical 
temperature. In this case, the magnetic field and the current are not 
applied and the problem is one-dimensional. Hence, the phase of 'l' can 

be put as a constant. Thus, Eqs. (1) and (3) are reduced to5 

d2 R 

dn 2 

d2 R 

dn 2 

+ R - R3 = 0; 

- 8R = 0; o ::;;. n < d • 
n 

(4) 

(5) 

In the above R is the absolute value of 'l' normalized by Abrikosov's unit 
and the parameter 8 is defined by 
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8 = _ a /a = ~2/~ 2 (6) 
n n 

where ~n=n/(2man)1/2 is the coherence length in the normal layers. The 

solutions of Eqs. (4) and (5) are given in the form: 

r,- ffiC 
R = vl-c sn[ J~-2- (ll-llO)]; d < II ~ d +d , 

n s n 

= R(0)cosh(8 1/ 2ll); 

where snz is Jacobi's elliptic function with a modulus 

ffff-c k = -
l+c 

(7) 

(8) 

(9) 

and c and 110 are the integral constants. Equation (8) was obtained from 

the condition of symmetry, dR/dll=O at 1l=0, and R(O) is a value of R at 
this point. Three constants, c, 1l0' and R(O) are determined from the 

boundary conditions at ll=dn and ll=dn+ds . 

Here we assume that the thickness of the normal layer is much smaller 
than the electron mean free path. In this case, the transmission coeffi
cient of superconducting electrons is not small and the Zaitsev's boundary 

conditions6 are expected to be satisfied5 at the S-N boundary ll=dn . If we 

assume that the state densities of electrons are the same in the two 

layers, the continuity of Rand dR/dll at the boundary is satisfied: 6 

where 

R(0)COSh(8 1/ 2dn ) = II=Z sn z, 

R(0)81hsinh(81hdn) =j \~_C2 cn z dn z, 

From these equations we have 

The condition of symmetry, dR/dll=O, at ll=ds+dn leads to 

(10) 

(ll ) 

(12) 

(13) 

(14) 

where the right-hand side is equal to the elliptic integral of the first 
kind K(k). From this equation we have 

where 

cn z' 
sn z =~, 

z' = j l;C ds ' 

Substitution of Eq. (15) into Eq. (13) leads to 

(15) 

(16) 
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sn z' (17) 

This is an equation only for c and can be solved numerically. Then, nO 

can be obtained from Eq. (15), and finally R(O) is obtained from Eq. (10). 
Examples of calculated R are shown in Figs. 2(a) and 2(b). 

The condensation energy density F is given by 

_R2 J:.... R4 ( dR )2. 
+ 2 + dn ' 

where Hc is the thermodynamic critical field in the case where the 

proximity effect does not occur. At the center of the superconducting 
layer n=dn+ds ' R takes the maximum value ;r:c and hence, F is minimum: 

(18) 

(19) 

(20) 

If the proximity effect does not occur, this energy density is -1/2. The 
increase in the condensation energy means a reduction in the effective 
thermodynamic critical field resulting in a reduction in the critical 
temperature. If we assume that the state density of electrons at the 
Fermi surface is not influenced appreciably by the proximity effect, the 
resultant critical temperature is proportional to the effective thermo
dynamic critical field. Thus, we have 

(21) 

where TcO is the critical temperature under no influence of the proximity 
effect. 

Elementary Pinning Force 

Elementary pinning force is estimated from a variation in the free 
energy when a fluxoid is virtually displaced. Here, we assume for 
simplicity an idealized situation shown in Fig. 3(a), where a fluxoid is 
normal to the multilayer. Since the Ginzburg-Landau parameter K in Nb-Ti 
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is very large (K~70); the magnetic field of each fluxoid is remarkably 
overlapped and is fairly uniformly distributed except in the very vicinity 
of the lower critical field. This means that the magnetic interaction is 
negligibly small in the practical field region for high K materials. 
Hence, we concentrate only on the condensation energy interaction. Thus, 
the free energy can be approximated by Eqs. (18) and (19). 10 addition, 
we approximate that R=O in the fluxoid core of diameter 2~. When the 
fluxoid is located at (a) in Fig. 3, its energy per periodic length 
2(dn+ds ) is given by 

d +d 

G = -2TI~3I n sFdn. 
o 

(22) 

In the superconducting region, (b) in Fig. 3, R in the absence of the 
fluxoid can be approximated by a value <R>s averaged in the superconduct-

ing layer. When the fluxoid exists in this region, the energy increase is 

(23) 

Hence, the variation in the energy during the displacement of the fluxoid 
from (a) to (b) in Fig. 3 is obtained. We note that the edge of the 
normal layer works as a pinning center. Taking account of an overlap of 
normal cores at high fields, the elementary pinning force of the normal 
layer is approximately estimated from 

TI G'-G B 
f =""4 o--c(1--B-)' (24) 

p s c2 

In the idealized situation where the proximity effect does not occur, the 
elementary pinning force is reduced to 

f =~]J H2~2d (1 __ B_) == fpO' (25) 
p 4 0 c n Bc2 

Figure 4 shows a variation in fp/fpO when the thicknesses are reduced with 
keeping the ratio dn/ds=O.25. 

In the practical geometry, the normal layers are not always perpen
dicular to the fluxoids. This means that the interaction volume is larger 
than 2TI~3dn in the above estimate in the simple case. The mean value of 
the volume overlapping between the fluxoid and the normal layer with a 
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width w~ is approximately estimated as 

where s is a deviation angle and sc=cos-1(2/w). Thus, the expected 

elementary pinning force is given by afp . Typically, a=2.98 for w=30. 

Critical Current Density 

(26) 

In practical multifilamentary Nb-Ti wires, a-Ti ribbons are deformed 
and their edges, strong pinning points, distribute fairly randomly. 
Hence, the net force on fluxoids is considered to be given by a statisti
cal summation of randomly directed individual pinning forces. For very 
strongly pinned materials as commercial Nb-Ti wires, the transverse 

elastic correlation length £66 of the fluxoid lattice is expected7 to be 

less than the fluxoid spacing af and the longitudinal one £44 seems to be 

given by a cut off length 41Taf. This suggests that each fluxoid behaves 

incoherently as in the amorphous state. If we denote the concentration of 
a-Ti ribbons in a transverse cross section of the superconducting filament 
by N, the number of ribbons that interact with the coherent region in a 
single fluxoid core is n=81T~afN. This value varies from 2 to 10 in the 

practical cases. Since n is not large enough, a deviation from the simple 
statistical behavior of Gaussian type is expected. In fact, the numerical 
simulation clarified that the total pinning strength due to randomly 
distributed n pins with the individual strength afp is approximately 

expressed as 1.6no. s6 afp in the range of 2~n~10. The exponent approaches 

asymptotically to 1/2 for large n and to 1 for small n. Thus, the macro
scopic critical current density is obtained: 

J 
c 

where $0 is the flux quantum. 

DISCUSSION 

(27) 

Lee and Larbalestier2 investigated in detail the correlation between 
Jc and the microstructure in Nb-46.5wt%Ti. The critical temperature Tc of 

the same specimens was reported by Meingast et al. 3 Here, we compare the 
present theoretical result with their experimental data. The starting 
specimen was a wire heat-treated after drawing by the true strain of 12 
and had Tc=9.44K. This was drawn up to the strain ranging from 2.38 to 

4.04. The content of a-Ti was kept constant during the drawing and was 

about 20%.2 Hence, we can concentrate ourselves to the case of dn/ds =0.25. 

The average thickness of a-Ti ribbons in fine wires was close to the limit 

of measurement and contained ambiguity.2 Hence, we assume the expected 
thickness, represented by the solid line in Fig. 14 in Ref. 2. The upper 
critical field of these specimens was about 10.3T and we have ~=5.66nm. 
The starting specimen is also influenced by the proximity effect from a-Ti 
precipitates and we assume that the maximum Tc ' 9.50K, for TcO. The 
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obtained theoretical result on the critical temperature is compared with 
the experimental data in Fig. 5. Both critical temperatures decrease 
monotonically with decreasing thicknesses. The observed Tc agrees with 

the calculated result with 8=1.4 for dn>O.l. For dn<O.l, however, the 

observed Tc drops sharply with decreasing thicknesses. The cause of this 

deviation is discussed below. 
If a-Ti phase is dirty, its coherence length is given by8 

(28) 

where kB the Boltzmann constant, Pn the normal resistivity, and Yv the 

electronic volume specific heat coefficient in SI units. Substitution of 

Pn~4.0x10-8nm for Ti-1at%Nb9 and yv~318J/m3K2 for pure Ti10 leads to 

~n=23.6nm. From an inverse proportionality between the electron mean free 

path £ and Pn for Ti-Nb alloys,ll we expect £~lOnm. This value is much 

larger than the thickness of a-Ti ribbons(0.9~2.1nm) and is sufficiently 
samller than ~n' Hence, the required conditions are fulfilled. If the 

effective mass of electron is the same between a-Ti and S-phase, we have 
8=(U~n)2=0.06. The value of 8 obtained from the comparison on Tc is 

fairly larger than this. This may be attributed to the neglect of higher 
order term in the right-hand side of Eq. (3). That is, the effective 
value of an is given by an+snl~nI2/2, where ~n is the induced order 

parameter in the normal layers. Thus, the effective 8 is given by 8'=8+ 
snl~nI2/2Ial. If we assume that Sn in a-Ti phase is comparable to S in 

the matrix, the second term is of order unity under a significant prox
imity effect and the large 8 value obtained from comparison of Tc seems 
to be reasonable. 

Calculated critical current density at B=5T (af=21.9nm) is compared 

with the experimental results in Fi~. 6, where we used a=2.98 and 
apprcximated as N=1/10wdn~2~1/350dn ~2 from the results in Ref. 4. A 

factor of 0.63 is multiplied to the calculated J c ' The calculated J c 
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increases monotonically, while the observed J c increases at first and 

then decreases sharply, according to a reduction of layer thicknesses. 
This deviation at small dn is considered to be associated with the 

deviation in Tc. The quantitative difference by a factor 0.63 between the 

theoretical and experimental results seems to originate from the simplifi
ed treatment in this paper. 

The increase in the critical current density mainly comes from the 
proximity effect as can be seen from Fig. 4. That is, since the order 
parameter induced in the normal layers causes an increase in the energy, 
its reduction by the existence of normal core is favorable, resulting in a 
stronger attractive pinning. Increase in the pin concentration by 
reduction of the wire diameter is not so significant as expected in Ref. 2. 
This comes from the statistical property. The increase in the number n is 
almost cancelled out by the decrease in fp proportional to dn (we note 

ncx:1/d~). 

The degradation in J c in Fig. 6 for small dn value seems to be 

connected to the sudden drop of Tc shown in Fig. 4. Lee and Larbalestier2 

argued that the sausaging of filaments in the wire caused the decrease in 
J c . However, the sudden drop of Tc cannot be explained by the mechanism 

of sausaging. Hence, some variation in microstructures in the wire is 
considered to affect the both degradations. For example, the heavy 
drawing may bring about a constriction of superconducting layers. If the 
thickness of the superconducting layers becomes relatively smaller, a 
significant reduction in the order parameter in these layers occurs. 
In fact, the critical current density decreases notably according to a 
reduction in the thickness of superconducting layers, as shown in Fig. 6. 
The decrease in Tc can also be explained qualitatively by assuming the 

constriction of superconducting layers. Such a constriction may be 
induced by sausaging of filaments. 

The above agreement suggests a necessity of development of drawing 
technology that does not disorder the laminar structure inside the 
filament. If this is achieved, a further increase in J c by reduction of 

wire diameter will be realized, as by the solid lines in Fig. 6. 
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THE TRANSITION TO THE NORMAL STATE 

OF A STABILIZED COMPOSITE SUPERCONDUCTOR 

ABSTRACT 

O. Christianson and R. W. Boom 

Applied Superconductivity Center, University of Wisconsin 
Madison, WI 53706 

The transition to the normal state of a stabilized composite 
superconductor, induced by applying a thermal pulse directly to the 
superconductor, is studied experimentally. The conductor is configured 
such that heat transport is one dimensional and current diffusion times 
are lengthened enabling measurement. The transport current capacity, 
transport current distribution, time of the normal transition after 
application of a thermal pulse, and recovery currents for transport 
currents exceeding the critical current of the superconductor are 
measured and explained. 

INTRODUCTION 

As large c1y~stabilized superconductors are designed for eventual 
commercial use, ' it is important to understand the physical processes 
and their interrelationships affecting the stability of stabilized 
superconductors. In this experiment the transition from the 
super conducting state to the normal state is measured and explained. 
This experiment is part of a larger study on the effects 05 current 
diffusion on the stability of a stabilized superconductor. Measurements 
are made upon a uniquely configured con~uctor, see figure one, such that 
current diffusion times are lengthened, and the heat transport is one 
dimensional._4The conductor is a NbTi rectangular superconductor 0.1 cm 
wide, 2 x 10 m thick, metallurgically bonded to a 75 residual 
resi~!ivity ratio (RRR) copper tab which is soldered to a 2 cm wide, 2.54 
x 10 m thick 200 RRR copper stabilizer. The electr~9~1 resistance 
between the superconducjor and copper tab is 3.1 x 10 ~-m' (using the 
current transfer method7 ), and, using the Lorentz ratio, the thermal 
resistance is 4.7 x 10- m'K/W. Cooling is provided by soldering the 
stabilizer to a vertical, vacuum tight U shaped tube containing LHe at 
atmospheric pressure. This configuration results in nat~ral convective 
cooling with the heat transfer being q=h6T where h is 10 W/m'K and 6T 
is the temperature of the stabilizer above the bath temperature. 

RECOVERY CURRENT 

The conductor exhibits typical V-I characteristics5 with a critical 
current, Ic' of 270 A, and a steady-state or transient recovery current, 
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1 , of 195 A. For total recovery to occur after the'critical current is 
e~ceeded or after application of a thermal pulse, the power generated in 
the superconductor during current sharing must be less than the heat flux 
out of the superconductor. The heat flux out of the superconductor for a 
given current carrying capacity is found from the steady-state heat 
conduction equation, the one dimensional Poisson equation, 

d(kdT/dx)/dx + ql II = 0 (1) 

where T is the temperature, k is thermal conductivity, and qll I is the 
uniform volumetric heat generation equivalent to integrating over the 
temperature distribution. Because the thermal conductivity of the copper 
is large, the temperature difference across the stabilizer is small and 
is neglected. The heat conducted out of the superconductor is 

(2) 

where A is the heat transfer area to the copper stabilizer, T is the 
temperature on the outer edge of the superconductor, w is themwidth of 
the superconductor, and Tb is the bath temperature. 

The current carrying capacity, 1 ,is calculated from the 
temperature distribut~on. The critic~r current density is approximately 
linear in temperature 

j (T) = j b [(T -T)/(T -Tb )], 
c c c c 

where j b is the critical current density at the bath temperature and T 
is the 8ritical temperature of the superconductor. The current carryin~ 
capacity, for constant k and qll I, is 

1 = (1 bitT -Tb))[T -Tb-(2/3)(ql"w2/2k)]. cc c c c 

The average temperature of the superconductor is 

Rearranging Eq. 2 and 4 gives 

Figure 1. 
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Figure 2. Generated power in the superconductor at 
several transport currents and cooling curves. 

(6) 

The heat conducted away from the superconductor for a given current 
carrying capacity with a constant thermal conductivity is 

(7) 

The power generated during current sharing must be less than the 
heat flux out of the superconductor for recovery to proceed. The 
generated power is 

q = V • I = (I - I ) I R t cc cc 
(8) 

where V is the voltage along the conductor multipied by the current in 
the stabilizer, 1t-1 ,with ~t being the transport current. The 
condition for total f£covery lS 

I (1t-1 )R < (2kA/w)(3/2)(T -Tb ) (I -I )/1. cc cc c c cc c 

The generated power of several transport currents is graphed versus 
the current in the superconductor in figure two. The generated power is 
offset from zero due to joule heating at the contact between the current 
leads and the sample. Also graphed is the heat conducted out of the 
superconductor for a particular current carrying capacity for a constant 
thermal conductivity, an average thermal conductivity over the 
temperature distribution in the superconductor, and a temperature 
dependent thermal conductivity (solved numerically). For transport 
currents below 195 A, the recovery current,. the generated power is less 
than the cooling and recovery proceeds. For currents greater than 195 A 
partial recovery occurs to the point of the intersection of the power 
generated curve and the cooling curve. For 208 A the superconductor 
should recover to 122 A and a temperature of 6.8 K. It is found 
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experimentally that the superconductor recovers to 128 A, and 
thermocouple measurement gives a temperature of 6.6 K in good agreement 
with predictions. 

TRANSITION TO THE NORMAL STATE 

The transition to the normal state is initiated by two heaters, one 
on each face of the superconductor. A heater power of 8W is used to 
induce a transition to the normal state. The transition times for 
different transport currents are graphed in figure three, with times 
ranging from 0.5 milliseconds at currents greater than 100 A to 6 
milliseconds for a transport current of 32 A. The transition to the 
normal state occurs when the current carrying capacity decreases below 
the transport current after application of a thermal pulse. The one 
dimensional temperature distribution is calculated from 

3((k/C)3T/3x)/3x+ql"/C = 3T/dt (10) 

where C is the specific heat7 and the volumetric heat generation, qll I, 
is localized to a central region of the superconductor. The equation is 
solved by a finite difference routine, and temperatures are plotted in 
figure four. The current carrying capacity is calculated from this 
temperature distribution and the results are graphed on figure three. 
For transport currents less than 100 A the transition time at a given 
transport current agrees with the calculated current carrying capacity. 
As the transport current is increased above 100 A, the transition time 
does not decrease. The heaters are placed on the center of the face of 
the superconductor. Above 100 A, the current distribution extends into 
the superconductor beyond the heaters. As heat is applied, current 
beyond the heater is free to migrate to unoccupied, cooler regions of the 
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1=192 A 

5 10 15 20 25 
TIME AFTER THERMAL DISTURBANCE (MSEC) 

Voltages after an 8W thermal pulse from which the 
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superconductor. The current close to the stabilizer does not migrate but 
remains constant. The normal transition occurs when the current carrying 
capacity decreases below the transport current in the region between the 
heater and stabilizer and is approximately independent of the transport 
current above 100 A. 

CURRENT MIGRATION WITHIN AND OUT OF THE SUPERCONDUCTOR 

The transition of the superconductor to the resistive normal state 
causes the transport current to exit from the superconductor into a small 
region of the stabilizer adjacent to the superconductor. This 
redistribution of current produces an inductive voltage, see figure five, 
which is related to the changing vector potential by 

-v = d(~A • ~)/dt ( 11) 

where ~A=Af(x) - A.(x), ~ is the separation of the voltage taps and f 
and i indicate thelfinal and initial current distribution. The change in 
the vector potential is 

LA = -(1/~) /(v. - v ) dt, exp J \ In 0 
(12 ) 

where V. is the inductive voltage and V is the ohmic voltage (see 
figure 6Re for the placement of the voltRge taps and figure five for 
V. and V). Experimental values of ~A are graphed in figure six. 

In 0 

The change in the vector potential can be calculated from the 
current distribution in the superconductor. The vector potential for a 
current I flowing in the z direction at a position x is 

and 

dA = (~ I/4n) dz/r 
o 

A = (~ 1/4".) In (HI~2+x2)/(_H/9/+x2) 
o 

(13 ) 

( 14) 

For a given current distribution, the change in the vector potential is 

A = Af - (~o/4n) ~dI(X) In (~+/~2+X2)/(_~+/~2+X2), (15) 

which is evaluated numerica~~y for several current distributions in the 
superconductor: 1) a uniform current across the width of the 
superconductor, 2) a symmetric configuration with current equally 
positioned on each edge, and 3) uniform current penetration into the 
superconductor at j , the critical current density. These values are 
graphed in figure six. Agreement between experimental data and the 
uniform penetration model is best, that is the initial current 
distribution in the superconductor is uniform at the critical current 
density up to a penetration distance given by the transport current. 

An initial inductive voltage before the transition to the normal 
state occurs due to the heaters producing a small, hot region with the 
current within the region being displaced to the edge of the penetration 
of the transport current into the superconductor. In figure seven the 
experimental ~A is graphed versus transport current, as well as 
calculations of the vector potenetial resulting from displacement of a 
15 A normal region being produced by the heaters. This model predicts 
no inductive voltage until 112 A, while measured values are below the 
noise level for currents less than 128 A. The claculated ~A agree with 
the measured values. 
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CONCLUSIONS 

After application of a heater pulse, a normal zone is created at 0.5 
milliseconds. Some current is displaced producing a small inductive 
voltage. As the superconductor warms up, the total current carrying 
capaciity decreases below the transport current inducing a normal 
transition at approximately 1 millisecond. For currents less than 100 A, 
the transition occurs at longer times, 6.3 milliseconds for 32 A. The 
current exits from the superconductor producing an inductive voltage when 
the transition to the normal state occurs. The current distribution, 
derived from this inductive voltage, within the superconductor is uniform 
at j extending into the superconductor to the value of the transport 
currgnt. The recovery current is determined by the condition that heat 
produced inside the superconductor must be less than the cooling of the 
superconductor, which in this case is limited by the thermal conductivity 
of the superconductor. 
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A STUDY OF QUENCH CURRENT AND STABILITY OF HIGH-CURRENT 

MULTI-STRAND CABLES HAVING A Cu OR A CuNi MATRIX 

ABSTRACT 

G.B.J. Mulder, H.J.G. Krooshoop, A. N~huis, 

H.H.J. ten Kate and L.J.M. van de Klundert, 

Applied Superconductivity Centre 
University of Twente 
Enschede, The Netherlands 

This paper discusses the experimental results concerning maximum 
current and stability of two braided superconducting cables. The expected 
critical current of both conductors is 95 kA under self field conditions, 
at 4.2 K. An essential difference is that one of these conductors has a 
pure CuNi matrix, the other a Cu matrix. The maximum current of the cables 
was measured as a function of the temperature and the ramp rate of the 
current. We observed a remarkable decrease of the current-carrying capacity 
with increasing current rate in both cables, independent of the matrix 
material. Furthermore, the stability of the cables was investigated. 

INTRODUCTION 

Recently, a research programme was started in Twente to study super
conducting cables that can be used in superconducting switches for currents 
from 50 kA up to 200 kA. The goal is to develop such cables and eventually 
apply them in the switches of high-current superconducting rectifiers. An 
important consequence of using conductors for switching purposes is that 
the matrix must have a high resistivity, otherwise it is not possible to 
attain the desired open state resistance of the switch with an acceptable 
length of conductor. This means that switch conductors are always poorly 
stabilized, usually having a matrix of CuNi or no matrix at all. 

In many switches, constructed over the years in our laboratory, it was 
observed that reliable operation is only possible at currents far below the 
critical current. This undesirable phenomenon seems to grow worse as the 
current level increases. It is in fact the main problem that has to be 
solved in high-current cables for switching purposes. In order to determine 
the role the matrix material in this deterioration of the current-carrying 
capacity we compared the results of two cables, one with CuNi matrix, the 
other with Cu matrix. Obviously, the latter cable is unsuitable for super
conducting switches. Our experiments were twofold. On the one hand, the 
quench current of each cable was measured as a function of parameters such 
as the temperature and the ramp rate of the current. On the other hand, the 
stability margin was determined, by measuring the response of the cable to 
a local heat input in one of the strands. 
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Table 1. Specifications of the two cables 

strand: materials 
diameter 
filaments 
matrix/sc. 
twist pitch 
insulation 
manufacturer 

sub-cable: shape 

cable: 

core 
twist pitch 
type 
size 
sc. strands 
braid pitch 
NbTi surface 

THE TESTED CABLES 

1 

NbTi in CuNi 
0.275 mm 
576 
1. 10 
12.5 mm 
none 
MCA 
6 strands around core 
nichrome dummy wire 
20 mm 
round braided 
'" 38 x 6 mm2 

2x24x3x6 = 864 
300 mm 
24.4 mm2 

Cable 2 

NbTi in Cu 
0.255 mm 
367 
1. 25 
12.5 mm 
none 
MCA 
6 strands around core 
one strand 
20 mm 
round braided 
'" 35 x 5 mm2 

2x24x3x7 = 1008 
300 mm 
22.7 mm2 

The parameters of the two investigated cables are summarized in Table 1. 
Except for the matrix material they are quite similar. From the measured 
critical current of one strand, we calculated a critical current of 95 kA 
for both cables, under self field conditions, at 4.2 K. Both cables were 
braided from 144 "six-around-one" sub-cables. In the CuNi sample the core 
of each sub-cable is non-superconducting so the total number of strands 
amounts to 864, contrary to the 1008 strands in the Cu sample. 

A few remarks can be made about the switch cable: 

Superconducting switches mostly find their application in a relatively 
low background magnetic field. The self magnetic field of the cable is 
1.7 T at 100 kA. In other words, the self field is usually dominant. 
Therefore the quench current under self field conditions is of main 
interest to us. 

- In order to obtain switch conductors for several kA, multi-strand cables 
are required instead of monolithic conductors. This is a consequence of 
the self field stability that limits the usable diameter of a conductor 
to less than about 0.3 mm in the case of a CuNi matrix. In our samples 
the strands have a diameter of 0.25 mm, which means that they operate 
close to the limit predicted by the theory of self field stability_ 

- The cable is braided. The advantage of such a type of cable is that it 
can be bent easily, allowing a compact construction of the switch. 
Although the strands are uninsulated, their mutual electrical contact is 
poor. Therefore, the current in a strand can only be redistributed to the 
other strands via a soldered section of the cable, for example in the 
electrical joint. 

THE TEST SET-UP 

The experimental arrangement that was used to perform measurements in 
the range of 50 to 200 kA is described extensively in ref. 1. Essentially, 
it is a superconducting transformer where the secondary part consists of 
one short-circuited turn of the cable under test. Due to a large number of 
primary turns, a relatively small primary current is sufficient to induce 
the required transport current through the cable. The amplification factor 
of our transformer is 2300. 
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Fig. 1. Lay-out of the samples, showing the conductor, the electrical joint 
and the heater. The diameter is 0.28 m. 

Figure 1 shows the lay-out of our samples. A length of 30 cm is used 
for the electrical connection. The remaining length, of about 60 cm, can 
partly be warmed up by means of a heater. The heatable sections are 13 and 
21 cm long for samples 1 and 2 respectively. A few small heaters were fixed 
on the cable in order to enable stability measurements. The Hall sensor, 
shown in Fig. 1 in the center of the transformer, is used to determine the 
transport current in the sample. A Rogowski coil is included to check the 
current measurements. 

RESULTS OF QUENCH CURRENT MEASUREMENTS 

All quench currents were measured using a linear ramp current in the 
primary coil. The induced transport current through the sample also 
increases at a constant rate, because the measuring time is much shorter 
than the decay time of the secondary current. The decay time constants of 
the secondary circuit are over 5000 s, corresponding with joint resistances 
of less than 0.1 nfl. 

Maximum current as a function of temperature 

The heater was used to raise the temperature T of the conductor and 
thus determine the maximum current Imax as a function of T. Figures 2 and 3 
show the results. During the experiments it became clear that the CuNi 
sample suffers from training and the reproducibility of the measurements 
above 50 kA is poor, see the spread in the results in Fig. 2. This is an 
indication of the extreme sensitivity of conductors having a pure CuNi 
matrix to thermal disturbances, for example initiated by wire motion or 
epoxy cracking~,3 

In figures 2 and 3, the flat part of the curves below 5.5 K in the 
case of CuNi and below 5.0 K in the case of Cu is remarkable. It seems here 
that Imax does not depend on the temperature, which is actually not true. 
The flat part is caused by the electrical joint which has a lower maximum 
current than the rest of the sample. This was checked for the Cu sample by 
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Fig. 2. Maximum current versus temperature for the CuNi cable; measured at 
different values of dIs/dt. 

reducing the bath temperature to 3.1 K and repeating the measurements above 
4.2 K by means of the heater. By so doing, enhanced values of lmax were 
obtained at temperatures between 4.2 and 5.0 K. The flat part of the curves 
dissapears and instead we obtain the dashed lines indicated in Fig. 2. 

The solid lines in figures 2 and 3 represent the critical currents for 
the cables as estimated from experimental data of the strands. Apparently, 
both of the cables can operate at currents close to the critical current 
provided : 

1) the rate at which the current increases is sufficiently low, i.e. less 
than about 200 A/s, 

2) the quench current of the Joint section is sufficiently high, 

3) there are no premature quenches due to instabilities, i.e. the current 
in the cable with CuNi matrix should not exceed 50 kA. 
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Fig. 3. Maximum current versus temperature for the Cu cable; measured at 
different values of dIs/dt. The dashed curves correspond with 
measurements where the joint was cooled to 3.1 K. 
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Imax versus current rate 
for the GuNi cable at 4.2 K. 

Maximum current as a function of dIs/dt 

100 

-80 
<t 
-" 

C 60 
~ 
~ 

::l 

<J 40 
E 
::l 
E 0g 20 

::;: 

o 

. 
Ox , 

~~ I 
'I< • 

i"*. 

10' 102 103 104 105 

Current rate [A/s} 

Fig. 5. 
Imax versus current rate 
for the Gu cable at 4.2 K. 

An important observation is that Imax depends rather strongly on the 
rate at which the current increases. Figures 4 and 5 show this dependence. 
The current-carrying capacity drops to approximately 50 % of the critical 
current if the rate exceeds 2 kA/s in CuNi cable or 10 kA/s in the Cu cable 
which corresponds with about 2 and 10 A/s per strand. In single strands a 
reduction of the transport current also exists, but this occurs at rates in 
the order of 5 x 104 A/s and can be attributed to a temperature rise of the 
conductor caused by AC losses. In the case of the cables, our thermocouples 
show for the measurements presented in Figs. 4 and 5 that the temperature 
rise is negligible, so the reduction of Imax is definitely not a thermal 
effect. A plausible explanation is that the magnetic field change at the 
cable induces an inhomogenous current distribution in the strands causing 
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one of the strands to quench at an early stage. As will be demonstrated 
later on, a quench in one of the strands can cause a quench of the entire 
cable even if the total current is still far below critical. 

A surprising phenomenon in Fig. 4 is the sharp increase of the quench 
current when dIs/dt exceeds 10 kA/s. A satisfactorily explanation for this 
peculiar behaviour has not yet been found. 

RESULTS OF STABILITY MEASUREMENTS 

A measure for the stability is the so-called stability margin, i.e. 
the amount of heat that can be dissipated locally in the conductor without 
causing a quench. This was measured using the following procedure. At a 
stationary transport current, a pulse with a duration of 1 ms is supplied 
to a small heater, consisting of a thin manganine wire wound around one of 
the strands over a length of 2 mm. After supplying the heat pulse, there 
are three possibilities: 

1) the heat pulse is too small to create a minimum propagating zone, 

2) one strand quenches and its current is commutated to the other strands 
but the cable remains superconducting, 

3) the entire cable quenches. 

A Rogowski coil around the cable can be used to distinguish between these 
three cases, although the difference between cases 1 and 2 is sometimes 
difficult to detect. In case 2, the Rogowski voltage shows a small peak, 
corresponding with a few amperes current reduction during the process of 
current redistribution. By repeating the experiment for several combina
tions of current and heat pulse energy, it is possible to construct the 
stability plots such as Figs. 6, 7, 8 and 9. 

Quench sensitivity of the cable 

Figures 6 and 7 present the stability results for the cables. Clearly, 
the stability margin of the Cu cable is much larger than that of the CuNi 
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cable. The figures show that the difference is at least a factor of 10. For 
both cables, a remarkable phenomenon is observed. Above a certain value of 
the transport current there is a transition where the stability margin 
shows a sudden decrease by a factor of roughly 100. This happens at 27 kA 
for the cable with CuNi matrix and at 35 kA for the cable with Cu matrix. 

The phenomenon can be explained as follows. A relatively small energy 
is sufficient to create a normal spot in just one of the strands, in which 
case its current will be transferred to the other strands. A calculation 
shows that almost 50 % of the current is transferred to each of the two 
neighbouring strands~,5 Jt should be noted that the redistribution involves 
large values of dI/dt and dB/dt since the whole process takes place within 
100 ~s for the CuNi cable and within 3 ms for the Cu cable. Depending on 
the current that was already present, the neighbours will or will not be 
capable of taking over the surplus current. Above a certain value of Is' 
the surplus current cannot be taken over so the redistribution initiates a 
run-away effect driving the entire cable to the normal state. However, for 
lower values of Is the redistribution takes place safely. In the latter 
case the stability margin is much larger because to quench the cable a 
thermal disturbance is necessary that creates normal spots in several 
strands simultaneously. 

Quench sensitivity of the sub-cable 

In a separate test arrangement we measured the stability of the sub
cables with CuNi and Cu matrix, see figures 8 and 9. These results have the 
same qualitative behaviour as the results of the full-size cables. Again, 
the difference between the stability margins of the two samples is at least 
a factor of 10. Here, it was actually possible to determine the region in 
the stability plot where current redistribution over the strands occurs 
without causing a quench of the sub-cable. 

In the above experiments, a heater pulse duration of 1 ms was used. It 
appeared that a reduction of the pulse duration had no influence on the 
results. Below 1 ms, only the energy of the pulse is of importance. The 
Rogowski voltage shows that the redistribution takes place within 100 ~s 
and 3 ms in the cases of CuNi and Cu respectively. If a heat pulse is 
supplied that is just sufficient to quench one strand, the peak of the 
Rogowski voltage, i.e. the quench, starts a few ms after the pulse. 

CONCLUSIONS 

Two cables having CuNi and Cu matrices were tested up to their maximum 
currents of 81 and 90 kA respectively. The cable with the CuNi matrix is 
typically suited for application in superconducting switches, due to its 
high resistance in the normal state. A serious disadvantage of the CuNi 
matrix is that the stability margin is at least ten times smaller than in a 
similar cable having a Cu matrix. Therefore, it is extremely sensitive to 
thermal disturbances, resulting in unreliable operation above 50 kA. 

The experiments show the importance of making adequate electrical 
joints in such types of high-current cables. In our samples the electrical 
joints have resistances below 0.1 nQ, which can be considered as of good 
quality, but nevertheless the quench current of the joint section proved to 
be significantly lower than the quench current of the conductor itself. 

The multi-strand cables consist of numerous parallel strands that are 
electrically more or less insulated. Such a cable concept has an important 
consequence. If one of the strands quenches at an early stage, for example 
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due to an inhomogeneous distribution of the currents or to a thermal 
disturbance, the current in this strand will be transferred to the other 
strands which can cause a quench of the entire cable. This partly explains 
two remarkable phenomena observed for both cables : 

1) a drastic reduction of the maximum current with increasing values of the 
current rate, 

2) a sudden decrease of the stability margin by approximately two orders of 
magnitude at about 30 % of the maximum current. 
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RESTRICTED, NOVEL HEAT TREATMENTS FOR OBTAINING HIGH 

Jc IN Nb46.5wt%Ti 
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Applied Superconductivity Center, University of Wisconsin 

Madison, WI 53706 

ABSTRACT 

The effect of greatly restricting heat treatment time and temperature, as well as the strain 
space between heat treatments was investigated for a high homogeneity Nb46.5wt% composite. The 
number of heat treatments was 3 or 6. It was found that the crucial heat treatment was the final 
one and that the initial ones could be considerably restricted. A strong linear relationship was found 
between Jc (5T, 8T) and the % Q:-Ti for Jc (5T) values ranging from ~ 950-3050 A/mm2 and Q:-Ti 
contents ranging from 2.5 to 21 vol%. 

INTRODUCTION 

The fabrication process for a high Jc Nb-Ti superconductor is illustrated in Figure 1 in terms 
of cold work strain. Strain will be defined here in terms of true strain, t = In (Ao/A), where Ao and 
A are the original last recrystallization and final cross-sectional areas of the Nb-Ti alloy. A cold work 
prest rain, tp, of approximately 5 is required before the first heat treatment of Nb-46.5wt%Ti alloy to 
ensure precipitation of Q:-Ti at ,B-Nb-Ti triple points. The exact prestrain depends on heat treatment 
temperature, alloy composition and alloy homogeneity.! Additional heat treatments are applied at 
strain intervals of 1.15; these heat treatments increase the amount of Q:-Ti and improve the uniformity 
of the microstructure.2 Increasing the number of heat treatments and their duration increases the Jc 

and the quantity of precipitate.3 ,4 After final heat treatment a large final drawing strain is applied. 
This strain distorts the Q:-Ti precipitates into a densely folded array of ribbons typically 1-2 nm thick, 
4-8 nm apart. The final strain ranges from 4-5 with the higher strains being required to optimize 
composites having longer and/or higher temperature heat treatments (and higher peak Jc ).3 

In practice the total strain available for these operations is limited and is reduced by any 
warm or hot working process that reduces the stored work.5 As normal commercial practice involves 
at least one warm extrusion using temperatures above 500°C, the loss in available strain space may 
be considerable. Methods of more fully utilizing the strain space include using hydrostatic extrusion 
in place of extrusion6 or using NbTi rod annealed at a larger size. An alternative approach is to 
reduce the strain space between heat treatments. This experiment compares schedules using 3 heat 
treatments (HT) with one using 6 HT within a total heat treatment strain space of 3.4. 

The duration of heat treatment is normally kept the same throughout the process and is 
typically 40 hrs or 80 hrs. Previous monofilament studies have shown that 80 hrs is superior to 40 hrs 
and that 160 hrs may also offer improved ultimate Jc .3 Long heat treatments such as these, however, 
require excessive furnace time and may result in deleterious intermetallic formation at the filament 
surface if no diffusion barrier or one of insufficient thickness is used. Examining the amounts of Q:-Ti 
produced in previous heat treatment studies1,2 there seems little advantage in using long initial heat 
treatments. For example, 10 hrs at 405°C produced 9 volume % Q:-Ti2 , whereas 80 hrs at 420°C 
produced only 11 volume % Q:-Ti at the first H.T.! Accordingly the principal thrust of the present 
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work was to understand how the initial heat treatment(s) could be minimized, without unacceptably 
degrading the final Je . The lowest heat treatment time and temperature used was 3 hrs at 300°C; this 
heat treatment, often used as a Cu anneal, has been found to only produce a thin grain boundary film 
of a-Ti in Nb-46.5wt%Ti.7 The grain boundary film, typically less than 4 nm thick, is also produced 
at the higher temperature heat treatments.8 By using a heat treatment of 3 hrs at 300°C in some 
schedules, the role of the grain boundary film in terms of triple-point a-Ti precipitate nucleation and 
microstructural refinement could be examined. Previous work suggested that considerable precipitate 
coarsening occurs in later heat treatments. If heat treatment times are minimized, a reduction in 
precipitate size would be expected. Monofilament studies have shown that long heat treatment times 
result in longer final strains being required for peak Je •3 If this is a consequence ofthe larger precipitate 
size at final HT size, then it might be speculated that EJ can be reduced by minimizing heat treatment 
time. 

EXPERIMENTAL DESIGN 

Monofilament Manufacture 

A Nb-diffusion barrier-clad high homogeneity grade monofilament was used throughout. The 
clad rod was supplied by Teledyne Wah Chang Albany at a size of 7.11 mm diameter with a total 
prestrain of 6.37. The heat treatment schedules are given in Table 1. The 3 heat treatment material 
received heat treatments at strain intervals of 1.39 (6 standard die passes) and the six heat treatment 
material at strain intervals of 0.682 (3 standard die passes). For direct comparison of wires, the 6 heat 
treatment series was given its first heat treatment at a prestrain of 6.37, compared with 7.00 for the 
3 heat treatment series. The last heat treatment for both wires was thus applied at a total strain of 
9.78. 

Microstructural and Microanalytical Characterization 

The local chemistry of the Nb-Ti billets was characterized on slices cut from the 5 3/4" 
diameter ingots using an ARL EMX 30 microprobe at 20 kV. Grain size was measured from polished 
and etched metallographic cross sections. 

Transmission electron microscopy was performed on transverse cross-sections of the wires 
after final heat treatment in order to determine the quantity and size of the a-Ti produced. The a-Ti 
precipitates were identified by atomic number contrast. The atomic number contrast was enhanced 
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Table 1: Heat Treatment Schedules for Monofilament Wires 

Wire Heat Treatment 
Designation (hrs and ·)C 

Total Strain 
6.37 7.00 7.70 8.39 9.09 9.78 

UW210A 6h(405·C 6h(405·C 6h/405·C 20h/420·C 40h/420·C 80h/420·C 
UW220A 3h/405·C 3h/405·C 3h/405·C 20h/420·C 40h/420·C 80h/420·C 
UW250A 3h/300·C 3h/300·C 3h/300·C 3h/300·C 3h/300·C 3h/300·C 
UW260A 3h/300·C 3h/300·C 3h/300·C 3h/300·C 3h/300·C 80h/420·C 
UW270A 3h/300·C 3h/300·C 3h/300·C 20h/420·C 40h/420·C 80h/420·C 
UW210B 6h/405·C 20h/420·C 80h/420·C 
UW220B 3h/405·C 20h/420·C 80h/420·C 
UW230B 6h/375·C 20h/405·C 80h/420·C 
UW240B 6h/375·C 20h/405·C 80h/405·C 
UW250B 3h/300·C 3h/300·C 3h/300·C 
UW260B 3h/300·C 3h/300·C 80h/420·C 
UW270B 3h/300·C 20h/420·C 80h/420·C 

by combining images acquired at different specimen tilts using a Megavision image processor with a 
1024 line x 1024 pixel resolution.9 The same image processor was used to quantify both TEM and 
light microscopy images. In all but two cases, the total TEM image analysis area was 10 /1m2; in the 
other two cases (UW250A and B), a very fine scale precipitation was observed and the image analysis 
area was reduced to 1.8 /1m2. 

Superconducting Critical Current Measurements 

Critical current, Ie, measurements were performed on 0.6 m lengths of wire which were wound 
on barrels mounted coaxially inside the bore of a 12T solenoid. The current was determined at an 
overall wire resistivity of 10-14 Om (Ri 10 /IV m-1). The critical current density, Je, was obtained 
from Ie using Cu:NbTi ratios obtained by weighing wire samples before and after nitric acid removal 
of the copper matrix. 

Table 2 

Peak Je Microstructural Quantification 
Wire 5T 8T a-Ti Quantity Mean Cross- d* 
Designation (fF) (fF) Sectional Area a-Ti 
(Heat Treatment) 

A/mm2 A/mm2 % a-Ti ,8-NbTi nm 
nm2 nm2 

UW210A 3223 1291 21.3 21,050 15,220 164 
(3 x 6h/405·C+ (5.1) (5.6) 
20, 40, 80h/420·C) 
UW210B 2973 1253 20.4 23,630 15,420 174 
(6h/405·C+ (5.6) (5.6) 
20,80h/420·C) 
UW250A 2080 1040 12.8 1,010 4,830 36 
(6 x 3h/300·C) (3.3) (3.3) 
UW250B 942 526 2.6 1,090 5,110 37 
(3 x 3h/300·C) _(4.2) (3.3) 
UW260A 2973 1237 20.4 18,550 28,060 154 
(5 x 3h/300·C+ (5.1) (5.1) 
80h/420·C) 
UW260B 3044 1280 20.9 38,870 44,480 223 
(2 x 3h/300·C+ (5.6) (5.6) 
80h/420·C) 

d* = mean diameter of a-Ti precipitates assuming circular cross-section 
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Figure 2: Image processed composite TEM micrograph of a transverse cross-section of wire UW250B 
after three heat treatments of 3 hrs at 300°C. a-Ti precipitates appear white. 
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Figure 3: Image processed composite TEM micrograph of a transverse cross-section of wire UW260B 
after two heat treatments of 3 hrs at 300°C followed by one heat treatment for 80 hrs at 420°C. a-Ti 
precipitates appear white, 
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Figure 4: Jc versus final cold work strain at 5T and ST, 4.2 K for (a) 6 heat treatment series, and (b) 
three heat treatment series wires. 

RESULTS 

The microprobe analysis performed on samples taken from the 53/4" diameter ingots revealed 
a very high level of chemical homogeneity. Local chemical variations were limited to ± 1/2 wt% over 
a 1 mm scale and ± 1 wt% over 6 mm. The mean transverse cross-sectional area of ,6-NbTi grains 
at 2/3 radius from the center of the billet was found to be 14,200 J.lm2, corresponding to an ASTM 
grain size of 3. 

The results of the microstructural quantification after final heat treatment are given in Table 2. 
The most striking results of the TEM analysis are those involving 3h/300°C heat treatments. For wire 
UW250B, where only three 3h/300°C heat treatments were given, less than 3% of the microstructure 
was Q-Ti. The microstructure was on a very fine scale with a mean transverse cross-sectional ,6-
grain area of only 5,110 nm2 • Most of the Q-Ti occurred at ,6-NbTi grain boundary triple points 
(Figure 2). Comparing UW250B with UW250A (which received six 3h/300°C heat treatments), we 
found a large increase in Q-Ti (12.8% of the cross-section) but the fine ,6-grain and Q-Ti precipitate 
size was essentially identical. In Figure 3 we show the transverse cross-sectional TEM composite 
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micrograph of the UW260B wire after two 3h/30o·C heat treatments, followed by a heat treatment of 
Soh/42o·C. The microstructure was then quite different and more typical of high Je wires after final 
heat treatment.2,4 The grains were much more equiaxed and uniform across the cross-section. The 
.B-NbTi grain size had increased to 44,4S0 nm2 and the a-Ti size to 3S,S70 nm2 with a precipitate 
cross-section of 20.9%. 

In Figure 4(a) and (b) we compare the Je values for the six and three heat treatment series 
respectively. The highest J e was obtained for a six heat treatment composite, UW220A, which achieved 
almost 3500 A/mm2 at 5T and 4.2 K. This wire used three short initial heat treatments (3h/405°C) 
followed by increasingly longer heat treatments (20,4o,SOh/42o·C). Although six heat treatments were 
used, they required the strain space normally used by only four conventional heat treatments and the 
total heat treatment time was only 149 h. Comparing the A and B series, we find that the use of 
additional heat treatments inserted after 3 die passes resulted in a"" 200 A/mm2 increase in Je at 
5T and a 50-100 A/mm2 increase at ST, with the exception of the UW260 series where additional 
3h/300·C heat treatments reduced both the Je at 5T and ST by 71 and 43 A/mm2 respectively. 
Where only 3h/300·C heat treatments were used, the Je values were low, but only one long heat 
treatment after initial 3h/300·C heat treatments was required to increase Je at 5T beyond 3000 
A/mm2 (compare UW250A and UW260A, and UW250B and UW260B). 

DISCUSSION 

It is clear from these results that short low temperature heat treatments are very effective 
prior to long final heat treatments. For six heat treatments, the best initial conditions were 3h/405·C 
and for three heat treatments 6h/375·C. Using restricted initial heat treatments, high Je values could 
be obtained with only three heat treatments [e. g. UW230B, Je (5T) = 3320 A/mm2 , Je (ST) = 1461 
A/mm2]. Comparing the B and A series (3 and 6 heat treatments respectively) we find that applying 
additional heat treatments at intermediate strains in general increases the peak J e values. 

If the original recrystallization anneal .B-NbTi grains were drawn to final heat treatment size 
with only a geometrical reduction in their cross-section, the resulting mean .B-NbTi transverse cross
sectional grain area would be approximately SoO,OoO nm2 • All the .B-NbTi grain sizes found after final 
heat treatment were, however, considerably smaller than this (Table 2). In particular we note that 
even the smallest HT (3 hrs at 300·C in UW250A, UW250B) heat treatments produced a very fine 
grain size ("" 5000 nm2), which are two orders of magnitude smaller than the geometrically expected 
one. Thus we must conclude that the grain boundary film precipitates are very effective in reducing 
the grain size. 

Although 3 x 3h/30o·C heat treatments resulted in only small amounts of precipitation (2.6% 
in UW250B), only one long high temperature final heat treatment of SO hrs at 420·C was required to 
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increase precipitate volume to amounts equivalent to three full heat treatments (UW260B, 21% o<-Ti). 
Thus it appears that the crucial factor in developing high volume fractions of 0<-Ti is the nucleation 
of precipitate, rather than its subsequent growth. 

Finally we present some initial results on the dependence of J c on the % of 0<-Ti. In previous 
papers, we have shown that high J c (e. g. J c > 3000 A/mm2 at 5T) requires of order 20% of 0<-Ti. 2,4 (We 
assume here that the elongated nature of our microstructure makes it reasonable to assume that the 
area fraction of 0<-Ti measured in cross-section is also the volume fraction. In general the aspect ratio of 
the precipitates at final heat treatment size is >~ 5:1 making this a reasonable assumption.) However, 
in a previous study we did not find that raising the % o<-Ti above 20% produced a significant increase 
in transport current density (Jct)4 and we were left to speculate that, although the intrinsic current 
density was still increasing with increasing a-Ti content, sausaging and other filament instabilities 
were limiting Jct .4 Figure 5 shows that over the range ~ 2.5 to ~ 21 cross-section % a-Ti, there 
appears to be a linear relationship to the Jc , the slopes being 123 and 36 A/mm2 per % a-Ti at 5T 
and ST respectively. The non-zero intercepts for zero % a-Ti provided an estimate of the pinning 
contribution of grain boundaries and other lattice defects. This linear dependence of J c on % a-Ti 
again suggests the correctness of assuming that full summation of the elementary pinning force occurs 
in this system and reinforces the need to probe the way in which further increasing the a-Ti content 
can raise Jc . However, Gotoda et alll have found, using small angle neutron scattering measurements 
of the volume fraction at final wire size, that J c is more closely proportional to the two thirds power 
of the a-Ti volume fraction. 

Disappointingly none of the heat treatment variations significantly increased the slope of the 
J c versus strain curves for the high J c (J c , 5T, 4.2 K > 3000 A/mm2) wires. The peak Jc values for 
the high Jc wires occurred at final strains between 5 and 5.6. The higher the peak Jc , however, the 
lower the final strain required to surpass 3000 A/mm2 at 5T; in the case of UW220A and UW240B 
this occurred at a final drawing strain of approximately 4.2. 

SUMMARY 

1. High J c can be obtained within a restricted strain space by introducing additional heat treat
ments inserted after 3 dies. With one exception (UW260A), introducing intermediate heat 
treatments resulted in a ~ 200 A/mm2 increase in peak Jc at 5T and a 50-100 A/mm2 increase 
at ST. 

2. Short low temperature initial HTs are very effective, providing the final HT is long. 

3. Grain boundary a-Ti film nucleation of triple-point a-Ti has a major influence on the final 
quantity of a-Ti obtainable. 

4. Repeated 3h/300°C heat treatments eventually produce triple-point a-Ti. 

5. Precipitates of a-Ti even at very small levels produce very considerable ,8-NbTi grain size re
finement. 

6. 3h/300°C heat treatments show more grain size refinement than conventional heat treatments 
but this increase is lost when a final size long heat treatment is applied. 

7. No significant increase in the slope of the Jc versus final drawing strain curve was obtained and 
all peak Jc values for the high J c wires (Jc > 3000 A/mm2) occurred at final strains between 5 
and 5.6. 
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ABSTRACT 

*All Union Scientific Research Institute of 
Electromechanics 
Moscow, USSR 

**Institute of High Energy Physics, Serpukhov, USSR 

The results of the staged critical current and structure 
determination are given for HT-50 and HT-55 superconductor wire 
specimens subjected to four intermediate anneals at 400°C. After 
the first anneal, Jc of both the alloys grows by more than an 
order of magnitude which is related to an intergranular and, 
in the case of HT-55 alloy, also an intragranular a -phase 
precipitation. Subsequent deformation cycles of thermomechanical 
working (TMW) effect an increaseof Jc, a decrease of a-phase 
and S-matrix subgrain sizes, while intermediate anneals have 
an opposite effect. An increase of Jc is observed at the final 
stage of drawing. The sPScimen2 of HT-50 agd HT- 25 alloys have, 
respectively, Jc = 3.2x10 A/cm and 3.9x10 A/cm in a field 
of ST. The value is shown to depend on the size of s-matrix 
subgrains, the boundaries of which are decorated with 
a -particles. 

INTRODUCTION 

Recent progress in the reproduction technology of super
conductor wires and, in particular, the introduction of a niobium 
diffusion barrier between copper and niobium-titanium alloy 
has lead t02a considerable growth of their current carrying 
capacity" Progressive process developments lead to a 
considerable extension of the temperature range (up to 400°-
450° C) and time (up to 28 h) and to an increase of the n~m~er 
of intermediate anneals in the superconductor production' , 
The correlation between the structural conditions and Jc of 
wires indicates the importance of the S -matrix spbgrain size 
and the amount and morphology of a-precipitates.5 - 8 However, 
those papers do not contain data on structural and Jc variations 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Characteristics of Ht-50 (numerator) and 
HT-55 (denominator) wire specimen 

-----------------------------------------------------------------------------------------------

Condition 
HUlber Jc x 104 Intensitv 

a 2. ---------------~--------
size, na lxd, nl xlOl"c.-~ 5T, A/ci !lOOla (1I01a {ZOOI i3 

i3 ~subgrain a -size, 

-----------------------------------------------------------------------------------------------
Col d Morked pri or 
(CliP) to I-st inter
lediate anneal lIAI 

After interlediate 
anneal (AlA) N 1 

CNP tD 2-no lA 

AlA N 2 

CNP to 3-d III 

AlA N 3 

CNP to 4-th IA 

AlA N 4 

Final Drawing Strain 

E =0.535 

E =1.300 

E =1.970 

E =2.630 

E =3.040 

E=3.800 

lb51173 

190/208 

119/137 

131/140 

80179 

'15/108 

78/53 

108/89 

49xlO 
53x51 

29x5 

10Sx5 
53x6/ 

20x1.5 

41x8 
33x51 

8x5 

112x5 
40x4! 

14x4 

30x7 
52x91 

24x2 

llSx5 
34x41 

25x4 

43x5 
1 27x4 

18x2 

13 
12/ 

46 

11 
2/ 

bO 

12 
24/ 

80 

-/ 
100 

'I 
101 

20 

7 
-I 

20 

16 
I 58 

bO 

67/80 22x4 /23x4 20m 

510/53 19x3.5/20x4 20120 

49/46 Ibx31 8x4 23/25 

39/36 12x2.5/15x3 44/114 

0.2/0.1 0/0 0/0 451b5 

1.917.S* -16 -/5 -/63 

3.7/141 010 1.7/3 41161 

3.0/8.81 1/1.5 1.414 39/41> 

7.B/ll 0/0 2.5/5 45145 

5.817.3 1/0.4 115 31/40 

8.4/14 0/0 3/b 48/63 

4.6/5.8 010.5 3/b 48/41 

-/8.5 -/0 -/4 -176 

12m 0/0 2.5/7 107172 

16/17 010 2.2/5 59/55 

22127 

29/36 

32139 0/0 212 101155 

-----------------------------------------------------------------------------------------------
Note: The a-phase is along the boundaries and within the 

i3 -matrix. 

during wire production. This does not always make it possible 
to purposefully reach the wanted structural condition 
corresponding to the high current carrying capacity of a 
material. This work is a first attempt in this direction. 

INVESTIGATIONS OF SUPERCONDUCTOR WIRES 

Two assemblages in a copper matrix were produced with 
traditional methods of extrusion and cold work of superconductor 
HT-50 (Nb-48 mass % Ti) and HT-55 (Nb-55 mass % Ti) alloys. 
The assemblages consisted of several tens of strands each 
cotaining 55 superconductor filaments. The filaments are 
surrounded with a niobium diffusion barrier that prevents 
interaction between the Nb-Ti alloy and copper during wire 
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production. 1 ,9 Strands were removed from an extruded rod or 
at different stages of wire production in order to measure the 
critical current and perform the needed structural studies. 

Nb-Ti filaments stripped of copper and niobium barrier 
were investigated with an X-ray diffractometer with a continuous 
counter motion using a graphite monochromator at the outlet 
beam of the Cu Ka~radiation. During the analysis the integral 
intensity of the diffraction maxima (100) a, (110)a and (200)S 
was measured from which one judged the amount of the phases 
present. 

The fine structure of the Nb-Ti filaments was studied by 
transmission electron microscopy using light and dark field 
(in a - phase reflections) images and microdiffractions (10). 
The arithmetic mean values of the S-matrix subgrain width were 
determined by the method of secants normal to the drawing axis 
at 30-125 points of measurements. The a -particle size was 
measured with a comparator CTM from the negatives of light and 
dark field images. The critical current was measured at 4.2 
K using an electric field criterion of E = 1 pv/cm. The 
critical current density was determined 8sing only Nb-Ti alloy. 

Different TMW schedules were studied involving variation 
in the number of intermediate anneals (up to 7), the anneal 
temperature (350°_450° C), and duration of the anneal (3-50 
hours). The comprehensive structural investigations were carried 
out for specimens subjected to four intermediate anneals at 
a temperature of 400° C for 24 hours. The results of the staged 
measurements of Jc of HT-50 and HT-55 superconductor specimens 
are tabulated in Table 1. The first intermediate anneal results 
in more than an order of magnitude increase of Jc. The 
subsequent anneals lead to a reduction in Jc as compared to 
worked wires of the same diameter. 

The authors' investigations show that, following an 
intermediate anneal at 400° C for less than 24 hours, one can 
observe Jc (5T) to increase in the HT-55 and HT-50 alloys up 
to and including the third and second intermediate anneals, 
respectively. 

The dependence of Jc on the amount of deformation of an 
annealed specimen is in the form of a curve with a maximum. 
With an increase of the intermediate anneal temperature and 
time, the position of a clearly defined maximum, or a maximum 
in the form of a plateau, shifts to higher deformation regions 
and depends on the schedule of prior TMW. Therefore, although 
the higher cold work assists a more intensive a-phase 
precipitation during the subsequent anneal, the defomation amount 
must not exceed the values corresponding to the position of 
the maximum of the optimized deformation. Such a deformation 
arrangement of intermediate anneals is one of the important 
requisites for production of high Jc superconductor wires. 
In this work the selected deformations following the intermediate 
heat treatment did not exceed the optimized ones. 

The mesured Jc was higher for HT-55 alloy specimens than 
for the HT-50 alloy, the condition of the alloys being similar. 
The most drastic change of Jc with deformation of the specimens 
annealed at 400° C for 24 hours was observed at the final 
deformation afte~ the ~ourth heat treatmegt (Fig. 1). In this 
case Jc = 3.2x10 A/cm and Jc = 3.90x 10 A/cm~ were measured 
in a field of 5T for HT-50 and HT-55 alloys, respectively. 
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Initially as-extruded superconductor wire filaments reveal 
a structure of slightly drawn (l:d=3:1) substrips (groups of 
B~grains) differently oriented to the drawing axis. In the 
inner volumes of15h~ groups the density of the dislocations 
observed is 2xl0 cm 2. The average cross-sectional size of 
the substrips is 500 nm (HT-50) and 600 nm (HT55), but with 
considerable scatter (100-1000 nm). After drawing, the size 
of the -subs trips decreased by a factor of 3 and the specimens 
revealed a clearly defined deformation texture with the direction 
[110 3 along the drawing axis. It corresponds to a Jc of 
2xl0 A/cm 2 . The first intermediate anneal at 400° C for 24 
hours leads to a growth of Jc, the subs trip width, and to both 
preferable inter- and intrasubgranular precipitations of disperse 
a -particles in the HT-55 alloy, while in the HT-50 alloy the 
precipitation is only intersubgranular. The a -phase amount 
in the HT-55 alloy is larger than in the HT-50 alloy. The 
appearance of the a-phase is evidenced by the microdiffraction 
patterns and its reflections (100) a- and (110) a on the X-ray 
patterns (Fig. 2 a.b). 

The drawing at the second stage of TMW again effects a 
reduction in the cross-sectional size of the substrips and 
imparts an elongated shape to the a -particles. In this case 
the X-ray patterns show an oriented arrangement of (110) a
particles_ The anneal again increases the substrip width and 
the amount of the a-phase precipitated (Table 1). The mode 
of the structural changes identified at the subsequent stages 
of TMW is generally retained. If the relation between the 
intensity of (200)6 and the intensity of (100)a or (100)a can 
characterize the content of the a-phase, it follows from the 
data of Table 1 that a significant increase of a-phase is observ
ed after the third and fourth cycle of the TMW. The availability 
of the (100) a-phase in the HT-50 alloy as annealed at 400°C 
for 24 hours is detected up to and including the third anneal, 
while in the HT55 alloy (Table 1). An increase in the average 
cross-sectional size of the subgrains is less significant after 
the third and fourth anneals, since substrips decorated with 
the a -particles do not change their sizes. At the final 
deformation stage (after the fourth anneal), the subgrain cross 
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Fig. 2. Micrographs of filaments after first intermediate 
anneal of: HT-50(aJ-longitudinal section and 
HT-55(bJ-cross section. 

sectional size is reduced, the available a-particles become 
finer and the density of their precipitates increases. It can 
be seen from Fig. 3 that in the case of the HT-50 alloy, where 
a -phase precipitates were detected only at the subgrain 
boundaries, a certain Jc- S -subgrain size relationship is 
observed. In the case of the HT-55 alloy, where at the first 
cycles of TMW thea-phase precipitates were observed both within 
subgrains and along the subgrain boundaries, this S-subgrain 
size dependence is more clearly revealed only at the final stages 
of TMW. If there are also additional a-phase precipitates 
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w'i thin the S-matrix, higher Jc values are noted than for the 
case (as is observed for the HT-50) when a-precipitates are 
only intersubgranular. 

Thus, the results make it possible to conclude that the 
main part in achieving the high Jc values as a result of TMW 
is played by the formed fine cellular substructure of the S -
matrix, the boundaries of which are decorated with finely 
dispersed a-particles that provide for effective pinning of 
Abrikosov vortices. 

CONCLUSIONS 

The comprehensive investigations for the structure and 
critical current density changes at different stages of 
superconductor HT-50 and HT-55 alloy wire production made it 
possible to establish that the main part in achieving high Jc 
is played by the fine cellular structure of the S-matrix 
decorated with finely dispersed a-particles which result from 
multicycle TMW. Thus, in the case of wire specimens having 
superconductor filaments 4-6 mm dia and 55-40 ~m subcells 
critical current densities of 3.2-3.9x10 A/cm (at field of 
5T) were reached for HT-50 and HT-5 alloys, respectively. It 
is possible that with further developments of ~hermomechanical 
working and progressive methods of deformation resulting in 
a finer celular substructure of the s-matrix, higher Jc would 
be attained. 
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INTRODUCTION 

The superconducting behaviour of the conventional Nb-Ti wires is governed by their 
internal microstructure 1,2,3,4,5,6 whereas that of the ultra-fine filaments seems to 
arise from surface pinning at the boundaries between the filaments and the matrix 7. 
Therefore,it is particularly pertinent to examine the effects of the manufacturing process 
both on the internal and on the interfacial structure of the filaments. The authors have 
recently demonstrated that the Alsthom manufactured wires are highly polyphased 6,8 
which can contain among other phases, significant amounts of interfacial intermetallic 
compounds and of internal fl" martensite. 

The aim of the present paper is threefold. Firstly, to supply further evidences of the 
fl" existence at room temperature in this "Nb-46.5 wt% Ti" material. Secondly,to study 
the conditions of formation of the fl" and intermetallic phases. And thirdly,to investigate the 
effects of the thermomechanical fabrication parameters and of a niobium diffusion barrier 
on the microstructure of the strands. 

MATERIALS AND EXPERIMENTAL PROCEDURE 

This study relates to Alsthom multifilamentary composites. These monolithic 
strands consist generally of 104 to 106 filaments which are embedded in a copper-based 
matrix. The filaments arise from Teledyne Wah Chang Albany billets with the Nb-46.5wt% 
Ti (Ti-36.8 at% Nb)standard composition. It is worthwhile to note that the filaments are 
either cladded or not with a niobium diffusion barrier. The manufacturing process is 
composed of a series of hot extrusion and room temperature drawing stages. Moreover,the 
fabrication encompasses some intermediate heat treatments of a few hours at 673 K and 
523 K.lt is worth emphasizing that in order to improve the wires quality,distinct 
fabrication schedules were followed which were differentiated by the possible cladding of 

Advances in Cryogenic Engineering (Materials). Vol. 36 
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Table 1: Heat treatments of some specimens 

sample number filament diameter heat treatment quenching medium 
C\l (11m) (h/K) 

0 22 none none 
1 22 100/573 water 
2 22 500/623 water 
3 22 120/823 water 
4 22 3/1073+500/623 water+water 
5 104 none none 
6 1 6 none none 
7 12.6 none none 
8 11.3 none none 
9 9.9 none none 
10,11,12 0.87 none none 

the filaments by a niobium diffusion barrier,by the extrusion preheating temperature over 
a 50K range and/or by the die-extrusion kinetics over a fivefold increase,by the filament 
twisting path or by the 293K deformation amplitude. The manufactured samples were 
investigated with or without subsequent isothermal heat treatments for up to 500 hours 
over the 573 to 1073K temperature extent. These treatments were given in silica tubes 
sealed under vacuum and finished by a water,nitrogen or helium quenching. Table 1 
specifies the nature of some samples. 

Structure analysis was performed by X-ray diffractometry,X-ray rotating-crystal 
method,optical,scanning backscattered and conventional transmission electron 
microscopies,S.T.E.M. E.D.X. and electron probe microanalysis. It should be noticed that the 
X-ray diffractometer is a very powerful tool which leads to the average volume fractions 
and to accurate lattice parameters measurements of the various phases. This later 
determination arises from a close analysis of the X-ray diffractograms and from the use of 
a high angle extrapolation method. The T.E.M. samples were either thin foils or chemically 
extracted filaments. The thin foils were prepared mainly in the longitudinal direction of the 
wires because of the difficulty encountered for obtaining large transparent areas in the 
transverse section .It worthwhile to note that the only jet-electropolished samples were 
wrapped in a thin matrix layer. In order to perform accurate S.T.E.M. E.D.X. analyses, this 
deposit was subsequently chemically destroyed by a few seconds immersion in 50% dilute 
HN03. 

RESULTS AND DISCUSSION 

The two cases of the a" martensite and of the intermetallic compounds are 
successively displayed. 

an Martensite 

Table 2 arises from a thorough examination of X-ray spectra. It suggests the 
existence of significant volume fractions "f" of an orthorhombic phase with the lattice 
parameters a,b and c in these "Nb-46.5 wt% Ti" samples that had never been at very low 
temperatures close to OK. Similar results obtained in helium-quenched specimens have 
already been published 6,8 ·Moreover,it is worth noting that the study of chemically 
extracted filaments by the rotating-crystal method may ascertain the well-established 
orientation relationship 9,10 : (010] a" 2° from B 1(~1 ~. Furthermore and,as exemplified 
by Fig.1,the existence of a" martensite at room temperature seems to be corroborated in 
transmission electron microscopy which shows possible a" diffraction spots due to thin 
parallel platelets. 
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Table 2: X-ray data for samples that had never been at temperatures close to OK 

sample number a(nm) b(nm) c(nm) b/a f(%) 

0 0.3269 0.4554 0.4624 1.3931 0.25 
1 0.3149 0.4940 0.4644 1.5680 9.10 
2 0.3158 0.4905 0.4655 1.5532 11.2 
3 0.3171 0.4845 0.4650 1.5269 17.3 
4 0.3168 0.4858 0.4663 1.5333 13.6 
5 0.3168 0.4846 0.4654 1.5290 traces 
6 16.9 
7 0.3187 0.4561 0.4672 1.4310 10.1 
8 6.15 
9 3.30 
1 0 0.3155 0.4595 0.4863 1.4584 2.70 
11 0.3147 0.4840 0.4676 1.5380 2.40 
12 0.3140 0.4860 0.4659 1.5477 5.80 

With regard to the influence of the manufacturing process, it is noteworthy,that a" 
formation takes place during the water-quenching of the hot extruded wires. This 
conclusion arises from the following results. The a" volume fraction is doubled by a 50K 
increase of the extrusion temperature. In the same way,Fig-2 shows that ,in water or 
more drastically quenched samples, f grows significantly with the applied tempering 
parameter. On the contrary,the air-cooled composites contain no a".Furthermore,Fig. 3 
indicates that the a" proportion decreases markedly at the beginning of a cold drawing stage 
because of the a" metastability which leads to the a"--> ~ phase reversion. 

All prior results are consistent with the occurrence of an a"-martensitic 
transformation above room temperature in these Ti-36.8 at% Nb mean compositionned
alloys. This observation is a priori astonishing because the linear extrapolation of the 
measured values of Ms obtained with the Ti-Nb alloys at Nb contents lower than 21.7 at% 
leads to a Ti-36.8 at% Nb-Ms estimate close to zero kelvin 11 .This discrepancy seems to 
arise from the uneven alloys chemical composition. The 30nm probe sized investigations 
have assessed the local heterogeneities of composition to at least ±6.6 at% Nb from the 
nominal chemical analysis. It is worthwhile to note that,according to both the later 
measurements and the calculations of the To a-~ equilibrium temperature,the upper bound 
of occurrence of the martensitic form of a : a" ,is close to room temperature in the present 
alloys. Accordingly, the a" lattice parameter measurements (compare for instance Table 1 

a) dark field image b) associated diffraction pattern 
Fig. tT.E.M. aspect of the a" martensite in a fine filamented-wire in its as-manufactured 

state. 
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and FigA of ref.8} are generally consistent with the a" occurrence in the Nb solute lean 
zones. Furthermore,it should be emphasized that the ex" volume fraction grows with the 
tempering parameter. This data suggests that the ex" formation results from the lowering of 
the shear modulus 12 due to the Ti enrichment of the Nb-enriched areas. The efficency of a 
pipe diffusion mechanism is strongly guessed from the effect of the deformation amplitude 
on the heat treatment response. This result is made clear from the present 2 10-13 cm2s1 
estimate of the niobium diffusion coefficient in NbTi at 550°C. As matter of fact, this value 
is about 104 times higher that the intragranular coefficient of diffusion for Nb in a Nb-
46.5 Ti alloy 13. Neglecting the texture effect, f increases markedly with the tempering 
parameter in the samples 0 to 3 which have been previously cold worked with a true strain 
of 8. In contrast, after the same heat treatments, f remains at a trace level in 2.6 true hot 
strained specimens. Otherwise, and in accordance with our former proposal 8, the ex" lattice 
parameter measurements may also locate the ~/ex" phase boundary at a niobium content 
higher than 36.8 at% {53.5 wt%}. 

Intermetallic compounds 

As illustrated by FigA and 5, the existence of large intermetallic compounds at the 
boundary between the filaments and the matrix can be very deleterious for applications 
where fine filaments are required. These particles, wich can be two to three times larger 
than their filament bearer bring about filament necking or breakage as well as proximity 
effects between the filaments. It should be noticed that we have observed a trend towards a 
linear decrease of the resistive transition index with the ratio: largest particle size over 
filament spacing. 

However, it is worth emphasizing that the spatial distribution of the intermetallic 
particles is governed by the composite design as well as by the thermo mechanical 
parameters of the fabrication process. 

It is interesting to note that large intermetallic phases, such as that shown on FigA 
and 5, were observed on niobium-sheathed filaments after a three hot extrusion process. 
For this Cu/Nb/NbTi composite design, the S.T.E.M-E.D.X analyses conclude more 
frequently to a CU3{TixNb1-x} particle composition, which agrees with its previous 
crystallographical identification 6,8 . In a more general way, we have just shown 14 that 
the choice of the materials for the diffusion barrier and the matrix is of prime importance 
as it determines the volume fraction and the chemical composition of the intermetallic 
particles. Returning to the Cu/Nb/NbTi composite case, the overall efficiency of the 
niobium diffusion barrier is proved by the following results. These observations were 
performed on solely hot-extruded wires. Electron probe traces have established that the 
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Fig-4. Impact effect of the intermetallic 
compounds in a composite with 
ultra-fine filaments 

O.5lJm 
I I 

Fig-5. Irregular shape of the 
aggregates of intermetallic 
fragments 

niobium cladding parts the Cu-and Ti-diffusion zones by the barrier thickness. The 
formation of the CUx Tiy particles is therefore delayed . For instance , during the first hot 
extrusion, the intermetallic volume fraction is divided by 6 in a monofilamentary 
specimen wrapped in a 0.9 mm thick niobium barrier. This amazing measurement of a 
7.10-4 volume fraction of intermetallics in this filament-cladded specimen seems to arise 
from the intergranular diffusion of Ti and Cu through the barrier because after a further 
extrusion, the Cu-and Ti-diffusion zones extend respectively only over approximately 12 
micrometers at the 1 atom percent level and 8.5 micrometers. As illustrated by Fig.6, the 
niobium barrier effect is self-evident after subsequent aging treatments for up to 120 h at 
823 K. It should be noticed that such long treatment durations were chosen in order to 
promote the diffusion phenomena while allowing the comparison between the diffusion 
efficiencies respectively of a static aging treatment and of a dynamic hot extrusion. For the 
NbTilCu design,Fig.6a suggests that aging can give rise to at least three concentric 
intermetallic layers at the filaments-matrix boundaries. These various layers were only 
noticed at long aging times. They correspond to the two outermost plateaus of composition 
plus an innermost zone of variable composition which is an interdiffused region of Cu in the 
b.c.c. NbTi solid solution. The outermost intermetallic phase has a composition close to 
CU3{TixNb1-x) whereas the second intermetallic layer formula is of the 
Cu{TiyNb1-y)2_type. These observations must be paralleled with the literature data .In 
aged samples, Larbalestier 15 has recently characterized three distinct layers of 
Cu{TixNb1-x) compounds at the NbTi/Cu interfaces, the microprobe analyses of the two 
outermost phases being respectively Ti2CU7 and (TiO.5NbO.5)CU. Moveover, the CU4Ti , 
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Fig-6. Electron probe trace across a matrix-filament interface in a 

a) Cu/Nb Ti composite reacted 120h/550°C 
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Table 3 Thicknesses of the Ti-and Cu-diffusion zones 

sample nature Ti case (~m) at Cu case (~) at 
the 0.2 at% level the 2 at"10 level 

D.E.S. 5.H 1.5 5.5 
D.E.S+ 8.5± 1.5 5 

(D. E .S+20h/550°C) 10.5± 4.0 25 
(D.E.S+20h/550°C)+ 5.5± 0.5 7.7 

D.E.S.:Double extruded sample +:niobium sheathed filament 

CU3Ti and Ti2CU intermetallic phases compositions have already been identified in 
NbTi/Cu composites 6,8,16,17 .Furthermore, it is worth emphasizing that the 823 K 
kinetics of growth of the three layers taken all together is in perfect agreement with that of 
Larbalestier 15. Based on the elementary x", (Dt) 1/2* relationship, it leads to a 
3.65.10-12 cm2.s-1 D value instead of 1.07.10-12 cm2.s-1 15 However, at a given 
aging time, the three layer thickness is three to five times larger than that measured by 
Larbalestier et al.15 in solely cold drawn specimens. The high magnitude of this 
discrepancy suggests the major influence of the diffusion phenomena during hot extrusion. 
On the contrary, for the NbTi/Nb/Cu composite design, and as displayed by Fig.6b, the 
CuxTiy compounds are scarcely electron probe-detected. Moreover, table 3 ascertains that 
the widths of the Ti-and Cu-diffusion zones are generally significantly reduced with a 
niobium diffusion barrier. It should be noticed that the Cu data takes account only of the 
concentration higher than 2 at % because of the very extensive penetration of the Cu at 
lower concentrations (see Fig.6b). 

Furthermore,as suggested by the previous observations of a diffusion-controled 
intermetallic reaction,and as corroborated by Fig.7,the intermetallic formation is strongly 
temperature dependent. With regard to the manufacturing process,and in accordance with 
numerous results 15,16,18 this means that the reaction occurs the more,the higher the 
extrusion and preheating for extrusion temperatures. This conclusion explains why ,in a 
niobium-coated superconductor the intermetallic volume fraction decreases from 1.15 
10-2to 0.75 10-2 with a 50K reduction of the "extrusion temperature". 
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nm 

Fig-9. Effects of the temperature and of the kinetics of extrusion on the intermetallic 
particle size distribution on niobium-sheathed filaments. 

S.M.P. Standard manufacturing process N.M.P. New manufacturing process 
(standard extrusion temperature - 50°C) 
(low extrusion kinetics) 

Otherwise,Fig. 8 exhibits the dependence of the particle size distribution on the 
extrusion kinetics. It is worth noting that the fivefold increase of the hot deformation 
velocity reduces the interparticle distance (from 3.7 ~m to 2 ~m) and leads to a bimodal 
distribution. These observations arise from the intrinsic brittleness of the inter metallic 
compounds that are the more prone to break, the higher the extrusion kinetics. The study of 
particular matrix compositions suggests that the high frequency of low-sized. particles 
results from the embing of the intermetallic fragments into the filaments rather than from 
the initiation of preferential sites of intermetallic nucleation due to the tearing of the 
diffusion barrier by the intermetallic pieces 14 . 

Moreover, the intermetallic brittleness is also the cause of the decrease of the 
particle size during an isothermal hot deformation and of the evolution of the particle size 
distribution during a cold drawing step(see Fig.9). 

Oh the whole,these results establish that it is of prime importance to limit the 
intermetallic compounds formation for the fine filaments applications. The best way to 
achieve this goal consists of interposing a judiciously chosen diffusion barrier (chemical 
composition and thickness) between the filaments and the matrix. The niobium barrier is 
shown to be rather efficient for the Cu/NbTi superconductor design. Moreover,it seems 
very well suited to look in a more thorough way at the significant effect of the kinetics of 
extrusion bya clear parting between the influences of the extrusion temperature and of the 
hot deformation velocity. I n comparison with the previous fabrication parameters the 
intermetallic breakage during the cold drawing steps seems of secondary importance 
because of the continual increase of the ratio: largest particle size to filament diameter. 

CONCWSION 

The formations of the a" martensite and of the intermetallic compounds are 
controlled by the manufacturing process. 

The a" martensitic reaction occurs during the water-quench of the hot-extruded 
wires. Over the usual extrusion temperature range, the a" amount increases with the 
tempering parameter. These features are explained by the coring of these Nb-46.5 wt% Ti 
alloys and/or by an easier than expected a" occurrence. 

The formation of the electrica,lly and mechanically deleterious intermetallic 
compounds takes place mainly during the pre-extrusion and extrusion step. As illustrated 
for the Cu/NbTi composite design,the most powerful method for limiting the intermetallic 
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content consists of a chemically suited diffusion barrier. Among the other parameters 
(extrusion temperature, hot or cold deformation amplitudes) the extrusion kinetics 
increment exerts a significant and favourable influence because of the breakage of the 
intermetallic particles. 
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NbTI SUPERCONDUCTORS WITH ARTIFICIAL PINNING STRUCTURES 

ABSTRACT 

Leszek R. Motowidlo, Hem C. Kanithi, and Bruce A.Zeitlin 

IGC Advanced Superconductors Inc. 
1875 Thomaston Ave. 
Waterbury, CT, 06704 

A multifilament NbTI superconductor having continuous non-random pinning 
centers has been fabricated by mechanical metallurgy. Specifically, present state of the 
art wire processing was utilized to manufacture a superconductor with controlled, 
uniform, pinning centers and predetermined spacing which match the flux line lattice 
(FLL) continuously. This is accomplished by deSigning the superconductor filaments to 
form continuous pinning centers in layers ( laminar pinning centers) with spacing being 
predetermined and related to the fluxoid lattice. The use of drawing and extrusion 
techniques combined with this design yields a practical superconductor. 
Preliminary current densities at low fields, Significantly higher than in conventionally 
processed superconductors ,have been measured. 

INTRODUCTION 

Type II superconductors such as NbTI are characterized by two critical fields, Hc1 and 
Hc2. Between these two critical fields we have the so called mixed state. The 
superconductive material in this state is now a composite of a triangular array of 
magnetic flux lines of equal spacing. The flux lines themselves are screened from the 
superconductor by circular super currents leaving most of the superconducting material 
free of field. The spacing between the fluxoids is uniquely determined by the applied 
magnetic field. When a current is passed through a type II superconductor in the mixed 
state, the flux lattice experiences a force called the Lorentz force.t 1) This force tries to 
move the flux lines at right angles to both the current and magnetic field. When fluxoids 
move, energy is dissipated and an increase in temperature may ensue which can drive 
the superconductor normal. Fortunately, this motion of flux lines can be impeded or 
stopped by introducing metallurgical defects, such as voids, grain boundaries, alpha-TI 
precipitates, etc. into the material. These normal state defects interact with the FLL to 
effectively pin the fluxoids. Recent developemental work on optimized NbTI has 
recognized that very fine alpha-TI precipitates playa major role in pinning the FLL.t2) 
Improvements in the critical current density have been achieved thus, by combining 
several precipitation heat treatments with large degrees of cold work. Critical current 
densities as high as 3680 A/mm2 at 5T and 4.2K in the optimized material have been 
achieived .t3) Despite the significant achievements in improving the Jc and recognizing 
the role of the alpha -TI as effective flux pinners, further improvements beyond the 4000 
A/mm2 mark is uncertain. The flux line lattice may interact with the optimized 
microstructure more effectively than for example in the standard production wire, but 
the inherent randomness of the alpha-TI clusters will not allow the interaction with the 
FLL in a continuous manner. As a result, there may be regions of superconducting 
material and normal state material interacting with the same flux line. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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FIGURE 1. Schematic of the FIL threading the artificial pimling 
centers continuously. 

In order to maximize the flux pinning characteristics and therefore the critical 
current density. the FLL should interact with the defect structure synchronously and 
continuously. (4) In this paper. we present a superconductor made by a process of 
successively drawing a group of Nb jacketed NbTi filaments until the ratio of core size to 
pinning layer thickness is dimensioned as desired. The objective in the dimensioning is 
to produce a pinning layer spacing comparable to the fluxoid spacing for the desired 
magnetic field strength. and to have the volume of the pinning layer shell approxinlate 
the volume ofthe fluxoids. Ideally. the structure would have a pinning thickness 
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FIGURE 3. A cross section of a 1.8nm1 O.D. 
conductor filament with 5800 
subfilaments. 

FIGURE 4. A cross section of the APe 
with 1250 filaments, at 
fmal size of 0.152mm O.D. 

comparable to the coherence length. (4) In figure 1 , we show a schematic view for the 
normal case of applied magnetic field. The hexagonal flux lines intersect the NbTi/Nb 
composite filaments perpendicularly so that the fluxoids themselves appear as 
transverse lines that distort around the hexagonal composite elements as they thread 
their way, in a continuous path provided by the Nb pinning material, across the 
composite lattice. 

EXPERIMENTAL 

To obtain the dimensions required for the artificial pinning structure, we start with 
a 9.96cm diameter Nb-46.5%Ti rod within a 2.16cm thick Nb jacket. This represents 
equal volume fraction ofNbTi and Nb. The jacketed NbTi rod placed within a 15.56 cm 
O.D. copper billet and processed until it has an outer diameter of 0.1Bcm. The copper is 
then stripped off, leavinll: a 0.17cm diameter subfilament formed of NbTi surrounded 
with a uniform layer of Nb. A second restack billet is then assembled with approximately 
5BOO of these subfilaments placed in another copper can of 15.56cm O.D .. Again processed, 
this time to a copper-coated multifilament having a diameter of O.lBcm. A third and final 
restack billet is then assembled with 1250 of the second stage multifilaments. These are 
placed within an B.89cm O.D. copper billet, and this time reduced to a fmal wire having a 
diameter of 0.152mm. A schematic of the process just outlined above is shown in figure 2. 

The result is a superconductor, containing 1250 filaments each made up of 5BOO 
subfilaments. Each subfilament is a superconducting NbTi core with an approximate 200 
Angstrom diameter and embedded in a surrounding pinning layer of Nb approximately 
40 Angstroms thick. These final dimenSions correspond to a final wire diameter of 
0.152mm. Figure 3 is a cross section of a 1.8mm O.D. restack rod containing 5800 NbTi 
subf1laments separated by Nb. Figure 4 is a cross section ofthe final product in its 
multifilament configuration. Samples were processed to various final sizes 
corresponding to the NbTi/Nb dimensions which may be optimal for the conductor under 
study. No precipitation heat treatments typical of conventional NbTi conductors have 
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FIGURE 5. The Critical Current Density versus Applied Magnetic 
Field for NbTI dimensions of 23. 7nm. 59.2. and 96.Bnm. 

been given to these APC conductors. Mer drawing to various final Sizes. samples of 
approximately 200cm in length were cut for critical current measurements as a function 
of external magnetic field. Measurements were taken at fields from 1 through 7 Tesla. A 
standard four point probe on a helically wound sample at 4.2K was utilized. Voltage taps 
were spaced 75em apart and a resistMty criterion of 10-12 Ohm-em was applied for Ic 
results. 

RESULTS AND DISCUSION 

Critical current densities. Jc. in the filament as a function of applied magnetic field. 
B. are illustrated in figure 5 for final NbTI filament diameters of 23.7nm. 59.2nm. and 

FIGURE 6. 
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96.SDID. The Jc in the NbTi is a factor of two higher then presented, as the NbTi 
represents 500A> of the filament volume. These dimensions correspond to the final wire 
diameters of O.152mm, 0.3S1, and 0.609. The critical current density for sample B in 
figure 5 is 3462 A/mm2 at 4 T. The highest J c obtained for a 0.50Smm O.D. wire was 3700 
A/mm2 at 4 T. The results so far demonstrate clearly that the principle of conductor 
fabrication with artificially introduced flux pinning defects is feasable by mechanical 
metallurgy. The significance of this approach lies in the fact that no intermediate 
anneals are required to optimize the microstructure as currently required in present state 
of the art Nb-46.5%Ti superconductors. Furthermore, it should be possible to design a 
superconductor with a given current density independent of wire size. 

The Hc2 for samples A, B, and C exptrapolate to 7T, 7.2T, and 7.6T respectively . 
Thus the results for the present case however, show a dramatic decrease in the Hc2 for all 
three dimensions investigated. Also, we fmd that the Jc varies with the wire diameter. 
The critical current for sample A in the range of 1 to 5 Tesla being the lowest, while 
sample B exhibiting the highest J c. It is of interest to note that the J c for sample C at the 
lower fields begins to fall below sample B, while at the higher fields near Hc2 the J c is 
larger than in both samples A or B. The shape of the J c curve in sample A shows a slight 
increase "hump" centered about 4 Tesla where the flux lattice spacing interestingly 
corresponds to the NbTi dimension of 23.7 DID. In the case of sample B, the flux lattice 
matches the NbTi dimensions near 1 Tesla. However, in sample C no such FLL matching 
occurs. 

At this time, it is our belief that the large Hc2 deppresion experienced in these 
samples is due to the proximity effect. It has been shown both theoretically and 
experimentally that when two metals, a superconductor and normal metal are formed 
contiguously, the superconducting proporties, such as the Hc2 and Tc are profoundly 
altered.!5,6) In particular, the dimensions for the artificial flux pinning in our samples 
are in the regime were the proximity effect would be important. This is especially evident 
in sample A were the Hc2 is the lowest. The pinning shell Nb which surrounds the NbTi 
filament is 50% of the cross-section, thus at the smaller dimensions as in sample A , the 
change in the order parameter, due to proximity effect is more important. As we go to 
larger dimensions of the NbTi/Nb structure in sample C, the Hc2 has already increased 
slightly. However, the FLL is no longer matching as well to the artifical pinning 
structure. 

Despite the proximity effect on artifical flux pinning, we can nevertheless compare 
the relative pinning strength of the artificial pinning centers to the pinning 
characteristics of conventionally optimized Nb-46.5%Ti. This is shown in figure 6, 
where we plot the pinning force normalized by the reduced field versus the reduced field. 
In figure 6 we show conventional Nb-46.5%Ti, cold worked to final size without any 
intermitent anneals and conventional optimized wire (7). We compare those results, to 
the artificial flux pinner which did not receive any intermediate anneals. As is clearly 
evident the relative magnitude of the flux pinner is nearly twice that of the optimized 
NbTi. . 

CONCLUSION 

In principle the fabrication of artificial pinning centers by mechanical metallurgy 
has been demonstrated successfully. A first cut design including 500A> Nb as the pinning 
centers however, resulted in a substantial decrease in the Hc2 and J c properties. Despite 
that, the critical current denSity at the low fields exceeds or equals the optimized Nb-
46.5%Ti, and the relative normalized pinning strength of the APC conductor is nearly 
twice that of the conventionally optimized conductor, suggesting possible substantial 
further improvrnents in the superconducting properties. Future artificial pinning 
centers work, will focus on optimizing the volume fraction of pinning material to 
minimize the Hc2 depression. TEM microstructural studies are currently underway and 
will be reported elsewhere as well as transition temperatures on the present APC 
conductor. 
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ABSTRACT 

*All-Union Research Institute for Inorganic Materials 
MOSCOW, USSR 

The present note describes the properties of superconducting compo
site wires consisting of 6.10-6 m Nb - 50% Ti filaments fo~ the UNK mag
nets. The properties have been studied from the data on commercial bat
ches of Wires, 3000 km long and proceeding from the technology of twofold 
billets (55x 162). A strand is 0.85'10- 3 m in diameter and the copper-to
noncopper area ratio is 1.385/1. The current density in the filaments is 
(2550+250).10 6 Alm2 (B=5 T, T=4.23 K). The Residual ReSistivity Ratio 
(RRR)-for the initial copper is~160 and for the wire of the final size 
it is ~ 70. The manufacturing technology for the wire with 6.10- 6 m f ila
ments from 0.25-0.3 m billets has been developed. The current density ob
tained in the strands from large billets is 2800+290 A/mm2 • The current 
rise parameter is Io~ 11 (n::::: 50). Production of the wire for standard UNK 
magnets has begun. 

INTRODUCTION 

The development and production of superconducting dipoles and quad
rupoles for the lHEP 3 TeV Accelerating and Storage Complex (UNK) became 
possible due to an appreciable progress in home industrial technology for 
superconducting composite wires with thin nuobium-titanium filaments, 
less than 10.10-6 m in diameter. The current denSity in filaments may be 
adjusted within a wide range up to 3.0x 109 A/m2 • The chosen minimum cur
rent density, 2.3.109 A/m2, for the UNK magnets is determined by the ne
cessity to provide the 5 T operating field and a current reserve as 
well as by the industrial process efficiency. 

Within 1980-1986 large batches of superconducting strands SCNT-0.85-
-2970-0.42 with a current density of 2x 109 A/m2 in 10'10-6 m filaments 
for the 5 T warm-iron superconducting dipoles (T=300 K) were manufactured. 
Simultaneously, the wire SCNT-0.85-7260-0.4 with filaments 6 m in diame
ter and less was also developed 1. Beginning with 1987 the industrial wire 
SCNT-0.85-8910-0.42 for the UNK cold-iron magnets (T=4.5 K) has been un
der production. The basic characteristics of this wire are presented be
low. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Superconductor Parameters 

1. Superconducting alloy 
2.' Admissible spread in Ti 
3. Matrix material copper 

4. Conductor diameter, m 

5. Filament diameter, m 
6. Packing factor (copper-to-noncopper 

area ratio) 
7. Twist pitch, m 
8. Residual Resistivity Ratio (RRR) of Matric 
9. Critical current, A (B=5 T, T=4.23 K) 

10. Current density, A/m2 
(specific resistivity, Ohm/m) 

DIPOLE MAGNET FOR THE UNK 

NT-50 (Nb - 50% Ti) 
4% 

(o.85+0 . 03 )XI0-3 
-0.00 

6 '10-6 

0.42.±0.02 
1. 385+0.115/1 
10 '10-=3 

70 
550 

2550. 106 

2.55' 10- 13 

The dipole magnet for the UNK of the 1st version 2 was 90.10- 3 m in 
aperture and the iron shield was at room temperature. The two shells of 
the coil were wound from a flat transposed cable of uniform dimensions. 
The cable consisted of 23 strands SCNT-0.85-2970-0.42, each strand comp
rised 2970 10'10-6 m filaments. The cable was insulated by two layers 
of 2 x 10- 5 m thick kapton tape and then it was coated by an epoxyimpreg
nated glass tape 1 x 10- 2 m wide, 1 x 10- 3 m thick wound with a gap of 
4'10- 3 m. Some magnets were manufactured the wire SCNT-0.85-7260-0.4 with 
6.5'10-6 m thick filaments. All in all, 50 short and 10 full-scale dipo
les have been manufactured from the wires of these types. Strands were 
selected for the cable proceeding from the minimum current 310 A in the 
7 T field (500 A in the 5 T field, T=4.23 K). The measurements showed 
that the full current in the cable is equal to the sum of the currents 
in single wires minus about 5% due to the deformation of the strands in 
the cable. 

In 1986 a decision was taken at IHEP to change over to a cold-iron 
design with a view to simplify the cryostat design, to reduce the level 
of stationary heat leaks on the supports and to cut the amount of the 
superconductor used for the machine. The aperture of such a dipole was 
chosen to be 80·10- 3m.The 0.18m thick magnetic shield was placed in the 
helium cryostat around the collared coil. The working field was left un
changed, 5 T. For the new magnet there has been developed and manufactu
red a composite wire SCNT-0.85-8910-0.42 with 6'1O-6m filaments and mi
nimum current density of 2.3 x 109 A/m 2 • 

The operational features of the new dipole were simulated proceeding 
from two types of the superconducting cable, the 16- and 19-strand cable. 
The magnets produced from the 16-strand cable proved to be less stable 
from mechanical viewpoint. The 19-strand dipoles exhibited stable mec
hanical properties and the required field nonlinearities 3 • 

SUPERCONDUCTING WIRE SCNT-0.85-8910-0.42 FOR THE UNK 

The commercial output of the superconducting wire SCNT-0.85-8910-
-0.42 for the UNK magnets was begun in 1987. Table 1 presents its tenc
nical parameters. 

The production of this wire is based on traditional techniques of 
extrusion and cold deformation with intermediate annels. The total' time 
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a) b) 

Figs. la,b. Cross section of composite wire of the UNK. 1a - wire from 
a ~ 0,13 m billet; 1b - wire from a ~ 0,3 m billet. 

of heat treatments was chosen depending on the diameter of the last bil
let and the required minimum current which was checked from its distribu
tion in the industrial batch. Figures 1a,b shows the wire design under 
development for billet diameters of 0.13 m and 0.3 m, respectively. Fi
gure 2 presents the critical current versus field. The volt-ampere cha
racteristic of the wire is described well by an exponential dependence 
E=Eoexp(I-Ic)/Io , where Ic is the critical transport current of the 
wire measured for Eo =10-6 V/cm, 10 is the parameter of current ramp. Fi
gure 3 shows the volt-ampere characteristics of the UNK wire from billets 
0.13 m and 0.3 m in diameter. The stability of the filament cross sections 
is determined primarily by the niobium diffusion barrier which has been 
in use since 1980. The barrier between the Nb-Ti alloy and copper pre
vents the formation of intermetallic Cu-Ti particles during thermal and 
mechanical treatment 4. A high current density achieved was due to the 
use of high-homogeneous ingots, multiple intermediate anneals and cold 
extrusion at the final stage. The last annel on the finite-dimension wire 
ensures the required value of the Residual Resistivity Ration (RRR) for 
copper. 

The parameter RRR~70 was chosen from the requirement to provide a 
safe heat removal due to longitudinal heat conductivity of the cable and 
limitation on the maximum coil temperature after a quench. To maintain 

.. 
• 8 ~""----.r--':-~rT~-~-" 

2 

Fig. 2. The Ic(B)-depen
dence for a single 
UNK wire. 

IC' . " 

Fig. 3. V-I characteristics for a 
UNK wire from ~ 0.13 m (I), 
~ 0.3 m (2) billets. 
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Fig. 4. Current distribution for 
UNK wires. 
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Fig. 5. Packing factor distribution 
for UNK wires. 

the parameter RRR~ 70, an experiment was carried out on determining the 
RRR effect of the initial copper cups manufactured from ingots by induc
tion and electron-beam smelting. Electron-beam smulting was chosen for 
all cups including the intermediate ones. Ingots are selected from the 
quantity RRR~ 160. 

Industrial production of the wire from two types of billets demon
strated that changing over to bigger billets, 0.25-0.3 m in diameter, is 
more advantageous. With such billets used, some pieces of the wire became 
longer, the end waste of wires also became less and the total anneal time re
quired to attain the specified current density decreased about twice. The 
quality factor of filaments increased 1.5-2 times. The UNK wires produced 
from billets 0,13 m and 0.25-0.3 m in diameter possess about the same pro
perties. The final confirmation of the adequate properties of strands will 
come from experiments with future magnets. 

The control of the basic parameters of the composite wire is carried 
out at the plant with the agreed control method. The analysis of the com
mercial wire batches produced in 1988 showed that the technical tolerances 
for the UNK superconductor are fulfilled. Figures 4,5,6 show the current 
distribution, packing ratio and RRR, respectively. The spread in the wire 
diameter is 2 times less than the tolerable one. 

In the cource of the development of industrial technology the fila
ment structure was investigated. The current density of about 3.10 5 A/cm2 
is provided by a fine-cell structure of the,~-matrix decorated with ~-phase 
particles, thefi-matrix subcells are less than 50.10-9 m. The study of the 
filament structure is presented in detail in 5 . 

SUPEROONDUCTING CABLE 

As was noted above, a cable of 19 strands SCNT-0.85-8910-0.42 was 
manufactured for a cold-iron dipole magnet. Table 2 presents the cable 
parameters and fig.7 shows its cross section. 
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Table 2. The Basic Parameters of the Cable 

1. Number of strands 19 
2. Cable type ZEBRA 
3. Coating of 9 strands Sn + 5% Ar 

10 strands bare 
4. Dimensions, mm 

- inner shell (1. 30 - 1.62)x8.5 
- outer shell (1.33 - 1.59)x8.5 

5. Transposition pitch, mm 62 
6. Critical current, A 

(B=5 T, T=4.23 K) ~ 9500 

Fig. 7. Cross section of the cable for a dipole UNK magnet. 

The decrease of the wire current due to the cable deformation into a 
trapezoid is 12% from the initial value (prior to transposition). The 
cable is produced and its current is checked at lHEP. The level of ac loss 
in the dipole coil determined by the sum of hysteresis and eddy current 
loss in the wires and cable is about 60 Jim of the magnet. 

amCLUS IONS 

The industrial technology for the production of the NT-50 alloy (Nb-
50% Ti) multifilamentary composite superconducting wire with a current 
density in filaments of 3.0'109 A/m2 has been developed in the USSR. The 
maximum current density chosen for the UNK magnets is 2.3,109 A/m2 . The 
wire SCHT-0.85-8910-0.42 is produced from billets 0.130 m in diameter and 
single stage billets 0,3 m in diameter for the real magnets of the UNK. 
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FOR DIPOLE MAGNET WITH IDEAL ARCH STRUCTURE 
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Tsukuba-shi, Ibaraki, Japan 

Masaru Ikeda and Hideki Ii 

The Furukawa Electric Co., Ltd. 
Tokyo, Japan 

Compacted strand cables of NbTi with large keystone angle have been developed for 
applications to superconducting dipole magnets of big hadron collider accelerators. The trial
fabricated cables have the keystone angle of 1.6 to 3.0 degrees and the packing factor of 90 
to 95 %. Strands of 0.808 mm in diameter with the filament diameters of 4.8 and 6 ~m were 
used. The fabrication of those cables has not met with serious problems. The degradation 
measurements of the critical current have been performed and the degradation less than 3 % 
is observed up to the angle of 3.0 degrees for the cables with the packing factor of 90 %. 

INTRODUCTION 

A few projects of the high energy hadron collider accelerator have been planned and 
developed. Those accelerators require a large number of superconducting dipole magnets, 
for example about 8,000 for SSC and 4,000 for LHC. It is very important to control the 
field quality and to obtain high yield rate of the magnets for such huge accelerators. The 
superconducting dipole magnets of high energy colliders have a relatively small aperture in 
consideration of accelerated beam emittance and also the economical requirements. In the 
current designs, the inner diameters of the coil are 40 mm for the SSC dipole magnets l and 
50 mm for LHC2. 

The dipole magnet for accelerator use is fabricated using a so called cos e method 
with compacted strand cables. When the windings of the coil cross section are arranged to 
have an ideal arch structure, the cable should be made to have a proper keystone angle 
according to the arch structure. In this sense, a smaller inner coil diameter requires a larger 
keystone angle cable. As the angle of the existing cables has been limited below 2 degrees 
by the fabrication processes, the dipoles for high energy hadron colliders need some wedges 
inside the windings to fit the coil cross section to the arch structure. Those wedges 
sometimes cause difficulties of field quality control and fabrication processes. 

We have developed large keystone angle cables up to 3 degrees. Using the cables it 
is possible to fabricate dipole magnets without any wedges inside the windings. The paper 
describes the development and the degradation test for the large keystone angle cables. 
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Table 1. Parameters of the trial-fabricated cables 

Strand 
superconductor 
diameter (mm) 
Cu/SCratio 
number of filament 
filament diameter (JlIIl) 
filament spacing (JlIIl) 
twist pitch (mm) 
resistance ratio of Cu 
Ie wlo Cu at 5 T, 4.2 K (A/mm2) 

Cable 
number of strands 
cabling pitch (mm) 
width (mm) 
keystone angle (degree) 
packing factor (%) 

STRUCTURE OF DIPOLE MAGNETS 

"A" 
NbTi 
0.808 
1.3 
12,800 
4.8 
0.6 
25 
> 110 
2,590-2,740 

23 
79 
9.30 
1.6, 2.0, 2.4, 3.0 
90-95 

liB" 
NbTi 
0.808 
1.5 
7,300 
6.0 
1.5 
12.5 
> 110 
2,630-2,660 

To obtain uniform dipole field, the cos e method is adopted. As an approximation of 
cos e, a double shell structure is usually used. The keystone angle cable is necessary to 
make up an ideal arch structure. If the required aperture of the dipole becomes small, the 
keystone angle of cable should be increased. Some wedges are set inside the windings to fit 
the keystone angle to the coil arch structure because of the small aperture and the limitation of 
the keystone angle. The wedges usually made of copper plate have different Young's 
modulus from that of the cable. This means non-uniform deformation under stresses at 
collaring and electromagnetic forces. It gives rise to the distortion of the field quality. 
Moreover the wedges will be causes of the difficulty of the coil fabrication processes. 

RELATION OF KEYSTONE ANGLE AND COIL INNER DIAMETER 

When a dipole magnet is wound to have an ideal arch structure, the coil inner 
diameter D is given as follows. 

D=2(tIB-w) 

where t and w are the thickness at the wide wedge and the width of a keystone cable with 
insulation, respectively. Bis the keystone angle. In case of the SSC dipole magnet, t and w 
for the inner coil are 1.888 mm and 9.600 mm including insulation, respectively. The 
keystone angle Bis 1.6 degrees. With those parameters the coil inner diameter will be 116 
mm, if any wedge would not be used. To fabricate a dipole magnet of 40 mm inner diameter 
with the ideal arch structure, the keystone angle of the cable should be 3.6 degrees. 

FABRICATION OF R&D CABLES 

Cabling 

Fabrication test has been performed for various keystone angles of compacted strand 
cables. To know the dependence of degradation of the critical current on the keystone angle 
and the packing factor, the cabling with several angles from 1.6 to 3.0 degrees and packing 
factors of 90 to 95 % has been tried. The trial-fabricated cables were stranded to have a 
width of 9.3 mm with 23 strands of which diameter is 0.808 mm. The parameters of the 
cables are shown in Table 1. 
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Fig. I(a). The cross sections of the trial-fabricated cable 
with keystone angle of 1.6 degrees. 

Fig. 1 (b). The cross sections of the trial-fabricated cable 
with keystone angle of 3.0 degrees. 

Cabling has been easily performed for the large keystone angle up to 3 degrees. The 
examples of the cross sections of the fabricated cables are shown in Fig. 1. As shown in the 
pictures, heavy deformation is occurred at the narrow edge for the larger keystone angle 
cable and the deformed strands push other ones to the wide edge. 

Degradation measurement 

Critical currents of the fabricated cables were measured by sampling three strands 
from each compacted strand cable under the magnetic field of 5 T. Each sample of 2 m long 
is wound spirally on a sample holder. By comparing the measured values of the critical 
current of each sample to that of the same strand before cabling, the degradation due to 
cabling has been estimated. The degradation curves of critical current according to the 
keystone angles and the packing factors are shown in Fig. 2. 

As in the figure, the degradation of the cable with the packing factor of 90 - 92 % is 
almost linearly increased with the keystone angle. As for the cable of the packing factor of 
94 - 95 %, it juts out up to 5 % for 2.4 degrees but decreases down to 4 % for 3 degrees. 

PACKING 
FACTOR 

5 • 0 • 94 -95"1. ....... 

/\ ~ o • 90-92"1. 
0 4 ..., 

STRAND ... • 0 

/ 
• • 'A' 

Z 3 o 0 • B' 
0 /0 >= < 2 0 • • 
~ ./ 
(!) ./ w 
0 

0 
0 2 3 4 5 

KEYSTONE ANGLE (DEGREE) 

Fig. 2. Measured degradation of the critical current for the trial-fabricated cables 
with the keystone angle and the packing factor of 90 - 95 at 5 T. 
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Table 2. Parameters of the large keystone angle cables for the R&D magnet 

Strand 
diameter (mm) 
Cu/SCratio 
number of filament 
filament diameter (J,un) 
filament spacing (~) 
twist pitch (mm) 
resistance ratio of Cu 
Je w/o Cu at 5 T, 4.2 K (Nmm2) 

Cable 
number of strands 
cabling pitch (mm) 
narrow edge thickness (mm) 
wide edge thickness (mm) 
width (mm) 
keystone angle (degree) 
Je w/o Cu at 5 T, 4.2 K (Nmm2) 
fabricated length (m) 

Inner 
0.808 
1.4 
7,600 
6.0 
> 1.0 
13.0-13.5 
> 110 
2,870 

23 
79 
1.14 
1.64 
9.34 
3.07 
2,715 
300 

Outer 
0.614 
1.8 
3,750 
6.5 
> 1.0 
13.0-13.5 
> 110 
2,970 

30 
74.5-75.0 
0.91 
1.19 
9.30 
1.73 
2,785 
300 

On the whole the degradation of Jc becomes worse with the increase of the keystone angle 
and the packing factor, but more sensitive with the latter factor. Nevertheless, it is small and 
below 3 % for the packing factor of - 90 % which is a usually adopted value and the same 
level as one of the existing compacted strand cables. ' 

To check the causes of the degradation, the break of the filaments has been also 
checked and only a small amount of breaks were observed for all of the trial-fabricated 
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Table 3. Parameters of the R&D dipole magnet 

Central magnetic field (I) 
Rated current (A) 
Coil length straight section (m) 

overall (m) 
Coil inner diameter (mm) 
Numberoftums inner 

outer 
Overall current density inner (Nmm2) 

outer (Nmm2) 

6.6 
5,890 
1.0 
1.35 
50.0 
24 
22 
390 
500 

cables. From such a point of view, those degradations seem to be caused by the sausaging 
offilaments with heavy deformation at the narrow edge. The cable of the 2.4 degrees with 
the packing factor of - 95 % may be damaged with the heavy deformation. However, in 
general the serious degradation has not been observed and the large keystone angle cables are 
acceptable for dipole magnets. 

R&D MAGNET WITH IDEAL ARCH STRUCTURE 

To check the commercial production and applicability of those cables to the dipole 
magnets with a small aperture, a model magnet with the ideal arch structure is now being 
developed at KEK. The parameters of the used cable are shown in Table 2. The coil has an 
inner diameter of 50 mm and the length of the straight section is 1 m as shown in Table 3. 

The coil cross section and the finished coil are shown in Figs. 3 & 4. As shown in 
the figure, there is no wedge inside the windings. The coil winding processes are very easy 
and have been finished in a short time. The fabricated dipole magnet will be tested in near 
future. 

SUMMARY 

Based on the cabling and the degradation measurement, the fabrication was very 
successful and there are no serious obstacle. The observed degradations of the large 

Fig. 4. The picture of the inner coil of the R&D dipole magnet. 
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keystone cables up to 3 degrees with the packing factor of - 90 % are below the value of 3 % 
which is almost the same level in the usually fabricated compacted strand cables. To check 
the commercial production of those cables, the cable which has the keystone angle of 3.1 
degrees and length of 300 m was fabricated for a model magnet of 1 m long. The inner coil 
diameter of the magnet is 50 mm. The critical current density of the cable is more than 2,750 
A/mm2 without copper matrix. The value is above the level given in the SSC conceptual 
design report. The first model dipole magnet of 1 m long was fabricated using this cable. 
Those cables can be applied to the dipole magnets of big hadron colliders. Further 
development oflarger keystone angle cables goes onto apply to a dipole magnet which has 
an inner coil diameter of 40 mm. 
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CRITICAL CURRENT DENSITIES OF Sn-DOPED PbM06SS WIRES 

ABSTRACT 

Luc Le Lay, Philippe Rabiller, Roger Chevrel, Marcel 
Sergent, Thierry Verhaege*, Jean-Claude Vallier** 
and Pierre Genevey*~'* 

Universite de Rennes, U.R.A. C.N.R.S. 254, F-35042 Rennes 
Cedex, *C.R. C.G.E., Route de Nozay, F-9l460 Marcoussis 
**S.N.C.I., F-38042 Grenoble Cedex, ***C.E.N. Sac lay 
F-9ll90 Gif sur Yvette 

PbM06S8 wires were made using a cold powder metallurgy process. 
The initial powder was a mixture of PbS, Mo, MoS2 and Sn, so that the 
stoichiometry was Pb:Mo:S:Sn ; 1.05:6.2:S:x, where x varied from 0 to 
0.6. We optimized the heat treatment conditions of small coils and 
measured their transport critical current densities as a function of 
x and the applied ma.gnetic field B. The best result was 1. 5 x lOS A/m2 
at 20 T and 5.5 x 10 7 A/m2 at 27 T, achieved on a 1000 mm long wound 
wire. 

INTRODUCTION 

Out of all the superconductors now known, the copper oxides recently 
discovered possess the highest critical magnetic fields (Hc2)' However, 
regarding the applications at high fields, they present so far the dual 

disadvantage of being strongly anisotropic and having insufficient critical 
current densities necessary to create strong magnetic fields. 

These drawbacks in the new oxides have motivated continuing research 
in the less recent compound, PbM06SS (PMS). The advantage of PMS is a 
high critical magnetic field (Hc2) of 54 T at 4.2 K, which remains the 
most attractive for eventual applications beyond 20 T. Indeed, 
regarding the transport critical current densities (Jc) in such filaments 
(which, of course, is the form most practical for use), several research 
teams in various countries 11-61 have already obtained encouraging 
results, the best so far is on the order of 6 x 10 7 A/m2 at 23 T which 
was obtained in a small coil 161. 

We present here, essentially the new results of critical current 
densities of such filaments : the first section will briefly discuss the 
preparation of such filaments, the choice of compounds used as well as 
the techniques used to measure Jc ; the second section consists of the 
experimental results which will be discussed. 
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TABLE I 

configuration distance between distance between applied field (T) 
current leads voltage taps and orientation 

coil 1000 mm 100 mm 27 perp. 
straight wire 20 mm 10 mm 18 perp. 
straight wire 300 mm 50 mm 5 or 9 parall. 

EXPERIMENTAL 

The usual form of PMS is a powder ; thus, the transformation into 
wires is not a priori simple and requires expertise. This challenge has 
been met by most groups, at least for monofilaments. 

The principle is to surround the powder with drawable material. 
This ensemble is then drawn through successive passes until a desired 
diameter is reached. The type of casing for the pure powder is determined 
by the type of drawing that is available, Le. hot or cold. We opted 
for cold drawing and used copper for the casing. However, as we will 
see later, a final heat treatment is always necessary in order to make 
the powder superconducting but that allows a reaction between the 
copper and the PMS. This reaction destroys some of the superconducting 
properties expected : therefore, we inserted a niobium diffusion barrier 
between the two components. This precaution, in first approximation, 
generates the chemical and mechanical criteria demanded. Thus, typically, 
from initial billetts of o.d. 14 mm or 20 mm, we obtain o.d. 0.3 mm 
or 0.4 mm filaments. (These values are not the minima we can reach, but 
they allow an easy manipulation of the samples) 171. 

The cold drawing, as opposed to hot drawing, allows the use of 
two kinds of starting powders : PMS itself, or a mixture of its precursors 
(Le. starting elements or binary components). We formerly showed 18-91 
that the latter gives better Jc results in the case of a cold drawing: 
we have thus focused our present study on that kind of powder. It is com
posed of PbS, MoS2 and Mo. The first two are synthesized from pure ele
ments and Mo is reduced at 750 0 C under hydrogen flow. The mean size 
-mea,sured on a Coulter LS 130 Laser granulometer- of each precursor is 
about 10 to 15 microns with sometimes the occurrence of coarser agregates. 
New routes are now under investigation in order to reduce both the mean 
value and the width of the grain size distribution. A doping agent can 
be added to improve the Jc characteristics of the wires. In this work, 
the doping agent is Sn(40 !lm) or SnS(lO !lm). The final stoichiometry 
is thus Pb:Mo:S:Sn = 1.05:6.2:8:x, where 0 < x < 0.6. 

For the present study, we principally stress on two experimental 
parameters : the doping agent concentration and the heat treatment condi
tions (of course others exis t such as the mixing of the powders, their 
reactivity, the drawing conditions and so on). Besides their rather simple 
mastering, these are indeed important because we need to synthesize the 
superconductor in the wire itself after drawing. In order to evaluate 
and understand the influence of these two parameters, we had to run lots 
of Jc transport measurements. Unfortunately, it turned out that the 
coils, the most sensible configuration for such experiments 110 I, are 
also the most difficult to achieve. This difficulty arises from the 
sample preparation as well as its manipulation. Hence, we have first 
tes ted our wires as straight samples. Table I gives the detai Is of the 
different configurations we used. 
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The voltage taps are always symmetrically disposed with respect 
to the center of the wire. 

Of course, straight wires give no absolute Jc values: nevertheless, 
they allow an easy comparison between the different filaments. Indeed, 
the measurements of the Jc properties of the coils showed a posteriori 
that this comparison was sensible. The general conditions of heat treat
ments were : 1 atm. of argon pressure ; the wire is put in the furnace 
at the heat treatment temperature, and pulled out directly to the room 
temperature (the heating times given are thus the actual duration of 
stay at the given temperature). The heat treatments varied from S50° C, 
4S hours to 1050° C, 10 mn. Regarding the coils, because of the high 
annealing temperature needed, we selected barrels made of alumina rather 
than stainless steel, which reacts with copper sheath. The length of 
that barrel is SO mm, its diameter 30 mm. In order to avoid measuring 
Jc at the ends of the wires which can be polluted (despite carefully 
done experiments), we cut the wires so that the total length of their 
measured part is only 1000 mm (compared to 1500 mm for the heating ope
ration). All the critical current densities of the present work are cal
culated for the cross sectional area of the PMS core. The criterion for 
the critical current is always 1 ~V/cm, as commonly reported in the 
literature. 

RESULTS AND DISCUSSION 

Straight wires 

Figure la gives the results of the transport critical current mea
surements for the straight wires, as a function of the applied field B, 
up to IS T. For every x value and for every form of the doping agent 
(i.e. Sn or SnS), only the best wire is shown (as it revealed experimental 
failures, 0.2 Sn (SnS) doped wire is not reported). Several pieces of 
information can be drawn from the curves : first, it is clear that almost 
all the heating temperatures are 950° C, 30 mn to 2 hours. Given the 
variety of the conditions tested, it thus appears that this temperature 
is the optimal one for these kind of samples. We already showed 1111 
that, for x = 0.6, a l-to-2 ~m-thick layer of Nb3Sn is formed between 
PMS and the niobium diffusion barrier. Therefore, it is possible that 
the supercurrent is partially transported by that layer. On another hand, 
we can define, for practical purpose, a slope Jc(9 T)/Jc(lS T). In the 
wire x = 0.6 (Sn), this slope is about 6, -as it has been previously 
encountered in wires drawn from powder leading to the stoichiometry 
SnM06SS 112, l31-whereas in almost all the others, it is closer to 3. 
That discrepancy can mean that, in such heavily tin doped wires, the 
dominating phase resembles SnM06Ss, whose critical field is half that 
of PMS. We cannot explain so far why the wire x = 0.6 (SnS) does not 
behave in the same way. So early conclusions could lead to 
misinterpretations. 

Among the remaining wires, it appears that those whose x = 0.4 
have better Jc' s at high fields, without showing the evidence of any 
significant difference between Sn or SnS as a doping agent. It is also 
obvious that the wire x 0 is worse than any other, showing the 
importance of the tin. Eventually, wire x = 0.4 can be regarded as the 
best candidate obtained so far, so it has been selected to build small 
coils to be tested in high field up to 27 T. 

We also tested the reproducibility of the Jc as a function of 
both the heat treatment conditions and the doping agent : it turned out 
that for the same conditions Jc can vary by a factor of 3. One of the 
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Fig. 1 . Jc vs. B of Sn doped PMS wires (o.d . = 0.3, 0.4 mm). (a) on 
straight wires as a function of Sn content, heat treatments 
at 1) 950 0 C-30 mn 2) 950 0 C-2 h 3) 950 0 C-l h 4) 950 0 C-30 mn 
5) 1000 0 C-lO mn 6) 950 0 C-l h; (b) on small coils for x = 0.4 Sn 
at several heat treatment conditions. Breaks in the curves at 
10 T and 20 T comes from changes in measurement apparatus. 

possible reason to this unsatisfactory behaviour can be found in the 
tin scattering in the wire after heat treatment as shown on picture l. 
Indeed, one can see that it is very inhomogeneous. It is unlikely that 
tin scatters in the same way for every heat treatment (partly due, in 
the case of Sn doping, to the large grain size) probably resulting in 
the observed differences in the Jc. 

Picture 1. WDS elemental map of tin showing its inhomogeneity of distri
bution on a cross-sec tional area of a 0.4 Sn doped PMS wire. 
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Picture 2. SEM micrograph of 0.4 Sn doped PMS wire. The large voids in 
the wire may reduce significantly the quality of grains' 
coupling. 

Coils 

As we mentioned in section II, the coil configuration is the less 
contestable one, as far as transport Jc's are concerned. For instance, 
we avoid the problem of the current transfert length, which sometimes 
is as large as 150 rnrn 1131. The results of the Jc transport measurements 
as a function of the applied field B, up to 27 T, are plotted on figure 
lb. We can see that the coils generally behave as expected, i.e. the 
slope Jc(9 T)/Jc(18 T) is about 3. The best values achieved are close to 
1.5 x 108 A/m2 at 20 T. Although one can observe a slight improvement 
of the Jc, these agree fairly well with data recorded on short straight 
wires. However, the optimal heating temperature is now 1000° C, and the 
time close to 30 mn. These changes can be mainly attributed to technical 
improvement. 

One can note that, in several cases, the Jc are larger than those 
obtained on straight wires. This seems logical as the large current trans
fer length observed on some straight samples allows only measurements 
of a Jc smaller than actual one . 

These coils results are most certainly encouraging, but so far 
we still don't clearly understand why they were achieved. Indeed, we 
have almost no information about the microstructure of the PMS in the 
wires. A glance at the SEM picture of a cross section of a wire clearly 
shows that large voids exist between the grains (picture 2) this is 
even amazing, in view of the relatively good Jc' s achieved, for one can 
intuitively guess that the current path is closely related to the connec
tions between the grains 1141. We do not have any clue yet to the precise 
role of the tin in our wires. Moreover, the other teams do not use tin 
and yet achieve good Jc results as well. In order to understand that, 
we have recently drawn wires in which tin is substituted to lead, instead 
of being added (i.e. the stoichiometry is (Pb+Sn):Mo:S = 1.05:6.2:8). 
These wires are now being studied. 
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SUMMARY and CONCLUSION 

In order to improve the transport critical current densities of 
PMS wires, we have studied the effect of different concentrations 
of a doping agent (tin), as well as optimized their heat treatment 
conditions, dS much for straight wires as for small coils. The main 
results are 
- despite the drawbacks of their shape, the straight wires are good sam
ples for comparison. 
- among all the trials carried-out so far, the overall initial stoichio
metry appeared to be close to Pb:Mo:S:Sn = 1.05:6.2:8:0.4. 
- although using SnS instead of Sn, as a doping agent, does not lead to 
significantly different Jc results, SnS may be preferred to pure Sn 
(hardly available in the form of small grains powder) because of its 
better efficiency during mixing operation. 
- regarding the coils, the optical heat treatment is 1000° C, 10 mn to 
30 mn. This slight shift in temperature is confirmed by the latest recor-
ded data (not reported here). ' 
- the best coil shows the following Jc's 1.5 x 108 A/m2 at 20 T and 
5.10 7 A/m2 at 27 T. To our knowledge, this is the best result obtained 
so far by transport measurements on Chevrel phase wires, regardless of 
the type of casing or fabrication process. 

Several parameters are still to be understood, among which are 
the role of the tin, the connections between grains (i.e. the microstruc
ture of the powder), the powder homogeneity. These are our next goals. 
Besides, we still expect to improve and master experimental parameters 
and therefore increase overall performances of our wires. 
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ABSTRACT 

The monofilamentary PbMosS s conductors with Nb diffusion barriers 
have been produced by the powder metallurgical preparation method. The 
influence of HIP treatment and Sn addition on the superconducting proper
ties are discussed on the basis of critical current densities(up to fields 
of 30.1 T}, critical temperatures, as well as SEM analysis. The use of 
pure Pb starting powder with deoxidation is useful for increasing the 
packing density of the composites, and for increasing the superconducting 
properties of PbMosS s wires. The critical current density can be enhanced 
in the wires, HIP treated and Sn added. The best J c values for the wires 
with HIP treatment alone reached 10 4 A/cm 2 at a magnetic field of 20 T, 
and 2.7xl03 A/cm 2 at 27 T, and for the wire with both HIP treatment and Sn 
addition were 5.4xl03 A/cm 2 at 27 T and 2.5xl03 A/cm 2 at 30.1 T. The 
behavior of the pinning force density Fp (B) was also analyzed with a 
modified flux-shear model. 

INTRODUCTION 

The interest of Chevrel-phase PbMosS s superconductor in practical 
applications originated in 1974, when Odermatt et a1. I and Foner et a1. 2 

discovered the extremely high critical field. Since their discovery, this 
material has been the subject of intensive study and development for 
cables of high-field superconducting magnets. The upper critical field 
BC2 of PbMosS s is larger than 60 T at 0 K. The critical temperature Tc is 
also reported to be ~15 K. Since the 60 T critical field of PbMosS s is 
higher than those for all technological superconductors such as NbTi, 
Nb 3Sn, V3Ga, and Nb 3Al, PbMosS 8 is today one of the most promising 
materials for the generation of high field(>20 T} superconducting magnets. 

Needless to say, for the generation of high magnetic fields the 
conductor for a magnet must be in the form of a wire with constant 
physical properties and superconductivity of over a few km in length. For 
Chevrel-phase compounds, neither the conventional composite process nor 
the in-situ process, which have been successfully adoped to Nb 3Sn and 
V3Ga, are applicable. Hence, alternative fabrication techniques must be 
developed for the production of PbMosS 8 filamentary conductors. Thus, the 
processing of PbMosS s filamentary conductors by the powder metallurgical 
technique has been studied. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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The production of PbM0 6 S. wires by this technique is initiated by 
Luhman and Dew-Hughes. 3 At present many groups use powder metallurgical 
methods, and long PbMo.S. monofilamentary wires with high J c have been 
manufactured for several years. 4-. The application of hot isostatic 
pressing(HIP treatment} on PbM0 6 S. wires has been examined by Kubo et al., 
and Goldacker et al. 9 - 10 The critical current density of the HIP treated 
PbM0 6 S. wires with Ta barrier has been 1.7xl04 A/cm 2 at 12 T. Also the 
PbMo.S. wires with Sn additions have been first produced by the group of 
the University of Rennes in France."- 13 The best Jc values of PbMo.S. 
wires with Sn additions were 1.7xl0· A/m 2 at 14 T, and 4.2 K." It is not 
clear whether or not the HIP treatment is useful In increasing the 
critical current of PbM0 6 S. wires and the addition of the small amount of 
Sn in enhancing the flux pinning force In PbMo.S. superconductors. 
However, these methods may be the most promising one for the improvement 
of the critical current density of PbM0 6 S. WIres. 

This study was carried out to improve the critical current density of 
PbMo.S. wires by the application of HIP treatment and Sn addition on the 
wires. The behavior of pinning force density in high fields is analyzed 
based on the modified flux-shear models. 

PREPARATION OF MONOFILAMENTARY PbM0 6 S. WIRES 

In our powder metallurgical process, the starting powder is a mixture 
of powders of Pb/Sn/Mo/S. I 4 The Pb «120 j1 m), Sn {<240 j1 m}, and Mo (3 j1 m) 
powders are deoxidized. The S powder is of less than 240 j1 m. The fine 
powders are thoroughly mixed, and then filled into a niobium tube which 
serves as matrix and diffusion barrier. After sealing, the composite is 
passed into a stainless steel tube which is neccessary for the adjustment 
of the thermal stress to the superconducting core. IS The whole composite 
is sealed and fabricated into a wire through swaging and drawing at room 
temperature. 

By the use of pure and soft Pb starting powder with deoxidization, 
we may get void-free samples. The void-free sample may result in the 
reduction of the residual oxide content in PbMo.S. compounds which may 
influence Tc and Be2.1.-17 The distribution of the void and Pb element in 
the composite WIre before heat treating is studied with SEM and XMA. 
Figures 1 (a), and 1 (b) show the SEM micrograph and the x-ray emission 
Pb(Lal ) image on the longitudinal fractured section of a Pb/Mo/S filament 
before heat treating. As can be seen from Fig.l (a), the starting powders 
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are densely packed. Few voids are observed in the specimen. Note that Pb 
element is almost uniformly distributed over the fractured section (Fig. 1 
(b». This result suggests that the use of pure Pb powder is useful for 
the increase of packing density of the composites. 

After the drawing, the wires were heat treated at 1030-1100 °C for 
0.5-2 hours. Some of the cold drawn wires were HIP treated at 1100 °C 
for 45 minutes under 2 kbar argon gas atmosphere. Hydrostatic pressure 
was applied before the temperature of the specimens was raised. The HIP 
parameters are shown in Fig.2. The inset is a schematic structure of the 
composite. The measurement of the critical currents Ie in the transverse 
magnetic fields was carried out in hybrid magnets at HFLSM at Tohoku 
University. The critical currents were determined by the standard four
probe technique using the 2 il V/cm criterion. 

RESULTS AND DISCUSSION 

Figure 3 shows the polished cross-section of a Nb/ss sheathed PbMo.S. 
monofilamentary wire. The diameter of the PbMo.S. layer is about 500 ilm. 
Figure 4(a) shows a typical fractograph(SEM) of a PbMo.S. filament with 
HIP treatment, and Fig.4(b) shows a high magnification view of fractured 
surface. There are no large voids in the fractograph shown in Fig.4(a), 
but some small voids are observed in the high magnification view. Contra
ry to the expectation, the voids in the specimen are not eliminated by 
means of HIP treatment so far as we can see the fractograph of Fig.4(b). 
Although this result suggests that the HIP treatment at 1100 °C for 45 
minutes under 2 kbar argon (Ar) gas atomosphere is not sui table for the 
improvement of the superconducting properties of PbMo.S s wires, as 

Fig.3 Polished cross-section 
of a Nb/ss sheathed 
PbMo.S s monofilamentary 
WIre. 
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,a 

Fig.4 Typical fractographs of a PbKo 6 S. wire with HIP treatment at 
2 kbar, and at 1100 "C for 4') minutes. The wire was fractured in 
a ductile manner, and hence the secondary crack can be seen in 
the interface of Nb/PbKo 6 S. (3 (a}). (b) is a high magnification 
view of fractured surface. 

mentioned below, the critical current density of the wires is enhanced by 
means of HIP treatment. It is difficult in the present situation to 
evaluate the actual total-area of the voids in longitudinal fractured
section of the wires with and without HIP treatment. 

In order to estimate the grain size, SEK observations were made on 
fractured section of the PKS wires chemically etched for 1-10 sec. in ') 9b 
nitric acid. Typical cross section of a monofilamentary wire is shown in 
Fig.5. A finely divided structure is seen in this figure. The average 
grain size for the PMS wires was about 0.2 pm. The pores (black areas) 
partially resulting from the chemical etching in nitric acid are sur
rounded by PMS compound. The material etched in nitric acid may be lead 
educed on cooling after the heat treatment at 1100 °C. 

Fig.') High magnification View of typical cross-section of a HIP treated 
wire chemically etched for 5 sec. in 5 % nitric acid. A finely 
divided structure of average grain size of 0.2 pm was observed. 
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Fig.6 Critical current densities as a function of a transverse 
ma~netic field for several PbM0 6 Sa wires with different heat 
treatment; T(870420B2, Pb:Mo:S=l :6:8) without HIP; e(881002F2, 
Pb:Mo:S=l.l :6:8) with HIP; .(890425E1, Pb:Sn:Mo:S=1.1:0.2:6:8) 
without HIP; o(890703C2, Pb:Sn:Mo:S=l.l :0.2:6:8) with HIP. 

In Fig.6 we show the Je-B curves of some of the best PbM0 6 Sa mono
filamentary wires being prepared with and without HIP treatment, and with 
Sn addition. B is the transverse magnetic field up to 30.1 T. The best 
J e values of the wires without HIP and Sn additions are 7X 10 3 A/cm 2 at 
21 T, and 1.8x10 3 A/cm 2 at 27 T and 4.2 K. The Je's of the wires with 
HIP treatment alone and Sn addition are slightly increased ~ompared with 
the Wires without HIP treatment and Sn additions. 

More recently, we produced some wires with both Sn additions and HIP 
treatment. Unfortunately, the current transfer phenomena are observed in 
I-V curves as shown in Fig.7. This is due to the smaller diameter(d~24 
mm} of the effective bore of the cryostat for 30 T Hybrid Magnet and to 
the much shorter sample(~16 mm in length). The transfer current in Nb/ss 
sheath, which estimat~d from the resistance of Nb/ss sheath, is less than 
1 i.. Therefore, most of the current flows in PbM0 6 Sa filament. The Je's 
estimated from Fig.7 is also shown in Fig.6 for the wire(o:890703C2). 
The best J e value of the wire with both HIP treatment and Sn addition is 
much higher than those of wires with HIP alone, and with Sn addition. 
These results indicate that HIP treatment and Sn addition is very useful 
for increasing the critical current density of PbM0 6 Sa superconductors. 

To increase J e further, the flux pinning mechanism in PbM0 6 Sa should 
be clarified. The critical current density is a microstructure sensitive 
property which is not intrinsic in superconductors. From the present 
knowledge of flux pinning and critical current density in A-15 compounds, 
it is reasonable to assume that the J c of Chevrel.phase PbM0 6 Sa compound 
will increase as the flux pinning to the boundaries of the individual 
crystallites is strengthened. 

Based on Kramer's empirical model, flux pinning mechanism in PbM0 6 Sa 
has been extensively discussed in the past. la - IO However, pinning 
mechanism in PbM0 6 Sa is not yet made clear theoretically and 
experimentally. We have to do further studies in order to clarify this 
mechanism. Nevertheless, our interest is in finding out the highest value 
of the critical current density as a function of the field. We will cal-
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culate here the maximum critical current density with the modified flux 
shear model (EPDH model)20-21 which gives J e as 

Jc = (7 .4 X 1 O· I n IC > D) . (B C 2 - B) 2 / B 

where IC is the G-L parameter, and D the grain size. A IC value of 130 
was taken from Karasik et al.' 2 Using this formula, the calculated Je-B 
curves are drawn in Fig.8 together with the best experimental results for 
a PbMo.S 8 tape 23 and wire with both HIP treatment and Sn addition. The 
full lines show the calculated values with above equation for Bc ,=50 T and 
40 T, and D=O.1 11 m. The hatched area shows the effect of the anisotropy 
{20 %} of Be2 on the J c of PbMo.S s wires. 2• The dashed line shows for 
BC2 =36 T and D=O.3 11 m. Regarding the field dependence, the experimental 
result for the tape is in good agreement with the J e values calculated 
over a wide range of magnetic field. On the other hand, for the wire with 
both HIP treatment and Sn addition, we could not obtain the correct values 
of Ie in magnetic fields below 25 T due to the jouel heating in current 
terminals. Hence we can not discuss on Je-B characteristics sufficiently, 
but the upper critical field of this wire is higher. The present results 
indicate that the Sn addition into PbMo.S s can enhance the BC2 of this 
compounds, and hence the Sn atom may occupy the channel of Chevrel-phase 
crystal. 

From Fig.8, if we obtain high BC2 (=SO T} samples with D=O.1 11m, one 
is led to the conclusion that critical current density of the order 10· 
A/cm 2 at 30 T. Thus, the improvement of BC2* of PbMo.S B wires remains one 
of the key problems in the fabrication of high J e filamentary conductors 
of PbMo.S B • The effect of the anisotropy of Be> on the J e of PbM0 6 SB 

wires is also still unclear and needs further studies. 

CONCLUSION 

Effects of HIP treatment and Sn addition on the PbM0 6 S B mono
filamentary wires were investigated. Both HIP treatment alone and Sn 
addition can be slightly enhanced the critical current density.of PbM0 6 S8 

superconductors. The best Je values for the wire with HIP treatment alone 
reached 10 • A/em' at 20 T, and 2.7xl03 A/cm 2 at 27 T. Also, both HIP 
treatment and Sn addition is relatively improved the J e , and the best J c 
values were S.4xl0 3 A/cm 2 at 27 T and 2.Sxl03 A/cm 2 at 30.1 T. The 
present results indicate that the HIP treatment and Sn addition into 
PbM0 6 S 8 is very useful for increasing the critical current density. The 
combination of improved Nb 3Sn, V3 Ga, and PbM0 6 S. conductors may also make 
30 T superconducting magnets possible in the near future. 
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MICROSTRUCTURE AND CRITICAL CURRENT DENSITIES OF PbMo6SS 

IN HOT-WORKED Mo-SHEATHED WIRES 

ABSTRACT 

H. Yamasaki*, T. C. Willis, D. C. Larbalestier, and 
Y. Kimura** 

Applied Superconductivity Center, University of Wisconsin 
Madison, WI 53706 
*On leave from Electrotechnical Laboratory, Tsukuba-shi 
Ibaraki 305, Japan. 
**Electrotechnical Laboratory 

The critical current densities, Jc, of hot-worked Mo-sheathed PbMo6SS 
wires are affected very much by their composition and heat treatments. For 
example, Jc for Pb1+xMo6S7.5 wires heat treated at 700°C took a maximum 
value at x = 0.02 (Jc = 2.1-2.9 x lOs A/m2 at 8 T), and decreased mono
tonically with increasing x (Jc = 0.8 x 10 8 A/m2 for x = 0.05, and 0.3 x lOs 
A/m2 for x = 0.1). We have investigated the Jc values for many Pb1+xM06SS-y 
sample wires, and microstructural analyses have been performed using SEM 
and TEM techniques. It has been demonstrated that Jc is not determined 
only by the grain size, which is only of order 0.1-0.3 ~ at optimum, and 
that the connections between PbMo6SS grains are in general not complete. 

INTRODUCTION 

The Chevrel phase compound, PbMo6SS, has a very high upper critical 
field, HC2 = 50 T (4.2 K), and is one of the most promising materials for 
future high field superconducting magnets (>20 T). Lately, several groups 
have been making efforts to develop Chevrel phase PbMo6SS (or SnMo6SS) wires 
with a powder metallurgical approach, and quite high Jc values have been 
reported. 1-3 Some groups use an in-situ technique to form the Chevrel phase 
after wire fabrication by cold-working operations. 2- 3 Two of the present 
authors (HY and YK) have been doing fundamental studies on the development 
of hot-worked Mo-sheathed PbMo6SS wires. 4 Although hot working operations 
are necessary to elongate Mo, unlike Nb (or Ta) which are used in the cold
working in-situ approaches, Mo does not react with PbMo6SS. Thus, there is 
a wider choice of heat treatment, and greater electromagnetic stability is 
expected, compared to the in-situ wires which have a possible high
resistivity interlayer (Nb sulfide) between the PbMo6SS core and the Nb 
sheath. In this paper, Jc data on many wires with a wide variety of 
compositions are presented, and we also present microstructures of PbMo6SS 
of some wires analyzed by SEM and TEM techniques. Magnetization 
measurements have also been performed to investigate the current carrying 
nature of the PbMo6SS filament. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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EXPERIMENTAL PROCEDURES 

Powder metallurgy processed PbMo6SS wires with a Mo sheath and a 
stainless steel jacket were fabricated by hot-working operations, as 
described in a previous paper. 4 Sample wires (outer diameter = 1.0 rom, 
inner PbMo6SS segment diameter ~ 270 ~) were electroplated with Cu, and 
heat treated in a 54 cm long helical shape. 27 cm long helical wires were 
cut out, and the critical currents were measured with an FRP(G-10)-Cu 
specimen holder (outer diameter = 40 rom or 34 rom). The critical current 
was determined by a 1 ~V/cm criterion, and the critical current density 
(Jct) was calculated for the segment of the PbMo6SS core. DC magnetization 
was measured at 4.2 K for 3 rom long wires using a vibrating sample 
magnetometer, and Jcm (magnetization critical current density) was 
calculated by the critical state model (Bean model), using the equation: 

Jcm = 3M1/2R 

EFFECT OF COMPOSITION ON THE CRITICAL CURRENT DENSITY 

Critical current densities of Pbl+xMo6S7.5 wires which were heat 
treated at 700°C for 24 h are shown in Fig. 1. High critical current 
density is obtained at the composition with a slight amount of excess Pb 
(x = 0.02), and Jc decreases monotonically with x for x ~ 0.05. Scanning 
electron micrographs of the fractured surface of Pbl.1Mo6S7.5 wires are 
shown in Fig. 2(a). We can see that some of the PbMo6SS grains in 
Pb1.1Mo6S7.5 wires are "embedded" in excess lead. After the selective 
etching of interparticle Pb with an acetic acid/H202 solution, which 
dissolves Pb but not PbMo6SS, clear cuboidal PbMo6SS grains appear 
(Fig. 2(b), (c». Such interparticle Pb precipitates have been also 
observed in the fractured surface of Pbl.osMo6S7.S and PbMo6S7.0 wires for 
which excess Pb is also expected. Apparently this interparticle Pb network 
shown in these SEM photographs degrades the good connection between the 
PbM06SS grains and brings lower Jc values (Fig. 1). In the previous paper,4 
it was demonstrated that Pb loss from regions near the ends of the wire 
caused a Tc reduction, resulting in the degraded critical current 
densities. A slight amount of excess lead is believed to be important in 
achieving a high Tc current path through PbMo6S8 grains. 
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Fig. 1 Critical current densities at 8 T for Pbl+xM06S7.S wires 
heat treated at 700°C for 24 h. 
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(a) 

(c) 

(b) 

Fig. 2 Scanning electron 
micrographs of the fractured 
surface of Pb1.1M06S7. 5 wires heat 
treated at 700°C for 24 h; (a) as 
fractured, (b), (c) after 
selective etching of Pb with an 
acetic acid/H202 solution. White 
bars in these pictures show the 
length of 1 ~. 

Critical current densities were measured for many wires with various 
compositions, and the results are exhibited in Table 1. These wires were 
heat treated at 700°C, because lower temperature heat treatment (-700°C) 
usually gives higher critical current densities. 4 Jc and Tc results for 
the PbMo6S7.0 sample wires heat treated at various temperatures (quoted from 
ref. 4) are shown in Table 2. To our disappointment, high Jc values could 
not be obtained in high sulfur content wires where higher Tc is expected. 5- 7 
It may be caused by the second phase MoS2 precipitate, which is commonly 
observed in high sulfur content specimens. 

On the contrary, high Jc values were obtained for the wires with lower 
sulfur content, for which excess Mo phase is expected from the phase 
relations. 5 Light microscope observations, together with wavelength
dispersive X-ray microanalysis, have revealed that the excess Mo phase 
exists as islands with the dimensions of 2-10 ~; therefore, excess Mo does 
not degrade the connection between PbM06SS grains. 

MICROSTRUCTURAL ANALYSES WITH HIGH-RESOLUTION SEM AND TEM TECHNIQUES 

In order to get more insight on the Jc behavior of our hot-worked Mo 
sheathed wires, microstructural analysis has been performed with a high
resolution (low voltage) scanning electron microscope. Fig. 3 shows the 
high-resolution SEM pictures of the fractured surface of the Pb1.02M06S7.5 
wire, corresponding to the high Jc composition shown in Fig. 1. The 
microstructure is complicated, and there are many voids. Typical PbM06SS 
grain (or cluster) size is 0.1-0.3 ~, if the small nodules on the PbM06SS 
grains are neglected; the PbM06SS grains do not seem to be well-connected to 
each other. It is surprizing that the material with such a far-from-dense 
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Table 1: Jc data for Pbl+xM06SS-y wires 
heat treated at 700 0e for 24 h 

Composition 

PbMo6S7.0 

PbMo6S7.3 

PbMo6S7.5 

PbMo6S7.7 

PbMo6S7.S 

Pbl. 02Mo6S7. 5 

Pbl. 05Mo 6S7. S 

Pbl.IM06S7. S 

Pbl.2Mo6S7.S 

Pbl. OSM06S7. 7 

Jc 
(x lOs A/m2, 8 T) 

2.1-2.6* 

1.5-2.1 

1. 6-1. 9 

0.9-1. 6 

1.0** 

2.1-2.9 

0.8 

0.3 

0.1 

1.0 

* This shows the representative range of Jc observed for that 
wire, based on the Ic data measured on not less than three 
samples. 
** The better value is shown when critical currents were 
measured on only two samples. 

microstructure can carry considerable current density (Jc ~ 2.9 x lOs A/m2 
at 8 T). We suspect that the superconducting current must be taking a 
percolating path between the PbMo6SS grains. Better interconnectivity 

should be important in achieving higher Jc. 

The morphology of PbMo6SS grains in PbMo6S7.0 wires heat treated at 
700, 850 and 950°C is shown in Fig. 4-6. Fig. 4 corresponds to the high Jc 
wire, Jc ~ 2.3 X lOs A/m2 at 8 T, heat treated at 700 0 e for 24 h. Typical 
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Table 2: Jc and inductively measured Tc for the PbMo6S7.0 
sample wires heat treated at various temperatures 

(quated from ref. 4) 

Heat treatments Jc at 8 T Tc, ~Tc 

(x 10 7 A/m2) ( K ) 

as drawn 9.2, 2.4 

700°C x 12 h 22.4 11.8, 2.4 

700°C x 24 h 27.9 12.1, 2.3 

7500 e x 12 h 17.0 11.7, 2.3 

8000 e x 12 h 9.3 12.2, 1.8 

850°C x 12 h 7.7 13.0, 1.0 

950°C x 12 h 6.4 12.9, 0.6 
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Fig. 3 High-resolution SEM pictures of the fractured surface of the 
Pbl.02Mo6S7.5 wire heat treated at 700°C for 24 h. The scale is shown in 
the bottom row of the picture; 10 divisions show the length of 600 nm 
(left) and 300 nm (right). The operating voltage of the machine was 5 kV. 

grain size is also 0.1-0.3 ~, but the intergranular connection seems to be 
better than that of Fig. 3. However, the microstructure is far from dense. 
At higher temperatures (850 and 950°C) the morphology of PbMo6SS is more 
cuboidal and the microstructure is denser (Fig . 5 and 6) . We can also 
recognize small nodules on PbMo6SS grains in these pictures. The typical 
PbMo6SS grain size is 0.15-0.4 ~ (Fig. 5, 850°C heat treatment) and 0.2-
0.5 ~ (Fig. 6, 950°C heat treatment). 

For those high temperature heat treated wires, the PbMo6SS micro
structure has apparently become denser, and the grain size is about twice 
as large. However, the transport critical current densities, Jct, are much 
lower, 5-8 x 107 A/m2 at 8 T, 3 to 5 times less than those for 700°C heat 
treated wires (Table 2).4 This point is discussed in the next section. 

Fig. 7 shows the transmission electron micrographs of the PbMo6S7.0 
wire heat treated at 700°C for 24 h (the same sample as that of Fig. 4). 
We can recognize PbMo6SS grains with the dimensions of 0.1-0.3~. Some are 
well-connected and others are not well-connected. 

MAGNETIZATION MEASUREMENTS 

DC magnetization has been measured for 3 rom long wires cut out from 
helical wires and straight wires, and the Jcm data are exhibited in Fig. 8 
and 9. Fig. 8 shows the Jcm data for several wires heat treated at 700°C 
for 24 h, and the representative Jct data for those wires. In general, Jct 
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is about 1.5-3 times higher than Jcm. However, the situation is different 
for the wires heat treated at 850-950°C (Fig. 9). Jcm is now 1.5-3 times 
higher than Jct, which is commonly observed for superconducting specimens 
with some decoupled areas. These results are perhaps not too surprizing in 
view of the HR-SEM pictures shown in Fig. 3-6, in which it is clearly shown 
that the connectivity of the grains changes very much with temperature. 

The result for 700°C heat treated wires, Jct ~ Jcm, seems rather 
strange. One complicating factor comes from the shape factor. We cal
culated Jcm on the assumption that the cross-section of the PbMo6SS filament 
is a perfect circle with the radius calculated from the average cross
sectional area. However, the real cross-section is not a perfect circle 
and the effective radius should be smaller, resulting in higher Jcm values, 
for Jcm is inversely proportional to R. Further, the mechanical situation 
of the long Jct samples and the very short Jcm samples is very different; 
an effective compressive stress from the outer stainless steel jacketS is 
not expected for such short (3 mm) wires. More studies are needed to 
understand the Jcm/Jct behavior for these wires. 

From these Jcm results and the microstructural analyses described in 
the previous section, we can make the following points: 

1. The Jct decrease which is accompanied by the higher temperature heat 
treatment (~8500C, see Table 2)4 is not explained only by the decreased 
pinning strength caused by the grain growth; the Jct decrease is a 
factor of 3-5, but the grain growth is only a factor of two. 
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Fig. 4 High-resolution SEM pictures of the 'ractured surface of the 
PbMo6S7.0 wire heat treated at 700°C for 24 h. 
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Fig. 5 HR-SEM pictures for the PbMo6S7.0 wire heat treated at 850°C for 
12 h. Note that the magnification set is different from Fig. 4. 

Fig. 6 High-resolution SEM pictures of the fractured surface ot tne 
PbM06S7.0 wire heat treated at 950°C for 12 h. 
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Fig. 7 TEM pictures of the PbMo6S7.0 wire heat treated 
at 700°C for 24 h, the same sample as that of Fig. 4. 

300 nm 

2. For high temperature heat treated wires, the microstructure has become 
much denser, and Jcm is the same order or higher; moreover, the criti
cal temperatures are higher with sharp transitions (Table 2).4 These 
facts make us consider another factor other than the reduced pinning 
force caused by the grain growth, for their poor transport Jc values. 

3. The microstructure of PbMo6Se grains has become denser as the 
sintering proceeds at higher temperatures. During this densification 
process, the apparent volume should decrease, which is commonly 
observed in the sintering process. However, in our Mo-sheathed PbMo6Se 
wires the total volume is determined by the Mo sheath and does not 
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Fig. 8 Jcm and Jct data for several 
wires heat treated at 700°C for 
24 h. Filled circles and squares 
show the representative Jct values. 
Other symbols show Jcm data. Open 
triangles and circles -- PbMo6S7.0, 
open squares and + -- Pbl. 02Mo6S7. 5 
and x -- PbMo6S7. 3 • 
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Fig. 9 Jcm and Jct data for several 
wires heat treated at 850 and 950°C 
for 12 h. Filled circles and 
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shrink during the sintering of PbM06SB. This should result in the 
formation of micro-cracks in some area of the PbM06SB filament, 
bringing decreased transport critical current density. However, this 
would not depress the magnetization current density so much. 

4. High temperature heat treatment is necessary to improve HC2 values. 4 

If we can heat treat the wires at higher temperatures without formation 
of micro-cracks discussed above, higher Jc values are expected. A HIP 
(hot isostatic pressing) treatment seems to be promising to improve Jc. 

CONCLUSIONS 

We have investigated the Jc values for many PbM06SB wires with various 
compositions. Although the excess Mo phase does not degrade intergranular 
connectivity, the excess Pb precipitates between PbM06SS grains do degr~de 
interconnectivity and bring lower Jc. High-resolution SEM observations 
have revealed that low temperature heat treated wires with higher Jct have 
a less dense microstructure, and that the microstructure becomes denser by 
high temperature heat treatments (850-950 oC). The magnetization results 
suggest that the lower Jct values observed for high temperature heat 
treated wires are less likely to be caused by reduced pinning strength than 
by micro-cracks formed during the sintering process. 

ACKNOWLEDGEMENTS 

We would like to thank T. Udagawa of Tokyo Tungsten Co. Ltd. for his 
cooperation in wire processing, and M. W. Tengowski and J. Pawley of the 
Integrated Microscopy Resources for high-resolution SEM observations. The 
IMR in Madison is funded as an NIH Biomedical Research and Technology 
Resource (RR 570). Thanks are also to our colleagues of Wisconsin 
university; to J. McKinnell for magnetization measurements, to B. Starch, 
R. Noll and R. Casper for technic.al assistance, and to L. Le Lay for 
valuable discussions. This work has been supported by the Department of 
Energy-Office of Fusion Energy and the US-Japan Fusion Accords. 

REFERENCES 

1. B. Seeber, M. Decroux and 0. Fischer, to be published in Physica B. 

2. Y. Kubo, K. Yoshizaki, F. Fujiwara, K. Noto and K. Watanabe, Proceedings 
of the MRS meeting held in Tokyo, Japan, 1988. 

3. R. Chevrel, M. Sergent, L. Le Lay, J. Padiou, o. Pena, P. Dubots, P. 
Genevey, M. Couach and J.C. Vallier, Revue Phys. Appl., ~, 1777 (1988). 

4. H. Yamasaki and Y. Kimura, J. Appl. Phys., Q1, 766 (1988); ibid., 
Proceedings of the MRS meeting held in Tokyo, Japan, 1988. 

5. H. Yamasaki and Y. Kimura, Mat. Res. Bull., 21, 125 (1986). 

6. H. Yamasaki and Y. Kimura, Solid State Commun., Qi, 807 (1987). 

7. H. Yamasaki, Y. Yamaguchi and Y. Kimura, Mat. Res. Bull., ~, 23 (1988). 

8. B. Seeber, W. Glaetzle, D. Cattani, R. Baillif and 0. Fischer, IEEE 
Trans. Magn., MAG-23, 1740 (1987). 

351 



www.manaraa.com

EFFECT OF AXIAL TENSILE AND TRANSVERSE COMPRESSIVE STRESS ON J c AND 

Bc2 OF PbMo6SS AND SnMo6SS WIRES 

ABSTRACT 
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The variation of the critical current density J c of PbMo6SS and 
SnMo6SS monofilamentary wires with external transverse compressive 
stress at and axial tensile stress Oa at 22 and 13.5 T, respectively, 
is reported. Varying the reinforcing steel content in the wire matrix, 
different axial stress states of the filament were obtained: 
compressive, tensile and unstressed. The observed variation of both, J c 
vs.oa and J c vs.ot is significantly smaller compared with that of Nb3Sn 
wires, which is explained by the higher upper critical magnetic field 
Bc2 of the Chevrel phase. After the appropriate steel reinforcement, a 
reversible strain range up to 0.6 -O.S % (with 0.2 % compressive 
prestrain of the filament) is obtained, which fulfills the requirements 
for future technical applications of this kind of wire materials. 

INTRODUCTION 

Due to their high upper critical magnetic fields, e.g. Bc2 (PMS, 
4.2 K) = 51 T and Bc2 (SMS, 4.2 K) = 31 T, 1,2 superconducting wires 
based on the Chevrel phase compounds PbMo6SS (PMS) and SnMo6SS (SMS) are 
promising for future technical applications at high magnetic fields 
(B > 20 T). In the last years various powdermetallurgical methods and 
wire configurations designs have been developed to produce monofila
mentary wires reaching critical current densities of the order of 
l' 104 Acm-2 at B = 20 T. 3-8 For the future practical application at high 
magnetic fields (B > 20 T) with strong Lorentz forces acting on the 
wire, it is necessary to perform extended investigations on the effect 
of mechanical stresses on J c, in analogy to those accompl ished on Nb3Sn 
wires during the last decade. These investigations comprise the effect 
of axial tensile axial stress, 0a, as well as that of transverse 
compressive stress, ot. 9 ,10,11,12 

The question of the sensitivity of Chevrel phase wires against 
transverse stresses has recently been studied by Goldacker et a1. 11 ,12 

For a direct correlation, the effect of the two kind of stresses, i.e. 
axial tensile and transverse compressive stress on Jc were measured on 
the same wires. The prestress state of the filaments, i.e. the starting 
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condition before applying the external stress, was analyzed via the Ic 
vs. Oa (axial tensile stress) relationship, which is also shortly 
reviewed in this paper. The use of experimental conditions identical to earlier 
investigations of Nb3Sn wires18 allows the comparison of both wire types with 
respect to transverse stress effects. 

EXPERIMENTAL 

Wire preparation 

The presently analyzed wires were produced from Chevrel phase 
material, synthesized by HIP processing (Hot Isostatic fressing) the 
starting powder mixtures of Pb, Mo, MoS2 and Sn, Mo, MoS2. 8 Cylindrical 
rods of PMS and SMS were machined from the HIP samples, packed into a Ta 
tube (barrier) and a Cu matrix and then cold worked by wire drawing to 
final diameters of 1.5 - 2 mm. The wires were then inserted into a 
stainless steel tube in order to obtain a precompression of the 
filament,8 and subsequently cold drawn to the final diameter of 0.92 mm. 
A final heat treatment of 850°C / 30 hours was given in order to recover 
the superconducting properties, which are strongly affected by the 
deformation process. The compositions of the three wire types 
representing tensile, absent and compressive axial precompression of the 
filament, are given in Table 1. 

Ic vs.oa,~c~t The measurements of the critical currents Ic vs. 
the axial tensilestress Oa were performed in the test facility 
previously described by Specking et al. 14 Chevrel phase wires of 120 mm 
length were soldered into the clamps of a 1 kN strain rig, which was 
inserted into the gap of a 13.5 T superconducting split coil magnet. The 
tensile stress was applied mechanically by a screw mechanism, the force 
was measured with a load cell and the strain by a capaci ti ve strain 
gauge close to the sample. The stress values were obtained by the ratio 
of the applied force and the full cross section area of the wire. The Ic 
values were determined using a 1 pV/cm criterion. Transverse compressive 
stress was applied with a stress rig 17,18, being especially constructed 
for the use in a Bitter coil magnet providing magnetic fields up to 24 
T.19 In this case the length of the wire samples was restricted to 25 mm, 
and the length of the stress load zone being 4 mm. Force, current and 
magnetic field were perpendicular to each other. The stress values were 
calculated from the measured applied force, the affected cross section 
being defined by the wire diamete:n (0.92 mm) and the section of force 
load (4 mm). For the Ic determination we used a 2 pV/cm criterion, 
taking care that the voltage contacts were fixed as close as possible to 
the stress load zone. 

RESULTS 

Axial tensile stress 

A full set of of the critical current measurements of the PMS wire 
with 73 % steel for various tensile strains £ at 13.5 K is plotted in 
Fig. 1. It illustrates how Ic increases with £, the maximum being at 
£ - 0.2 % as a consequence of the high steel content.The normalized Ic 
vs. e curves (I'. is the measured applied axial strain) for the three PMS 
wires with different steel contents are shown in Ref. 12. Sample PMS-1, 
with the lowest steel content, exhibits a strong decrease of Ic from 
the first beginning of stress application, indicating that the filament 
was already in a tensile stress state (approx. 0.2 % tensile prestrain), 
thus resulting in a poor mechanical stabilization (0.1 % elastic strain 
range). The very flat Ic vs. c dependence of wire PMS-2 for small strain 
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Table 1. Composition of PbMo6S8 and SnMo6S8 wires (% of cross section) 

Sample PbMo6SS SnMo6Ss Ta Cu SS 

PMS-1 13 - 25 11 51 

PMS-2 10 - 17 9 64 

PMS-3 7 - 14 6 73 

SMS-1 - 16 27 12 45 

SMS-2 - 10 19 8 63 

SMS-3 - 8 12 7 73 

values shows that this wire configuration has no significant axial 
prestress component in the filament. Compared to wire PMS-l, the 
reversible strain range is enhanced to ~e > 0.3 %, irreversible cracks 
with sudden Ic drops occurring at strains> 0.5 %. The sample PMS-3 with 
the highest reinforcing steel content of ~ 73 % has for Ic a maximum at 
e = 0.2 %, and a reversible strain range of ~ 0.7 % (including 0.2 % 
precompression). Within this strain range, full Ic recovery is observed 
after unloading the external stress. The good mechanical stability of 
this wire is due to the large content of reinforcing steel which 
enhances the stability of the filamentagainst cracks. A decrease of 
Ic with prestrain or externally applied axial strain results from the 
strain sensitivity of the peak pinning force density and the upper 
critical magnetic field Bc2. Combining previous results of J. Ekin9 for 
tensile prestrained PMS wires and tapes with the change of Bc2* in our 
wires (PMS-1, PMS-2 and PMS-3), we can obtain the normalized strain 
sensitivity of Bc2* in both the compressive and tensile strain regime 
(see Fig. 3). The change of Bc2* was determined from Kramer plots using 
Bc2* (PMS-2) ~ Bc2m*. 

The relative strain sensitivity of Bc2* of PMS, is given in 
Fig. 2. It is evident that the variation of Jc(e) in the field range 
between 20 and 25 T is significantly smaller in the case of the Chevrel 

u 

Fig. 1. 

0.5 1.5 2 2.5 3 I {Al 

Ic of the PbMo6S8 sample PMS-3 at 13.5 T at 
various axial strains e. 
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phase wires than for Nb3Sn, whereas in the medium field range (B = 10 -
15 T) the effects are of similar size. For SnMo6S8 wires an ana
logous series of samples and investigations has been described in 
detail in Ref. 11 and 12. In principle the same behaviour as in PMS 
wires was observed, with slightly enhanced prestrain values and reduced 
elastic strain ranges. 

Transverse compressive stress 

For the investigations of the critical current as a function of 
transverse compressive stress at, the Chevrel phase wires PMS-2 and SMS-
2 were selected. 11,12 As was shown in the last section, this wire confi
guration has the minimum axial prestress component. Thus only an unknown 
small amount of hydrostatic compressive prestress has to be taken into 
account as the starting condition for the experiment. The existence of 
this hydrostatic prestress component can be concluded from observed Tc 
degradations in these wires, a consequence of the well known large 
sensitivity of Tc with respect to hydrostatic pressure22. In Fig. 3 the 
normalized critical current of sample PMS-2 as a function of transverse 
stress at is given for different magnetic fields. For small stress 
values at < 50 MPa, a slightly enhanced critical current, passing a flat 
maximum at at = 40 MPa was observed, followed by a strong decrease of Ic 
at larger stress values (at » 50 MPa). Usually the maximum vanished 
after cycling (stress load and unload), whereas the other parts of the 
Ic curve were nearly unchanged. It is remarkable that more than 90 % of 
the starting current is recovered after unloading the maximum applied 
stress at (20 T)= 270 MPa which causes 70 % Ic degradation (see Fig. 3). 

The sensitivity of Ic against transverse stress is strongly 
depending on the magnetic field. It is found that Ic scales quite 
linearly with B, the slope and the starting values at B = 0 being a 
function of the applied stress. The degradation of Ie with B is about 
2.5 times as strong for at = 264 MPa compared to at = 115 MPa. For the 
SMS-2 sample, quite analogous results as for the PMS wire were obtained. 

From Fig. 3 it is seen that at at -260 MPa, Ic is lowered by -50%. 
Such high transverse stresses obviously exceed the limits of practical 
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Fig. 3. Normalized Ic vs.ot for the PMS wires. 

operation loads. Indeed, plastic flow of the stainless steel sheath has 
already occurred, as shown by Fig. 4. This figure shows the variation of 
the wire diameter of PMS-2 as a function of the angle abefore and after 
260 MPa stress load. This variation was measured at 300 K by a laser 
micrometer (Zygo, type 1200 B). The direction of compression corresponds 
to u= goo in Fig. 4. It is seen that a difference of 13 ~ was measured 
between D+ and D-, the error being ± 1 pm (D- and D+ are the diameters 
parallel and perpendicular to the stress direction). 

DISCUSSION 

The investigations of Ic vs. tensile axial stress of Chevrel phase 
wires reinforced with various steel contents demonstrate that wires with 
a small compressive prestress possess sufficient mechanical and electri-

925 
O[J-Il 

920 

915 

910 

o 

wire diameter 0 
after 
transverse 
compressive 
stress load 
cycle 

90' 180' 

o< ...... ~ 
~ire 
.... 0--

270' ex _ 360' 

Fig. 4. Variation of the wire diameter of PMS-2 after 
260 MPa compressive stress load cycle. 
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cal stability (full Ic recovery for 0.7 % elastic strain) for practical 
use. However it is expected that future reductions of the matrix to core 
ratio, enhancing the overall critical current density, will certainly 
affect these favourable stability conditions. The magnetic field 
dependence of the axial stress sensivities of Ic is comparable to that 
of Nb3Sn in the medium field region (B = 10 - 15 T), but becomes 
significantly smaller around 20 T, the field range of interest of 
Chevrel phase wires. As mentioned before this is attributed to the 
different upper critical fields of the two superconductor materials. At 
B = 20 - 25 T the upper critical field of Chevrel phase wires is 
sufficiently far away in order that the strain effects are thus not as 
dramatic as at magnetic fields very close to Bc2. The relative change of 
Bc2 with axial tensile strain (Fig. 2) of PMS is comparable to· that 
observed for Nb3Sn wires. 

Transverse compressive stress strongly affects the critical current 
density Ic in both types of Chevrel phase wires. For comparison of the 
transverse and axial stress effects, both measurements were plotted in 
Fig. 6 for the PMS-2 sample at B = 13.5 T using a cornmon stress axis. 
This figure clearly shows that transverse stress influences the critical 
current more dramatically. Indeed only 40 - 50 % of the axial tensile 
stress values aa are sufficient to cause the same Ic degradation via 
transverse stress application. In principle the same behaviour was 
recently observed for Nb3Sn wires, where the sensitivity against 
transverse stress in relation to the tensile stress is significantly 
larger; here the same Ic degradation can be obtained for at '" (0.2 -
0.3) aa. This reflects that the Chevrel phase wires are relatively less 
sensitive to tranverse stresses than Nb3Sn wires, one reason being the 
at sensitivity of Bc2*. 

This behaviour is quite different to the situation in Nb3Sn Wires, 
where for at a significantly stronger degradation of Bc2* was measured. 
15,17 Several reasons can be advanced for explaining this different 
behaviour. First the crystal structures of the two systems are quite 
different. The cubic A15 structure leads to an isotropic strain response 
of the material to hydrostatic stress application, while the rhombo
hedral Chevrel phase lattice has very ~nisotropic elastic properties 
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Fig. 6. Compa~ison of the influence of at on the c~itical 
cu~~ent of PMS and Nb3Sn wi~es at B = 13.5 T and 20 
T atT = 4.2 K.---:Nb3Sn wi~e,-:PbMo6SS wi~e. 

with ~espectto the different c~ystal axis. The comp~essibility of the a 
axes is about 3 times stronge~ than that of the c axes, which leads to 
anisot~opic strains in the grains of polyc~ystalline samples under 
hydrostatic pressure. The value of Bc2* for SMS wi~es seems to be 
more sensitive to t~ansve~se stress compa~ed to PMS 11, p~esumably due to 
a somewhat diffe~ent elastic p~operties of this compound, in agreement 
with earlier observations made on Ic vs. aa measurements. 11 ,12 

A conside~able field dependency of Ic vs. at was obve~sed. From 
B = 13.5 T to B = 20 T the Ic degradation doubles fo~ the Nb3Sn wi~e, 
while it enhances by only 20 % fo~ the PMS wi~e. Therefo~e the 
situation is quite simila~ to the case of axial tensile stress. Due to 
the highe~ upper c~ i tical field, Chev~el phase wi~es are significantly 
less sensi ti ve to transverse st~esses at fields a~ound 20 T than Nb3Sn 
wi~es. 

CONCLUSIONS 

The effect of t~ansve~se comp~essive stress has been measured for 
the first time in PbMo6SS and SnMo6Ss wi~es. Steel reinfo~ced mono
filamenta~y Chev~el phase wires have a good mechanical stability and 
elastic behaviour, st~ongly depending on the degree of~einfo~cement and 
thus of the stateof p~ecompression of the filament. The sensitivity of 
the c~itical current Ic (B 2: 20 T)and the uppe~ critical field Bc2 
either to axial tensile st~ess or t~ansve~se comp~essive stress is 
signicantly smaller than that of Nb3Sn wires. This is p~omising for 
futu~e applications of Chevrel phase wires at high magnetic fields (B 
2: 20 T). In la~ge superconducting coils t~ansve~se st~esses in the range 
of 50 - 100 MPa are expected which is quite well in the region of 
tolerable deg~adation of both Ic and Bc2 in Chevrel phase wires. 

Ou~ investigations also lead to the conclusion that the future 
development of improved multifilamentary wi~es with possibly ~educed 

matrix to core ~atios always will ~equire a st~ong ~einfo~cement of the 
wire, favourably creating acompressive prestress in the filament. This 
enhanced comp~essive prest~ess prevents the formation of c~acks and is 
thus a necessity to p~ese~ve the good cu~rent ca~~ying capacity of 
these wi~es and in pa~ticula~ an extended st~ain ~ange of ~eversible Ic. 
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1-2-1, Sengen, Tsukuba, Ibaraki 305, Japan 
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2-1-1, Katahira, Sendai, Miyagi 980, Japan 

ABSTRACT 

Attempts have been made to improve high field properties of continuous 
ultrafine Nb 3AI multifilamentary superconductors. The Al core, of which 
the hardness is a key to the excellent cold-workability of the Nb/AI com
posite, was hardened by being alloyed with Ge by the combination with Cu 
and Ag, resulting into an increase in T , H 2 and J of the Nb/AI composite 
at high fields. Very short heat treatm~ntsCat temp~ratures above 1200°C 
were carried out by applying a large current pulse directly to the sample 
so that remarkable improvements in high field properties are attained. 

INTRODUCTION 

1-4 
Recently, we have demonstrated that a continuous ultrafine Nb 3AI 

multifilamentary superconductor could be fabricated by the lm~r2ved 4 3 4 
compos~te diffusion-process. Alloying the Al core with Mg, ' , Ag, Cu' 
and Zn diminishes the difference in hardness between the Nb matrix and the 
Al core, and improves the workability of the Nb/AI multifilamentary 
composite, resulting in a successful fabrication of continuous ultrafine Al 
filaments embedded in the Nb matrix. Reacted wires at 700-9s0 oc show 
superior properties to a commercial mu1tifilamentagy ~b3Sn; (1) a higher 
critical current density J (for example, 1.5 x 10 A/m at 4.2K and lOT) 
due to the jtrong flux pinging at the Nb3AI-matrix and Nb 3AI-core 
interfaces, and (2) the smaller degradation4 ~n J with strains and the 
larger irreversible strains(more than 1.3 %).' F5rthermore, the 
multifilamentary structures with filament sizes less than 1 pm are 
realized, which is of great advantage to improving the stability against 
electromagnetic disturbances. If the Nb tubes used at bundling the 
elementary composite can be replaced by the resistive materials, the 
electric coupling between filaments will be reduced, making this conductor 
interesting as a low AC loss superconductor. Therefore, this Nb Al 
multifilamentary conductor has been promising as an alternative io the 
multifi1amentary Nb3Sn conductor. 

However, the T (ls.6K) and H 2(21.sT) are lower than those of the 
stoichiometric Nb3AT, resulting t8 remarkable degradation in overall J at 
high fields. Overall J becomes smaller than those of the commercial c 

c 
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Table 1 

Composition of 
Al alloy(at.%) 

(Nb) 
(pure AI) 

5Ge 
(5Mg) 

4Mg-2Ge 
0.8Mg-0.4Ge 

(2Cu) 
1. 3Cu-lGe 

lCu-lGe 
(3Ag) 

1.5Ag-l.5Ge 
0.5Ag-2Ge 

2Ag-2Ge 

Various properties of Al alloys and Nb/Al composites 

Precipitation Vickers hardness H Workability of 
(observed by OM) SOlS = 2 So/~S~=~16~~~ __ ~N~b~/A~1~c~0~m~p~os~1~'t~e 

110 130 
no 30 34 

significant 60 94 
no 90 138 

significant 53 60 
significant 46 

no 94 
slight 90 
no 90 
no 63 
no 70 
no 65 
no 80 

135 

117 
80 

103 

87 
SOlS; area reduction ratio, 

very bad 
bad 
very good 
very bad 
very bad 
very good 

very good 
not too bad 
good 

not too bad 
OM; optical microscope 

(Nb,Ti)3Sn at fields above 14 T. This study has been made to improve the 
high field properties of the multifilamentary Nb3Al. The Al core has been 
alloyed with Ge, and the reaction has been carried out at temperatures 
above 1000·C, resulting into an increase in T , H 2 and J at fields more 
than 14 T. c c c 

SAMPLE PREPARATION 

Table 1 shows the composition and the Vickers hardness H of the 
various Al alloys investigated in the present study, and the wZrkability of 
Nb/Al composites when these Al alloys were used as Al cores. For the Al 
alloy, (1) the H comparable to that of the pure Nb matrix, (2) no second 
phase observed by the optical micro~cope, are required to get the good 
workability of the Nb/AI composite. Since a maximum solubility of Ge in 
Al is about 2 at.%, Ge was precipitated along the grain boundary to 
deteriorate significantly the workability of the Al alloy even for the 
Al-2.5at.%Ge binary alloys. The Al-5at.%Ge, however, could be drawn into a 
wire when heat" treated at 420·C to spheroidize Ge. Nevertheless, the H of 
the Al-Ge binary alloys are too low to cold-work the composite. Ge caX be 
added to Al cores by the combination with Cu and Ag so as to avoid not only 
decreasing the H but also precipitating any visible second phase. Small 
amountsof Ge add¥d to Al-Cu and Al-Ag alloys rather increase the H to 
improve the workability of Nb/Al composite. G.P. zones of Al-Cu aXd Al-Ag 
compounds may disperse Ge homogeneously, although it is unclear whether the 
ternary compounds of AI-Cu-Ge and AI-Ag-Ge are formed or not. On the other 
hand, Ge added to the Al-Mg alloy precipitates the large second phase and 
deteriorates the workability of the composite. 

The de~ails of the sample preparation have been already reported 
elsewhere. An Al-2at.%Cu, Al-lat.%Cu-lat.%Ge, AI-3at.%Ag, Al-l.5at.%Ag-
1.5at.%Ge or Al-2at.%Ag-2at.%Ge rod of 6.9 rnrn~ was encased into a Nb tube 
of 7 rnrn i.d. and 14 rnm o.d., where the atomic fraction of Al to Nb is 
26.4%, if the Al alloy rod is replaced by the pure Alone. The resulting 
single-core Nb/Al composite was cold drawn by cassette-roller dies into a 
wire of 1.14 mmp and cut into short pieces. The 121 short, single-core 
wires were bundled in a Nb tube of 14 rnm i.d. and 20 rnm o.d., and the 
resulting 121-core Nb/Al composite was cold drawn into a wire and cut into 
short pieces again6 These procedures were repeated two ti~es more, and 
finally a 1.8 x 10 (12lx12lx12l)-co~e Nb/Al composite with continuous 
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Fig. 1. Dependence of (a) T and (b)J (4.2K,17T) on the Al core diameter 
for the Nb/AI compo~ite react~d at 750°C for 24 h. 

ultrafine Al alloy cores was fabricated. The final composites with 
filaments 25 nm to 2.3 pm in diameter were heat treated to form Nb3AI 
through the diffusion reaction between the Nb matrix and Al alloy cores. 

SUPERCONDUCTING PROPERTIES 

T and I were measured by a four-probe resistive methods. Twas 
definea as th~ midpoint of the transition. I was defined as the gurrent 
at which the sample showed the electric fie1dcof 1 pV/cm in steady 
transverse magnetic fields. 6J was defined as I Is. S was the cross
sectional area of the 1.8 x 10 Nb/AI single-core gomposite (i.e., excluding 
all Nb used for bundling). Hc2 was determined by the extrapolation of a 
Kramer plot. 

Heat Treatments at Low Temperatures 

Figure 1 shows the dependence of (a) T and (b) J (4.2K,17T) on the Al 
core diameter for the composites reacted atC750°C for ~4 h. The Al core 
diameter, which is calculated on the assumption that the filament shape is 
cylindrical one, represents roughly the inter-diffusion distance between Nb 
and AI. With decreasing Al core diameters, T and J initially increase, 
reach a maximum, and then decrease. The depegdence or the Al core diameter 
on the critical values can be explained by (1) the relative stability of 
the Nb-AI compound phases(Nb3AI, Nb2AI and NbAI ) in relation to the Al 
supply from the Al core(i.e., the instability oi Nb2AI(NbAI 3) due to the 
exhaustion30 4 ,he Al supply from the core is more remarkable at the smaller 
Al core.)'3'4' and (2) the proximity effect for extremely thin Nb Al 
filaments.' The poor workability of the Nb/AI-3at.%Ag composite~Table 1) 
is responsible for the fact that the critical values of the Nb/AI-3at.%Ag 
composite is insensitive to the caloulated Al core diameter. Since the Al 
filament is deformed to the irregular shape, the calculated Al core 
diameter in the Nb/AI-3at.%Ag composite does not reflect exactly the inter
diffusion distance between Nb and AI. Ge added to the AI-Cu and AI-Ag 
alloy cores increases both the T and J (4.2K,17T); the highest T (15.9 K) 

8 2 c c c 
and J (1.2 x 10 A/m) of the Nb/A1-1.5at.%Ag-1.5at.%Ge composite are 8 
hig2e¥ than those of Nb/AI-5at.%Mg composite(T ; 15.6 K, J ; 0.96 x 104 
A/m ), respectively. Since the H 2(4.2K) valu~ is proportlonal to T , 
maximum T and H 2 values are obt~Lned at the same filament size; th~ Nb/AI 

c c 
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composite with the 50 nm¢ Al-l.5at%Ag-l.5at.%Ge core reacted at 750°C for 
24 h showed the highest Hc2 (4.2K) of 21.5 T. 

It is very important for practical purposes that alloying Al with Ge 
can improve the high field properties even at low reaction temperatures 
«lOOO°C). The low reaction temperature is advantage to the low AC loss 
conductor, because it requires a resistive material with a low melting 
point such as Cu-Ni. However, in fields above 15 T, even the Nb/Al-Ag-Ge 
composites are inferior to the commercial (Nb,Ti)3Sn in J properties, as 
long as they are reacted at temperatures below 1000·C(Fig~ 5). This is 
probably because the amount of Ge added to the Al core is insufficient to 
suppress the deviation from the stoichiometry and to increase H 2' There
fore, we tried to improve the Hc2 by increasing the reaction te~perature. 

Heat Treatments at High Temperature~ 

J (4.2K) at 10, 15 and 20 T, and H 2(4.2K) versus reaction temperature 
curvescare shown in Figs. 2 (a) and (b)~ respectively, for the Nb/Al-
1.5at.%Ag-l.5at.%Ge composite. The best superconducting properties are 
shown in this figure, where the numeral denoted beside each symbols 
represents the optimum reaction time at a given reaction temperature. 
Closed symbols represent the case of the two-stage reaction, where the 
samples were heat treated again at a low temperature of 700·C for 50 h to 
improve the long range order parameter(LRO). The optimum reaction time 
becomes shorter with increasing the reaction temperature. As long as the 
single-stage reaction is optimized, J does not decrease significantly with 
increasing reaction temperatures, in ~ontrast to the other A15 compound. 
conductors such as Nb1Sn. This is because the major pinning center is ~ot 
the grain boundary but the interface between Nb 3Al and matrix(or core). 
The second reaction at 700°C leads into an increase in J when the first 
reaction temperature is above 950°C. This increment in j due to the 
second reaction is pronounced by increasing both the firsE reaction 
temperature and the magnetic fields, since the increment i.n H 2 due to the 
second reaction becomes larger with increasing reaction tempe~ature. It 

Fig. 2. 
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(a) (b) (c) 

Fig. 3. Typical cross-sectional microstructures of the Nb/Al composite 
reacted by the pulse Joule he~6ing; (a) the maximum electi~6 
resistivity Y ax = Q657 x 10 .am, (b) J' = 0.75 x 10 .Qm, 
( c)"p = 1. et x 10 n. m . max 

max 

seems that the stoichiometric Nb3AI forms easily at high temperatures and 
the second reactign improves the LRO, as reported for the powder processed 
Nb 3AI conductors. However, to do the first reaction at further high 
temperatures, the optimum reaction time must be shorter than a second. 

An attempt was made to do such a high-temperature reaction by applying 
a rectangular current pulse from a constant current source to the sample 
(0.1 m in length and 0.7 mm in diameter) immersed in liquid nitrogen. This 
technique is of great advantage to rapidly heating and cooling, so that it 
is easy to control the reaction time. The current pulse heating was cgn
tro~led by varying both the pulse height from 35 to 75 A (0.9 - 2 x 10 
A/m ) and the duration time from 0.5 to 2 seconds. However, it is not so 
easy to measure the reaction temperature in such a short time. So, the 
electric resistivity J of the sample was monitored during the pulse Joule 
heating, since the resistivity is a measure of the sample temperature. 
The sample voltage which is proportional to the resistivity remained con
stant, when the applying current was at least below 35 A. In this case, a 
heat generation balanced with a heat cooling. On the other hand, the 
sample voltage came to increase rapidly with time when the sample current 
was at least over 39 A. This is because the boiling of liquid nitrogen 
changed from the nucleate boiling to the film one (the heat transfer coef
ficient became small), resulting in a decrease in the heat cooling. Fur
thermore, the applying current was constant d~ring the pulse Joule heating 
so that the heat generation per unit volume(JJ?) increased with increasing 
the resistivity jJ. In this study, the maximum electric resistivity y 
whicn was observed at the end point of pulse is adopted as the parametel£1ax 

representing the reaction temperature. 
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Figure 3 shows the typical cross-sectional microstructures of ~ge 
Nb/AI composite reacted by the pulse heating. At jJ = 0.57 x 10 flm 

(Fig.3(a)), the individual Nb 3AI filament remains se~~fated clearly, al
though the reached temperature was estimated at least above 1200·C by using 
the thermocouples attached on the sample. With increasing JP ,however, 
the Nb 3AI filament comes to be joined with each other~6 It is N~fd to dis
tinguish the individual filament at jD = 0.75 x 10 12m (Fig.3(b)), at 
which the high temperature reaction roN~as off the boundary betwe~g the 121 
filaments part and the surrounding Nb part. At'p = 1.0 x 10 J1 m 
(Fig.3(c)), it seems that (1) the melting occurs lo~~fly and (2) Al dif
fuses out of the 121 filament part and reacts with the surrounding Nb part. 
Therefore, the composition of Nb 3AI will deviate from the stoichiometry in 
the case_gf the excessive reaction at high temperature. When JPmax reached 
1.2 x 10 Dm, the sample burnt out. 

Figure 4 shows Tc of the various Nb/AI composite wires reacted by the 
pulse Joule heating as a function of 2 . Closed symbols represent the T 
of the sample subsequently reacted at ~aOoC for 50 h. The second reactionc 

increases ghe T . Higher T 's more than 17 K are obtained around JP = 
0.57 x 10- Slm there the r~action temperature is at least above 1200~: It 
seems that the pulse Joule heating diminishes the deviation from the stoi
chiometry and the subsequent second reaction at 700°C improves the LRO, 
respectively. In this case, the multifilamentary structure remains unchang
ed as shown in Fig 3(a). The excessive reaction at high temperatures, 
however, causes the Al to diffuse to the Nb part(used for bundling), re
sulting into the deviation from stoichiometry and the degradation in T . 
It is noted that the highest T of 17.4 K is observed for the Nb/AI-Cu~Ge 
composite, in contrast to the ~ase of the single stage reaction at low 
temperatures. At the single-stage reaction at 750 °c, the high Tc values 
are obtained in the4sequence Nb/AI-Ag-Ge~Nb/AI-Ag-.Nb/AI-Mg~Nb/AI-Cu-Ge~ 
Nb/AI-Cu~Nb/AI-Zn. Ge added to the binary AI-Cu alloy is more effective 
in increasing T for the sample reacted by the pulse heating than those by 
the single-stag~ reaction. The T value of 16.5K is obtained, at least 
hitherto, for the Nb/AI-1.5at.%Ag-T.5at.%Ge composite, although the pulse 
Joule heating condition has not been optimized in this composite, yet. 

Fig. 4. 
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There is a linear relationship between H 2(4.2K) and T , ~rrespective 
of the reaction conditions and the Al alloys tsed as the cafe. Therefore, 
an increase in T improves both H 2 and J at high fields, as shown in Fig. 
5, by alloying Al core with Ge a~& in~rea§ing the reaction temperature. 
The highest J at 20 T is 9 x 10 A/m , which is obtained for the Nb/AI-
3at.%Ag, Nb/Al-1.sat.%Ag-1.sat.%Ge and Nb/AI-1at.%Cu-1at.%Ge composites 
reacted by the pulse Joule heating. Furthermore, the most suitable pulse 
heating would improve J at high fields for the Nb/AI-1.sat.%Ag-1.s at.%Ge 
composite, since the pulse heating condition has not been optimized yet. 
The improved J by the pulse heating is higher than that of the commercial 
(Nb,Ti)3Sn mUlfifilamentary conductor, at least hitherto, up to 17 T. 
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In the present process, whether the additive element of Ge is soluble 
in Nb 3Al layers or remaining at the unreacted Al cores is an interesting 
problem. Figure 6 shows a variation in Nb3Al lattice parameters for the 
various Nb/Al composite with 90 nm~ Al alloy cores reacted at 850°C for 3 
h. Alloying Al cores with Ge phenomenologically leads into a decrease in 
the Nb 3Al lattice parameter and an increase in T. This may suggest that 
Ge is soluble in Nb 1Al to make the composition a~proach to the stoichiomet
ric one. However, the lattice parameter also depends on various factors 
other than the composition. So, the x-ray diffraction study is 
insufficient to answer this question. It will be necessary to measure 
directly the composition of Nb 3Al by the scanning transmission electron 
microscopy, and so on. 

CONCLUSIONS 

High field properties of Nb3Al multifilamentary superconductors have 
been improved by alloying the Al core with Ge and increasing the reaction 
temperature above l200°C. Ge could be added to the Al core by using the 
ternary alloys of Al-1at.%Cu-1at.%Ge and Al-1.5at.%Ag-1.5at. gGe. 2The Tc' 
H 2(4.2K) and J (4.2K,17T) values (15.9K, 21.5T and 1.2 x 10 A/m, 
r~spective1y) or the Nb/AI-1.5at.%Ag-l.5at.%Ge composite reacted at 750°C 
are the highest values among the various Nb/Al composites so far 
investigated. The pulse Joule heating makes it possible to react the 
sample above 1200·C i~ a s20rt time, resulting into an increase in the J 
at high fields(9 x 10 A/m at 20 T) due to the improvement of H 2(24.4 T), 
where the multifilamentary structure remains unchanged. c 

The authors are much indebted to Dr. T. Kiyosi at the NRIM and the 
staff of Tohoku University for operating 18T superconducting magnet and 23 
T hybrid magnet, respectively. 
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PHASE FORMATION AND CRITICAL CURRENTS IN PM Nb3AI 

MULTIFILAMENTARY WIRES 

ABSTRACT 

Klaus Heine l and Rene Flukiger2 

lVacuumschmelze GmbH, Gruner Weg 37, D-6450 Hanau, FRG 
2Kernforschungszentrum Karlsruhe, Institut fur 
Techn. Physik, Postfach 3640, D-7500 Karlsruhe, FRG 

It has been demonstrated that multicore Nb3Al wires with stabilizing 
copper matrix can be prepared by powder metallurgy. High critical current 
densities of jc = 1.2' 105 A/cm2 at 10 T were achieved for single core wires 
with a high areal reduction ratio (ARR) of q = 9.105 • For high ARR the A15 
phase is formed at relatively low temperatures of about 650 oC, bypassing 
the cr phase. Phase formation has been studied by DSC, Tc measurements and 
XRD. The DSC results are quantitatively described by a layer model. Prior 
to the A15 phase NbA13 and bcc NbAl are formed. The amount and formation 
temperature of these preliminary stages depends on the ARR, indicating that 
the absolute layer thickness of Nb and Al influences the phase formation. 
Phase formation in Nb-AI multilayers of submicron scale does not follow the 
reaction sequence according to the equilibrium phase diagram. 

INTRODUCTION 

Nb3Al is a promlslng superconductor for high field applications at 4.2 
K and could be an alternative for Nb3Sn. Very high critical current densi
ties exceeding 105 A/cm2 at 20 T have been reported for liquid quenched 
material l demonstrating the potential of this A15 phase/superconductor. 
Unfortunately there is no "bronze process" for the formation of Nb3Al wires 
as exists for Nb3Sn, because of thermodynamical reason~z Nb3Al is not sta
ble in the presence of copper. At the moment there are two routes for the 
Nb3Al formation which are of technological interest, e.~. the transforma
tion of a supersaturated bcc phase 1 ,3 and the direct reaction of Nb and 
A14,5,6. According to the binary phase diagram7 a sequence of intermetallic 
compounds Nb3Al, NbzAl and NbAl3 exists in the Nb-Al system. All of this 
phases occur at high reaction temperatures and from thick reaction layerss. 
At low reaction temperatures which are convenient for the preparation of 
technical wires the formation rate of Nb3Al is very slow making it diffi
cult to obtain a substantial amount of A15 phase. This difficulty can be 
overcome by minimizing the diffusion length5 • 6 and the thickness of Nb and 
Al layers, respectively. 

Powder metallurgically (PM) prepared NbAl composites which were cold 
worked to an areal reduction ratio (ARR) of about q=106 consist of a struc-

Advances in Cryogenic Engineering (Materiais), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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ture with Nb layers less than 100 nm in thickness. The phase formation in 
such PM wires 9 and in sputter deposited multilayer geometries with similar 
layer thicknesses10 • 11 does not follow the reaction sequence according to 
the (high temperature) equilibrium phase diagram, e.g. bypasses the forma
tion of the a phase NbzAl. At low reaction temperatures of typically 700 -
900°C the reaction kinetics has to be considered. In particular effects 
related to the extremely fine composite structure, e.g. interface energies 
and nucleation at interfaces might favour or suppress the formation of 
equilibrium phases. The layer thickness of PM processed NbAl is determined 
by the initial powder size and by the degree of cold working (ARR) of the 
composite. For different ARR it can be easily varied over a wide range, 
from some micrometers to less than 100 nm, thus giving the opportunity to 
study the phase formation at different length scales. 

This work especially examines the reaction sequence prior to the for
mation of the A15 phase. The reactions were studied by X-ray diffraction 
(XRD) , Tc measurements and differential scanning calorimetry (DSC). The DSC 
measures the heat flux from or to a sample while heating it up at a cons
tant heating rate. Phase formation is associated with an exothermic heat 
release because it reduces the Gibbs' (free) energy of the sample. The 
reaction enthalpy 6H related to the phase formation can be determined by 
integrating the corresponding DSC peak. A layer model was developed which 
quantitatively describes the DSC results as a function of layer thickness 
and areal reduction ratio, respectively. 

The second part of this work deals with critical currents of single 
core and multicore PM Nb3Al wires. High critical current densities jc were 
obtained only for wires with high ARR. Studying the phase formation is the
refore the basis for an understanding of this experimental result and might 
be helpful in finding optimized reaction treatments. 

EXPERIMENTAL 

Powder metallurgical (PM) NbAl composites were prepared from hydride-' 
dehydride (HDH) Nb powders of 75 - 150 ~m particle size with an oxygen con
tent of 300 ppm and from low oxygen «200 ppm) PREP Nb powder with spheri-· 
cal particles of 300 - 500 ~m size. Al powder of 10 - 20 ~m particle size 
was used. NbAl mixtures with a nominal composition of 8 wt.% Al (23 at.%) 
were cold pressed isostatically at 0.2 GPa, encapsulated in a copper can 
and hydrostatically extruded. Multicore wires were fabricated from PREP Nb 
by cold working the extruded Cu/NbAl rods to hexagonal geometry, bundling 
and a second hydrostatic extrusion. The extruded 18 core composites could 
be wire drawn to a final diameter of 1.2 mm which is equivalent to an ARR 
of q = 6.10 4 • Even higher deformation rates were achieved by additional 
rolling. Single core wires with ARR up to q = 9·10° were prepared from HDH 
Nb. After hydrostatic extrusion and cold working the remaining copper can 
was removed. These wires were then bundled in a CuNi tube and further cold 
worked by swaging and rolling. 

DSC measurements were performed on NbAl composites with ARR of q = 
2.10 2 - 9·100. Samples of about 30 mg were sealed in Al crucibles and hea
ted to a maximum temperature of 600°C. Heating rates were varied from 1 -
400C/min. XRD was used to analyse the phases present in samples after DSC 
heat treatment and for samples isothermally heat treated at temperatures of 
300 - 900°C. The critical temperature Tc was determined inductively. Tc 
was defined as the midpoint of the superconducting to normal transition. 
Critical currents were measured in magnetic fields up to 20 T using a 1 
~V/cm criterion. critical current densities jc are given with respect to 
the area of the NbAI cores. 
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Fig. 1 a,b . Isothermal heat treatment of NbAI composites with q = 9· 103 at 
650°C. Fig. 1a (left) critical temperature Te. Fig. 1b (right) 
lattice parameter ao bce and ao A13 of bcc NbAI and A15 phase. 

RESULTS 

The kinetics of A15 phase formation was investigated in detail by iso
thermal heat treatments at 650°C. For wires with q = 9·10~ the critical 
temperature Tc and the lattice parameter ao bcc of bcc Nb respectively aoAl~ 
of the A15 phase were measured as a function of the reaction time tR (Fig. 
1a,lb). The critical temperature of the as drawn wire was reduced to about 
8.3 K due to the very high deformation rate12 • After short reaction times 
Tc further decreased from this starting value to Tc = 6.5 K. This behaviour 
was associated with a decrease of the bcc lattice parameter ao bcc • Both Tc 
and ao bcc are consistent with a solid solution of Al in bcc NbAI of approx-

imately 5 - 8 at.% AI. After further annealing Te steeply increased indi
cating the formation of A15 phase. The formation of A15 phase was also con
firmed by XRD. At the beginning of the Nb3AI formation an A15 phase with 
low Tc = 14 K and ao A15 = 0.5200 nm was formed corresponding to an Al con
tent of approximately 18 at.% 7. While the reaction proceeded the concen
tration of Al increased and approached the (low temperature) solubility 
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Fig. 2 • DSC mesurements for NbAI composites with ARR q = 2.102 - 9.105 

obtained at a heating rate of 10°C/min. Baselines are offset for 
clarity. 
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limit which is about 21 at.% AI. Simultaneously the bcc NbAI phase was 
involved in the reaction. The lattice parameter recovered from a mlnlmum 
value to ao bcc = 0.3295 nm indicating a decrease of dissolved Al in bcc 
NbAI. 

Fig. 2 presents DSC measurements for NbAI composites with ARR q 
2.102 - 9.10 5 obtained at a heating rate of 10°C/min. At the lowest defor
mation rate (q = 2.102 ) only the beginning of an exothermic reaction was 
observed at the experimental temperature limit of 600°C. For q = 4.103 and 
q = 1.4'104 , respectively two exothermic peaks were measured, a small one 
at about 380 - 450°C and a large peak located at 580 - 600 °C. Both peaks 
were shifted to lower temperatures as q was increased. At the same time the 
low temperature peak (peak 1) grew at the expense of the high temperature 
peak (peak 2). At the highest ARR of q = 9·10° peak 1 dominated and peak 2 
had almost completely vanished. The results for q 2.10 5 were very Slml
lar to those obtained by Ref.9 for PM wires with q = 1.105 and a finer Nb 
powder of 75 - 105 ~m particle size. 

According to Ref.9 the origin of the two DSC peaks is related to the 
formation of NbAl3 and bcc NbAl, respectively. The formation of Nb3AI was 
detected near 800°C and could therefore not be observed in the present DSC 
investigation. The identification of the first two peaks was in agreement 
with XRD and Tc measurements on DSC samples as well as on samples which 
were heat treated isothermally at 300°C, 450 °C and 550°C, respectively. 
Prolonged anneals at 550 °c caused a solid solution of Al in bcc Nb, as 
revealed by a decrease of both, Tc and ao bcc • The suppression of the bcc 
peak at very high ARR was surprising. As mentioned before the bcc solid 
solution is a preliminary stage of the A15 phase formation. This behaviour 
might be due to the extremely fine structure and will be discussed later. 

The microstructure of cold worked NbAl composites was investigated by 
transmission electron microscopy (TEM) • It consisted of a curled layer 
like structure, which is due to the <110> deformation texture of niobium. 
Assuming a simplified layer structure with alternating planar Nb and Al 
layers a layer model was developed which quantitatively describes the DSC 
data13 • In this case the interdiffusion and the formation of intermetallic 
compounds at the interface can be treated like a one dimensional layer 
growth. At constant temperature the thickness Set) of a growing layer is 
given by 

S (t) = (k· t)1 /2 (1) 

with 
k = ko·exp (-Q/kBT) (2) 

.where Q denotes the activation energy and ko the growth constant of a diffusion 
controled process. Equation (1) has to be modified for the case of a cons
tant heating rate a. The temperature T has to be replaced by T = To + aT 
with To beeing the initial temperature at the beginning of the DSC measure
ment. Set) then is given by integration over the measuring time t. The 
volume fraction X(t) of the growing layer can be calculated as a function 
of temperature and heating rate. The first derivative of the volume frac
tion itt) is given by the expression 

smax 

X(t) = set) . J y(l)/l dl 
set) 

6H (3) 

where set) and set) is the thickness and the growth velocity, respectively 
of the reaction product. The function J(l) considers the layer thickness 
distribution of a real PM wire. Here the lognormal distribution was used. 
Setting the second derivative equal to zero one finds an expression which 
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relates the maximum temperature Tm of the DSC peak to the activation energy: 

In (az/Tm2) = - 0.5 Q/kB·l/Tm + C (4) 

with 
z = «Tm-To)/a}1/2. 

The activation energy Q can therefore be estimated by plotting the left 
side of equation (4) vs. l/Tm where Tm represents the peak temperature at 
different heating rates a. Analysing the data for a 1 to 40 °C/min yields 
Ql = 2.2 eV for peak 1 (NbAI3) and Q2 = 1.95 eV for peak 2 (bcc NbAI). 

The estimated values for the activation energies Ql and Q2 were taken 
to calculate a relative layer thickness S* using equation (3). S* = S/kol/2 
was obtained by fitting the mean value S and the standard deviation aL 
which both characterize the layer thickness distribution to the measured 
DSC peaks. In PM wires the mean layer thickness S depends on the areal 
reduction ratio. Assuming constant volume and homogeneous deformation this 
leads to the relation S "-' q-l/2. Fig. 3 shows the calculated values of S' 
for NbAl3 and the bcc phase. A linear behaviour is observed for both reac
tion peaks in excellent agreement with the assumptions of this layer model. 
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Fig. 4 . Critical current density for single core (closed symbols) and 
multicore (open symbols) PM Nb3AI wires with different heat 
treatments. 
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Critical current densities jc of single core and multicore PM NbaAl 
wires were measured on wires with different ARR16 and reaction treatments. 
For single core wires with q = 9.105 the highest jc were obtained after a 
heat treatment of 1 hour at 900°C yielding jc = 1.2,105 A/cm2 at 10 T. For 
multicore wires jc = 8'104 A/cm2 at 10 T was obtained after reaction treat
ments which were not optimized (8h/8500C). The critical current densities 
of these wires were in general lower because of the lower ARR q = 5.105 • 

Other powder sizes have been used yielding a relative ARR qrel = 3.104 with 
respect to the powder size used for the single core wires. In comparison 
with wires of nominally the same qrel value14 jc of multicore wires is 
about a factor 3 higher than for comparable single core wires. This beha
viour is due to the superior Nb powder quality used for the preparation of 
multicore wires which enables a much more uniform deformation of the compo
site and the formation of a homogeneous A15 phase. 

The influence of different reaction temperatures on jc is more pro
nounced at high magnetic fields (Fig. 4) where the upper critical field 
determines the critical current density. The extrapolated values15 of Bc2* 
systematically varied from BC2* = 18 T for low reaction temperatures and 
short times to BC2* = 22 T for high reaction temperatures and long times. 
The upper critical field of Nb3Al is influenced by the stoichiometry and 
the degree of long range order16 of the A15 phase. Both effects seem to 
determine jc at high fields, especially for relatively low reaction tempe
ratures of 700 - 750°C. 

DISCUSSION 

This study demonstrates that the phase formation in PM NbAl composites 
depends on the absolute value of the layer thickness and on the diffusion 
length, respectively. At intermediate ARR's of q = 104 - 105 the phase for
mation followed the common thin film reaction sequence 9 ,10. At low tempera
tures of about 300 - 450°C the NbA13 phase is formed. At temperatures of 
450 - 600°C Al dissolves in a bcc NbAl solid solution. The A15 phase is 
formed in a third step at higher temperatures. It nucleates with a low Al 
content of about 18 at.% and then approaches the (low temperature) equili
brium concentration of 21 at.% AI. The growth of Nb3Al at the expense of 
bcc NbAl and especially the bypassing of the a phase does not follow the 
equilibrium phase diagram. The formation of bcc NbA1 and NbA13 seem to be 
two competitive processes. Both reactions are driven by the differences of 
the particular (free) enthalpy curves of the occurring phases11 and are 
influenced by nucleation of NbA13 and growth kinetics. At moderate ARR 
there is no nucleation barrier for the bcc NbAl formation, because Al pene
trates into bcc Nb at relatively low temperatures, due to the high solubi
lity and short diffusion length. The bcc phase formation may further be 
enhanced by the fast diffusion of Al in cold worked Nb. Diffusion in hea
vily cold worked metals is enhanced by the very high density of disloca
tions and point defects of the material17 • The activation energy Qplpe for 
diffusion along the dislocation core,"pipe diffusion", is reduced to about 
half of the bulk value Qplpe ~ 0.5·Qbulk 17 • This assumption is confirmed 
by the activation energy Q = 1.95 eV determined form DSC measurements which 
is significantly lower than Qbulk = 5.0 eV obtained from diffusion experi
ments 18. 

The reaction enthalpies AH related to the DSC peaks have to be compa
red with calculated values19 because of the lack of direct measurements. 
Only the heat of formation AH = 41 kJ/mol of NbA13 20 is known. For reaction 
temperatures less than about 600°C only bcc NbAl and the NbA13 phase have 
to be considered. The total energy release for the case that all Al of the 
Nb-8 wt.%Al composite reacts to form NbA13 + Nb or bcc NbAl, respectively 
is about 15 - 20 kJ/mol19 • This value was not found for one individual DSC 
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peak. Only the sum of peak 1 and peak 2 at relatively low ARR (q = 1.4,104 ) 

yields approximately 15 kJ/mol. The fact that this maximum formation 
enthalpy was not measured either for the NbAl3 formation or for bce NbAI 
solid solution alone indicates that none of the reactions had consumed the 
total amount of Al or Nb. For higher'ARR the formation enthalpy related to 
the first peak (NbAI3) is approximately constant 6H = 4 - 5 kJ/mol while 
the ~econd peak (NbAI) is suppressed. This DSC result implies that no bcc 
NbAl is formed after the NbAl3 formation. On the other hand the bcc phase 
has been found in competition with the A15 ph~se at 650°C. At present this 
discrepancy is not well understood. There are only some speculations about 
this behaviour. For PM wires with such a fine layer structure the influence 
of phase boundaries and interface energies has to be considered. 

CONCLUSION 

It has been demonstrated that multicore Nb3AI wires with stabilizing 
copper matrix can be prepared by powder metallurgy. The workability of the 
composite and the maximum degree of cold deformation is mainly determined 
by the quality of the Nb powder. In particular, a low oxygen content is 
essential for this fabrication process. In addition the work hardening and 
additional hardening at high areal reduction ratios (ARR) due to the high 
density of Nb-AI interfaces becomes important. 

High critical current densities of jc = 1.2,105 A/cm2 at 10 T were 
achieved for single core wires with a high ARR of q = 9·10°. For high ARR 
the A15 phase is formed at relatively low temperatures of about 650o C, 
bypassing the a phase. 

Phase formation has been studied by DSC, Tc measurements and XRD. The 
DSC results are quantitatively described by a layer model. Prior to the A15 
phase NbAl3 and bcc NbAI are formed. The amount and formation temperature 
of these preliminary stages depends on the ARR, indicating that the absolu
te layer thickness of Nb and Al influences the phase formation. Phase for
mation in Nb-AI multilayers of submicron scale does not follow the reaction 
sequence according to the equilibrium phase diagram. The influence of phase 
boundaries and interface energies has to be taken into account in further 
investigations. 
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INTRODUCTION 

Many problems fundamental to the preparation of high quality 
Josephson junctions are strongly related to interface morphology in the 
superconducting electrodes and the insulator layer. One of the problems 
for NbN films is that the superconducting coherence length, .;;, of NbN is 
at least a factor of 2 lower than for Nb. For NbN and Nb , .;; (4.2 K) is 4-7 
nm and 10-30 nm, respectively.' Another problem is that the NbN films are 
often inhomogeneous, and their properties are very sensitive to film 
preparation conditions. Variations 10 grain size, crystalline orien
tation, voids and columnar growth all contribute to changes 1n the 
electrical properties of the films. 

Hence, reliable process technology is necessary in order to prepare 
the high Te NbN layers with good surface and interface morphologies which 
are deposited first, i.e., layers adjacent to the insulator layer with a 
thickness characterized by .;;. Since one of the principle procedures 
permitting formation of ultrathin NbN layers with characteristics similar 
to those of bulk materials is heteroepitaxial growth, the preparation of 
highly oriented MgO films is of great scientific interest and of practical 
applications such as tunnel junction fabrication. For practical purposes, 
the textured MgO films can be used as underlayer to deposit other oriented 
films on top. 

So far, epitaxial NbN films on highly oriented MgO films have been 
successfully prepared by several researchers using the technique of de or 
rf magnetron sputtering. 2 - 7 However, in the present situation, for tunnel 
junction applications the deposition conditions remain still unoptimized. 
As mentioned by Talvacchio et al., tunnel properties are determined by the 
uniformity of the coverage of tunnel barriers, and the coverage is 
independent of crystal orientation of NbN. 6 Also Kerber et al. has found 
that the junctions with oriented MgO underlayers exhibited higher subga~ 
leakage and only low current density junctions showed enhanced sum-gap 
voltage, and hence they concluded that for logic devices randomly oriented 
NbN layers should be used. 7, However, it does not seem that the randomly 
oriented NbN is the most favorable one. It will not improve the tunnel 
property in future. If we get the perfect single crystal epitaxy or the 
fine column and very small voids, the coverage, i.e., tunnel property, may 
be improved. In the present situation, the study of surface and interface 
morphologies is still insufficient. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Therefore, We will investigate the optimum deposition conditions and 
the surface and interface morpholgies of ultrathin«10 nm) NbN films. 
The aim of this investigation is to achieve high transition temperature 
(low tensile strain), low resistivity(small voids) NbN films with good 
surface morpholgy under conditions suitable for use in all-NbN Josephson 
junction fabrication. In this paper we report on the results of a recent 
study on the deposition of oriented MgO films by rf sputtering from single 
crystal and hot-pressed MgO targets and of the epitaxial growth of MgO/NbN 
multilayers. 

FILM PREPARATION 

MgO films were deposited by rf sputtering in a multitarget sputtering 
system. The sputtering gases were high-purity(99.9995 %) Ar, Nz , and 
Ar+Nz mixture. The substrate temperature was in the range of 150-210 °C. 
The target was disks of single crystal MgO(85 mm diameter) and hot-pressed 
MgO(100 mm diameter) of 99.99 % purity. MgO and NbN film deposition 
rates were inferred from a Tncor surface profiler measurement on thicker 
films. 

Following the MgO deposition, thin NbN layers were sequentially 
deposited onto predeposited MgO underlayers on silicon substrates without 
breaking the vacuum. NbN films were produced by reactive rf magnetron 
sputtering in 20 mTorr of Ar+Nz mixture. The substrate temperature was 
about 210 °C, and the sputtering rate for an rf power density of 5.1 W/cm z 
was about 80 nm/min in Ar+(~9 %)N 2 mixture. A calibrated silicon diode 
(Lake Shore Cryotronics, Inc) was used as a temperature sensor, with a 
measurement accuracy of ±0.1 K in the 4-20 K. 

EXPERIMENTAL RESULTS AND DISCUSSION 

The results of the preparation of highly oriented MgO films have 
already been reported elsewhere. 2 , < These films were deposited with hot
pressed MgO target and in Ar or Ar+Nz mixture. In particular, the depo
sItIon in Ar+Nz mixture resulted in the increased intensity of orientation 
of MgO films. The same phenomenon has been recently observed by Kerber et 
al. 7 Here we present the results of MgO films prepared with single 
crystal MgO target and in two different environments, Nz gas and Ar+Nz 
mixture. MgO 
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Fig.2 Surface morphology(SEM} of MgO films on silicon substrates 
deposited with single crystal MgO target. The deposition 
conditions are (a) in 9 mTorr of N2 gas, and (b) in 20 mTorr 
of Ar+(30~}N2 mixture. 

Figures 1 (a) and 1 (b) show the x-ray diffraction results for 120 nm 
thick MgO films sputter-deposited with a single crystal MgO target. The 
films were deposited in 9 mTorr of N2 and in 20 mTorr of Ar+(30~}N2' 
respectively. One can clearly see the (200) prefered crystalline 
orientation. It is notable that the single crystal MgO target wi thout 
containing the absorption gas produced these highly oriented films by rf 
sputtering. On the subject of the effect of N2 gas on the MgO crystal 
orientation, the following mechanism can be proposed. MgO revealed 
catalytic activity in the plasma synthesis of ammonia from H2-N 2 mixed 
gas. ,B Also, in N2 plasma in which water vapor is mixed, NH* and N2H. are 
producted. The reaction occures on the surface of MgO. Excited nitrogen 
molecules may be absorbed on MgO, and the MgO surface becomes a nitride 
which is, at the same time, reduced by hydrogen atoms. In the results 
reported by Sugiyama et al., 9 the ESCA spectrum showed the presence of 
magnesium nitride but the amount of the nitride was negligible. Although 
the mechanism whereby the nitrogen ion responds to increase in the 
intensity of line (200) of MgO is not fully understood, our results might 
be explained by the generation of very small amounts of magnesium nitride, 
or magnesium hydroxide. 

Surface Morphology 

Figures 2 (a) and 2 (b) show the surface morphology of MgO films. The 
films were sputter-deposited in 9 mTorr of N2 (Fig.2 (a)), and in 20 mTorr 
of Ar+(30~}N2 mixture(Fig.2(b}), respectively. Both the surfaces are 
relatively smooth, and the surface shown in Fig.2 (b) is somewhat smooth 
compared with that in Fig.2(a}. Figures 3(a} and 3(b} show high magnifi
cation views of fractured sections of the films as shown in Fig.2(a} and 
2(b}. The columnar growth of the microstructure is clearly visible. The 
axis of the columns is perpendicular to the substrate surface. The width 

Fig.3 High magnification views of fractured MgO films as shown in 
Fig.2(a} and 2(b}. 
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Fig.4 High magnification view of 
a fractured MgO film deposited 
in 20 mTorr of Ar. The film 
has no preferential orientation. 
The grain size is 10-20 nm. 

of the columns is 20-30 nm in Fig.3(a) and 40 to 50 nm in Fig.3{b), 
respectively. These results indicate that the microstructure of the MgO 
underlayer is controlled by the change of N2 partial pressure. 

In order to compare the surface morphology, we present the high 
magnification view of a fractured section of a MgO film with no prefer
ential orientation, in Fig.4 which was deposited in 20 mTorr of Ar. Note 
no columnar growth in this figure. The coverage, in the present situ
ation, when amorphous MgO shown in Fig.4 is used as tunnel barriers, is 
much better than that by oriented MgO underlayers. However, if we obtain 
MgO underlayers with the fine columns and small voids, the coverage of 
tunnel barrier(MgO) may be still better. The MgO films with fine columns 
and very small voids may improve the characteristics of Josephson tunnel 
junctions, especially the subgap leakage. This problem is still unsolved, 
but in future we should improve the surface and interface morphologies MgO 
underlayers and MgO tunnel barriers. 

Film strain and Electrical Properties of NbN 

The strain of sputter-deposited NbN films has been recently discussed 
by Kerber et al. ' Here, we will also discuss the tensile strain of very 
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Fig.6 Critical temperature and 
residual resistivity of 
epitaxial NbN films as a 
function of nitrogen 
partial pressure. 

thin NbN films with and without MgO underlayers. The standard value of 
the lattice constant, ao is 0.421 nm for MgO and 0.439 nm for NbN. To test 
the orientation effect of ao for NbN on the tensile strain, many MgO(150 
nm)/NbN bilayers were prepared. 

Figure 5 plots the ao of (100) oriented and randomly oriented NbN 
films. The lattice constant of randomly oriented NbN films is much longer 
than that for (IOO) oriented NbN in thinner films. For the 15 nm thick 
NbN on silicon substrates, ao calculated from the (200) and (III) 
diffraction peaks is 0.445 nm and 0.448 nm, respectively. Hence, grains 
with (III) orientation in 15 nm thick NbN films without MgO underlayers 
has about 1.4 96 tensile strain while the NbN (IOO) orientation has about 
2.0 96 strain. This values are significantly large, and the strong strain 
degrades the superconducting properties of NbN.l0 

On the other hand, for the 20 nm thick NbN on oriented MgO under
layers, ao is 0.440 nm which is calculated from the (200) diffract ion 
peak. This result shows that the NbN (200) orientation is almost 
unstrained. Since the lattice constant of cubic NbN is related to the 
critical temperature, the unstrained films may be useful for device 
applications. However, in much thinner«IO nm) NbN films the tensile 
strain is still larger than 0.6 96. Hence we must further optimize the 
film preparation conditions. 

The data shown in Fig.6 is an indication of film quality{critical 
temperature Te , and film resistlvlty Po) as a function of nitrogen 
partial pressure, PN2. The film thickness of NbN is of ~IO nm, and MgO 
underlayer is of about 150 nm. Variation in N2 partial pressure strongly 
affects Te and p". Maximum Te of about 14 K is obtained in the N2 
partial pressure of about 1.6 mTorr which is in good agreement with our 
result for the thicker{~IOO nm) NbN films. These results indicate that the 
N2 sticking coefficient is equal in both cases of thin and thick film 
preparation. To obtain the order of magnitude of ~ (4.2 K), we measured 
the critical current,I e of oriented NbN(60 nm) films, prepared under the 
same procedure, as a function of applied field. Figure 7 shows Ie ' / 2B'/4 
vs B plots. The GL coherence length estimated from Be2 was of 4-4.5 nm. 
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JUNCTION FABRICATIONS 

Various types of Josephson junctions were fabricated with NbN!MgO 
multilayers deposited on silicon substrates. Junction fabrication 1S 

accomplished using a combination of photoresist patterning, reactive 10n 
etching, and lift-off. The detailed fabrication process has been reported 
elesewhere. II - 14 Tunnel junctions were fabricated with MgO(underlayer)! 
NbN!MgO(barrier)!NbN tetralayers. MgO underlayers were sputter-deposited 
with hot-pressed MgO target. The epitaxial junctions had high sum-gap 
voltage of 4 to 5 mY. However, the subgap leakage is somewhat large. 
The subgap leakage may be improved by using the MgO and NbN films with 
fine columns and small voids, and the improvement is now in progress. 

The all-NbN nanobridges were successfully fabricated using the very 
thin NbN films with high Te. The schematic structure of a nanobridge dc 
SQUIDs is ahown in Fig.8(a), and typical flux-modulation characteristics 
is shown in Fig.8(b). The maximum value of transfer function, av!acf> , and 

modulation coil 

Fig.8 (a) Schematic structure of NbN nanobridge dc SQUID, and 
(b) typical flux modulation(V-cf» characteristics. 
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the minimum energy sensltlvlty of a SQUID with Ls=IOO pH is ~l mV/<bo and 
about 20 h, respectively. These nanobridge also had good Josephson 
response on millimeter to submillimeter wave irradiations. Also, we 
fabricated the vertical-type NbN nanobridges by means of field evaporation 
technique. Using this technique, the nanobridge dc SQUIDs with low 
capacitance and desired LsIo/<b 0 values were in-situ produced at the 
operating temperature. 

CONCLUSIONS 

The thin film preparation and device applications of epitaxial 
MgO/NbN multilayers have been investigated. We found that (IOO) oriented 
films of MgO can be deposited with single crystal MgO target by the 
presence of N2 in the sputtering gas. The surface morphology of MgO 
underlayers can be changed by the sputter gas conditions. Low film strain 
of NbN was observed in highly oriented MgO(~150 nm}/NbN(~10 nm} bilayers, 
which may be suitable for junction fabrication. The preparation 
conditions of the MgO/NbN multilayers are still unoptimized, but all-NbN 
nanobridges with good Josephson response on magnetic fields and millimeter 
to submillimeter wave irradiations were successfully fabricated. Also, 
the subgap leakage of tunnel junctions is still unimproved, and the MgO 
underlayers with fine columns and very small voids may improve the leakage 
of tunnel junctions. 
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ABSTRACT 

Thin films of YIBa2Cu30z (YBCO) were deposited by electron-beam 
coevaporation of Y, Cu, and BaF2 onto single-crystal substrates of SrTi03 and 
KTa03. Various oxygen annealing protocols produced different epitaxial 
alignments of the films, which were then studied using vibrating sample 
(VSM) and SQUID-based magnetometry. The magnetization behavior and the 
critical current density Je(H,T) deduced from the magnetic hysteresis is 
observed to be quite sensitive to the substrate orientation as well as to 
annealing procedures that result in variations of the film morphology as 
evidenced by x-ray diffraction and and SEM techniques. Flux creep effects are 
also observed over short time intervals in VSM studies and examined 
quantitatively over longer periods with a SQUID magnetometer. 

INTRODUCTION 

A large body of work has established that the superconducting properties 
of thin YIBa2Cu30z films prepared by electron-beam evaporation or sputtering 
techniques followed by annealing procedures are very sensitive to the substrate 
on which they are deposited. In some cases, a severe degradation in the 
superconducting properties is observed due to formation of reactive layers at 
the interface between the YBCO film and substrate (e.g., Ab03, Zr02, and Si).1,2 
Such interfacial reaction effects are particularly severe in those formation 
methods requiring thermal anneals in the temperature range near 850°C. 
Interdiffusion across film-substrate interfaces presumably also occurs, but to a 
lesser degree, with the use of single-crystal SrTi03 and KTa03 substrates,3 but in 
these cases the transition temperatures Te of the YBCO films remain high at 
-90 K and with a transport critical current Jet that depends critically on the 
epitaxial growth that, in turn strongly depends on substrate orientation.4 

*Research sponsored by the Department of Materials Sciences, U.s. Department 
of Energy under contract DE-AC05-840R21400 with Martin Marietta Energy 
Systems, Inc. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 

385 



www.manaraa.com

Accordingly, in the present work magnetic studies of high Te films formed 
by coevaporation onto single-crystal SrTi03 and KTa03 substrates were 
undertaken in order to evaluate these materials for use in electronic 
devices and other possible applications. 

EXPERIMENTAL TECHNIQUES AND APPARATUS 

Thin films of YBCO -350 nm thick were formed bye-beam 
coevaporation of Y, Cu, and BaF2 onto single-crystal substrates that previously 
had been ultrasonically machined into circular discs -6 mm in diameter. The 
YIBa2Cu30z phase was formed by a high-temperature reaction in wet oxygen. 
The substrate materials in this case were single-crystal SrTi03 with (001) and 
(I10) surfaces and KTa03 with a (001) surface. Preparation of the samples has 
been reported elsewhere.3,4 It is worth noting that the deposition of films on 
the (001) and (110) SrTi03 substrates was made in the same run and was 
followed by identical annealing procedures. The morphology of these films 
can be summarized as follows: (I) on a (001) SrTi03 substrate, the film 
consisted predominantly of domains with the c-axis perpendicular to the 
substrate surface and with the a- and b-axes approximately aligned with the 
in-plane [100] axes of the substrateS (sample A), (2) by suitable heat treatment, 
the film on (001) KTa03 consisted of comparable fractions of grains with 
either the a-axis or c-axis perpendicular to the surface (sample B), and (3) on a 
SrTi03 (110) substrate, a mixture of finely divided domains (-1 x 11lm2) was 
observed with [110]- and [103]-type orientations relative to the surface4,6 
(sample C). 

Magnetic properties of these samples were investigated in the 
temperature range from 1.5 K to 100 K in a vibrating sample magnetometer 
(VSM) and a commercial SQUID magnetometer. The static magnetic field 
capability was 8.0 T and 5.0 T respectively for these studies. The circular disc 
samples were oriented with the plane of the disc normal to the applied field 
and to first order can be considered as oblate spheroids with demagnetization 
factor D - 1. Isothermal magnetization data were obtained using both types of 
magnetometry. With the VSM, the applied field was ramped at -100 Oe/sec 
and periodically stopped to observe the early stages of flux relaxation which 
can be quite large. The same procedure was followed while ramping the 
magnetic field back to zero. Similar magnetization investigations were made 
on these samples with the SQUID magnetometer. While the earliest stages of 
flux creep could not be probed with this apparatus, it did offer the ability to 
study flux creep rates over extended periods of time. In addition to high-field 
magnetization measurements, constant low applied magnetic fields (-10 Oe) 
were used to obtain zero-field cooled data while varying the temperature in 
order to determine Te. The 10% onset of the Te values was found to be 89.1 K, 
88.4 K, and 71.2 K, respectively, for samples A, B, and C. The low value of Te 
for sample C is not understood but it may be related to the granularity of this 
film. At 10 Oe no Meissner flux exclusion was observed in field-cooled 
studies for any of the samples because of significant volume and boundary 
flux pinning. 

MAGNETIZATION RESULTS 

Figure 1 shows the isothermal magnetization curves at 4.2 K for the 
YBCO film A with the c-axis normal to the (001) surface and parallel to the 

386 



www.manaraa.com

30 

20 

10 

T=4.2K 

O~-----------------------H 
t;-
0-10 
;::;l 

I -20 

-30 

-40~~--~--~--~--~~--~ 

o 10 20 30 40 50 60 70 
H (kOe) 

Fig. 1. Magnetization curves of a YBCO film 
on a (001) SrTi03 substrate (sample A) 

applied field. Values of the magnetization are quite large and indicate that 
large shielding currents are being generated. This is to be expected since 
optimal superconducting current flow is known to occur in the Cu-O planes 
of YBCO parallel to the a-b axes. By periodically stopping the increasing 
(decreasing) field ramp, one observes a relaxation to smaller (greater) 
diamagnetic values. This relaxation is a manifestation of the flux creep 
phenomenon and the end of the tick marks in the magnetization curves 
represents "quasi-static" values of the magnetization, that are obtained after 
20 seconds in the constant field. These points are taken to define the . 
envelope of the static irreversible magnetization curves. An intermediate 
case is that of a film grown on a (001) KTa03 surface (sample B) which consists 
of a mixture of a-axis and c-axis grains oriented normal to the surface. 
Superconducting current can then flow normal to the a-b planes in the a -L 
grains, through grain boundaries between a-L and c-L grains, and through any 
contiguous regions of c-L domains. The resultant superconducting current 
flow is considerably reduced as reflected in the smaller values of the 
magnetization hysteresis shown in Fig. 2 relative to those given in Fig. 1. 
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Fig. 2. Magnetization curves of a YBCO film 
on a (001) KTa03 substrate (sample B) 
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The superconducting current flow at 4.2 K in the YBCO film prepared 
on a (110) SrTi03 substrate is expected to be minimal for the following 
reasons: (1) the film is composed of small domains (-1 x 1 /-lm2 in area) that 
have numerous high-angle grain boundaries with small contact area, and (2) 
the orientation of the grains is such that no grains with the c-axis normal to 
the substrate surface can be observed by x-ray diffraction.4,6 Thus, weak 
intergranular coupling and the unfavorable orientation of grains relative to 
the applied field leads to a significantly reduced magnetization behavior as is 
shown in Fig. 3 and compared with Figs. 1 and 2. In Fig. 3, one notes the 
relatively large relaxations due to flux creep and a significant asymmetry in 
the sense that, over a short time span, there appears to be a bias for the 
material to prefer the diamagnetic state. In some cases, the "quasi-static" 
magnetization in decreasing fields actually overlaps values observed in 
increasing fields. Flux creep is also observed in samples A and B, although 
proportionately less, as is an asymmetry in magnetic relaxation that requires 
further investigation. 

TEMPORAL EFFECTS 

For conventional applications, the motion of magnetic flux through a 
superconductor in an applied field is very undesirable due to the associated 
generation of heat. Such flux motion can be detected with great sensitivity by 
observing changes in the superconducting state magnetic moment due to the 
decay of "persistent" currents in a sample. The decay of such currents 
generally leads to a reduction in the absolute value of the magnetization with 
time and this is exactly the effect observed in Figs.I-3. These effects, which 
tend to be rather pronounced in high-temperature superconductors, are 
referred to as "giant flux creep"7 and have been interpreted as arising from 
thermally activated motion of flux bundles over pinning barriers of height 
Vo. In the Kim-Anderson8 model, the magnetization M(t) has an asymptotic 
dependence on the logarithm of time t, with M(t) -In(t). An example of this 
is shown in Fig. 4 which illustrates that a In(t) dependence accurately 
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Fig. 4. The magnetization of a YBCO thin film -350 nm in 
thickness on (001) SrTi03 vs the logarithm of time, 
following application of an external field increased to 
500 G (sample A). 

describes the experimental data on these films. To within experimental 
accuracy, all of the flux creep data reported here followed this logarithmic 
dependence on time after an initial transient. 

The creep rate 5 = dM/d[ln(t)] was obtained from the slope of plots such 
as those in Fig. 4. In this figure, the vertical scale factors are identical so that 
the slopes can be compared directly; it is evident that the creep rate first 
increases with increasing temperature T and subsequently decreases. This 
behavior is confirmed in Fig. 5, a plot of the absolute value of the creep rate 5 
versus T for sample A in 500 G after increasing field (squares) and decreasing 
field history (triangles), respectively. The solid line is the average of the two 
sets of data. It is evident that the creep rate exhibits a peak near 20 K, and that 
the measured rate is higher for decreasing field history, as is seen qualitatively 
in the VSM magnetization curves (Figs. 1-3). At lower temperature, Fig. 5 
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shows that, in 500 G, S increases approximately linearly with T. In higher 
applied fields, the temperature dependence of S is flattened such that the data 
are nearly constant at low temperature and decrease thereafter. Similar 
results were obtained for the other thin film samples. 

DISCUSSION OF RESULTS 

Measurements of the isothermal magnetization M(H,T) were carried 
out at various temperatures in the superconducting interval and values of 
the quantity .1M(H,T) were extracted where .1M(H,T) represents the hysteretic 
difference in the quasi-static magnetization determined in increasing and 
decreasing field sweeps. The critical current density Je(T,H) can be deduced by 
application of the Bean model9 and, for these circular discs, the relation 
Je(T,H) = 15 .1M/R is valid where .1M is expressed in Gauss, and R is the 
sample radius in units of cm to give Je in AI cm2. In Fig. 6, Je(T) is plotted vs 
temperature for samples A and B in applied fields of 2.7 kOe and 35 kOe. The 
linear plot on the semilogarithmic scale shows that Je decreases exponentially 
with temperature as 

Je(T) = Je(O) exp(-T ITo) (1) 

where To is an empirical, characteristic temperature. For sample A, the 
values of To are 28 and 12 K in fields of 2.7 and 35 kOe, respectively; for 
sample B, the corresponding values are 20 and 9.7 K. Similar behavior has 
been noted in dispersed fine powders and sintered samples,lO single crystals11 
of YBCO, and more recently in Tl-based compounds.12 For sample C, the 
large observed flux creep effects preclude meaningful determinations of Je 
from the magnetic hysteresis. 

From studies of the time dependence of the magnetization, values for 
the flux creep rate S have been obtained. From the theory for thermally 
activated flux creep, one has the relation 
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Fig. 6. Critical current density of Je(T) of sample A (open 
symbols) and sample B (solid symbols) vs tempera
ture T in applied fIelds of 2.7 kOe and 35 kOe. 

where the symbols follow standard notation, Jeo explicitly denotes the critical 
current density at temperature T in the absence of flux creep, and all 
quantities are expressed in cgs units. Using experimentally obtained 
estimates for Jeo, we find the initial linear increase in the quantity (S/Jeo) with 
temperature that is expected from Eq. (2). From this analysis for sample A, 
we obtain the values for the effective pinning well depth Uo of 0.16 eV 
(in 500 G applied field) and 0.12 eV (in 3 kG field). It must be noted, however, 
that the experimental results in Fig. 5 do not extrapolate to zero as T ~O. This 
"nonthermal" component in flux motion has been observed previously in 
high-temperature superconductors, i.e., in Tl-based films,13 but its origin is 
not understood at this time. Preliminary results from flux creep studies of 
the other films Band C appear qualitatively similar. The details of these 
investigations will be presented in a subsequent work. 

CONCLUSIONS 

Thin films of YBCO were formed on two different substrate materials 
and their magnetic properties were studied. For epitaxial films with the c-axis 
normal to the substrate, the results indicated a large critical current in the 
basal plane that decreased exponentially with increasing temperature. From 
measurement of flux creep in low applied fields, the average flux pinning 
well depth was determined. It was found that the flux creep rates depended 
on the magnetic history of the samples well. Lower Je values, but similar 
overall results, were found in films with mixed a- and c-orientations. For 
triaxial films deposited on (110) SrTi03 surfaces, flux creep effects rapidly 
diminished the smaller magnetization, relative to the former films, that was 
observed under dynamic, field swept conditions. In conclusion, it is clear that 
the long-term behavior of supercurrents that is probed by these magnetic 
measurements is greatly dependent on the detailed morphology of the YBCO 
thin films. 
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MAGNETIC STUDIES OF YBaCuO CRYSTAL PREPARED BY QUENCH AND MELT GROWTH 

PROCESS 

INTRODUCTION 
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and Shoji Tanaka 
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1-10-13, Shinonome, Koto-ku, Tokyo, 135 Japan 

since the discovery of LaBaCuO with Tc exceeding 30K by Bednorz and 
Muller, tremendous effort has been conducted to rai~e critic~l 

temperatuae (Tc), lead~ng to the discovery of LaSrCuO, YBaCuO, 
BiSrCaCuO , and TIBaCaCuO • 

On the other hang, for6pract~cal applications, large critical current 
densities (Jc) of 10 - 10 A/cm are required often in the presence of 
significant magnetic field. However, Jc values of bulk sintered specimens 
have remained low, typically three orders of magnitude lower than tge 
required level. This is attributed to the presence of weak-links. 
Extremely short coherence length and low carrier density, which are 
characteristic of high ,c oxides, seem to be the source of the weak-link 
behavior at boundaries. But it has become clear that low Jc is not 
intrinsic to high Tc oxiges by the fact ghat very high Jc values are 
obtained in single crystals and thin films • ' 

However, it should be noted that some kind of defects must exist in 
type II superconductors in order1bo achieve resistanceless supercurrents 
in the presence of magnetic field • If single crystals were defect-free, 
their Jc would be zero in the magnetic field higher than H. In the 
YBaCuO system, single crystals contain dense twin structure~; therefore, 
they are not single crystals in a real sense. Since twin planes can work 
as pinning sites, high Jc values in sin11e crystals can be partly 
explained by the presence of twin structures • It has been also proposed 
that anisotropt2 crystal structure may contribute to intrinsic pinning in 
high Tc oxides • 

On the other hand, in spite of large Jc, which implies high pinnt~g 

potential, flux creep is reported to be fairly large in single crystals • 
At non-zero temperature the motion of trapped magnetic flux is possible 
with the helpl40f thermal energy. According to Anderson's thermally 
activated model , flux creep rate (v) can be given by 

v = va exp (-U/kT) 

where Vo is the frequency with which a flux bundle attempts to escape from 
the pinning site, U is the pinning potential and kT is thermal energy. 
Since kT is fairly large at 77K, large flux creep is expected. It is 
also known that U scales with coherence length, therefore U must be small 

Advances in Cryogenic Engineering (Materials). Vol. 36 
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in high Tc oxides. A combination of high kT and low U results in so 
called "giant" flYl§ creep. In fact, fairly large flux creep was observed 
in single crystals • This has lead to a very pessimistic conclusion that 
their application is not feasible at 77K. 

However, as mentioned above the presence of some defects which can 
work as pinning centers is required in order to obtain large Jc. In that 
sense, the pinning energy in single crystals, if they are really good in 
quality, should be the lowest for high Tc oxides. 

Recently, large YBaCuO crystals that exhibitlShigh Jc have been 
fabricated bY4 quenc~ and melt growth (QMG) process • Their Jc l~alues 
exceeded 2xlO A/cm at 77f7and IT. Bean's critical state was 
established in. such samples • It was found through microstructural 
analysis that fine Y2BaCuOs particles are trapped in YBa2Cu30 7 matrix in 
the QMG processed samples and they are expected to contrioute to pinning. 

In this paper, we report magnetic properties of the QMG processed 
YBaCuO crystals and show that their magnetization behavior can be 
understood in terms of the theory which has been developed for strongly 
pinned type II superconductors. We also report some flux creep data and 
show that flux creep rate is much smaller than that of single crystals. 

EXPERIMENTAL 

YBaCuO crystals were prepared by the quench and m~lt growth (QMG) 
pr~cess. Calcined YBa2Cu30x powders were heated to 1400 C and guenched by 
uSlng copper hammers. Then quenched plates were heated to 1100 C and held 
for 20 min, then cooled to lOOOoC at the rate of 1000C/h followed by slow 
cooling at the rate of SOC/h. Details of the process is described in 
ref. IS. 

Rectangular saT~les were cut from the'QMG processed plates. As 
reported previously , second phase layers and cracks were occasionally 
found along the c-plane. These defects affect the result of magnetization 
and complicate the analyses, and therefore in the present measurements, 
magnetic field was applied parallel to the c-axis. In this situation, 
effects of these defects can be neglected. 

Magnetization measurements were made using a vibrating 
magnetometer, an AC susceptometer, and a SQUID magnetometer. 

77K QMG 
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100 100 
§ 

0 ::E 0 t: 
v 
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Fig. 1. M-H relationships for QMG processed and sintered YBaCuO samples 
at 77K. 
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Fig. 2. 
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Temperature dependence of magnetization for the QMG processed 
YBaCuO under a magnetic field of 500e. 

RESULTS AND DISCUSSION 

Magnetization at low fields 

Magnetization (M) - field (H) properties at low-fields. Figure 1 
shows M-H relationships for a QMG processed YBaCuO crystal at 77K. The 
data for a sintered YBaCuO is also presented for comparison. As shown in 
the figure, perfect diamagnetism is preserved during the sweep of external 
magnetic field from -200 to 200 Oe in the QMG processed YBaCuO, while a 
large hysteresis is observed in a sintered sample. This magnetization 
behavior of the QMG processed sample is the one expected for ordinary 
superconductors and low-field magnetization behavior of sintered 
materials can be understood by the presence of weakly-coupled region 
between grains. This result guarantees the quality of the QMG processed 
sample. 

Temperature dependence of magnetization at low-fields. Figures 2 and 
3 show temperature dependence of magnetization for the QMG processed YBCO 
in field-cooled (fc) and zero-field-cooled (zfc) processes under magnetic 
fields of 50 Oe and 200 Oe, respectively. It is notable that diamagnetic 
signal is very small in the fc process, while perfect diamagnetism (471" M/H 
= -1) is found up to certain temperatures in the zfc process. 

Fig. 3. 

a 
Ie 

zle 
-1 

80 85 

Temperature (K) 

90 

Temperature dependence of magnetization for the QMG processed 
YBaCuO under a magnetic field of 2000e. 
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M-H loops for QMG processed and sintered YBaCuO samples at 77K. 

It is believed that large Meissner effect or field exclusion effect 
can be observed in the fc process if the sample quality is very good. It 
is also customary to obtain the superconducting volume fraction from the 
fraction of M/H. However, this M/H does not yield the superconducting 
volume fraction in type II superconductors. When type II superconductors 
are cooled in the presence of magnetic field, magnetic field will be 
excluded from the superconducting region below Tc. But, as is generally 
recognized, magnetic flux can be pinned at crystal defects or normal 
precipitates. From technological view point, the presence of pinning 
centers is critical, because resistanceless large current can be passed 
only when the pinning force due to the pinning centers is larger than the 
Lorentz force, J x B, acting on the flux vortices. Therefore, any Jc in 
magnetic field indicates the presence of pinning centers. If 
superconductors contain any pinning centers, some magnetic flux will be 
pinned. The higher the Jc is, the more magnetic flux will be pinned. 
Small diamagnetic signal or small flux expulsion in the QMG processed 
sample in the fc process is thus the indication of large pinning forces or 
large Jc. 

While in 
penetration of 

the zfc process, type II superconductors will resist the 
magnetic field up to H I and perfect diamagnetism is 

external magnetic field~ of 50 Oe and 200 Oe, perfect 
is observed up to 85K and 80K, respectively. Although more 

observed. In 
diamagnetism 

Fig. 5. 
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Fig. 6. Magnetization of the QMG processed YBaCuO after field-cooled 
under a magnetic field of lkOe. 

careful experiments are required for obtaining absolute 
result shows that H 1 is 50 Oe at S5K and 200 Oe at 
temperature is raiseg higher than these temperatures, 
magnetic field exceeds Hcl ' and then can enter the sample. 

Magnetization at high fields 

values, 
SOK. As 

this 
the 

the external 

M-H loops at high-fields. Figure 4 shows M-H loops for QMG 
processed and sintered YBaCuO samples at 77K. Magnetization hysteresisl~s 
much larger in the QMG processed sample. As reported previously , 
magnetizatio~ d~fference between increasing and decreasing field 
branches (M - M , ~M) is proportional to sample thickness in the QMG 
processed sample, while~M is almost independent of d in sintered samples. 
This indicates that weak-links present in sintered samples are almost 
absent in the QMG processed YBaCuO. It also indicates that Bean's 
critical state is established in the QMG processed sample. 

Temperature dependence of magnetization at high-fields. Figure 5 
shows temperature dependence of magnetization in the fc and zfc processes 
under a magnetic field of lkOe. In the fc process, no diamagnetic signal 
is observed. This indicates that almost all magnetic flux is trapped in 
the superconductor. In order to confirm this, we removed external 
magnetic field at 77K after field-cooled. As shown in Fig. 6 
magnetization appeared and increased as we decreased the external field. 
This result demonstrates that magnetic field was trapped in the 
superconductor below Tc in the fc process. For comparison, we also meas
ured ordinary M-H loop at 77K after zero-field-cooled. Magnetization 
hysteresis loops in the fc and zfc processes were the same in their shape 
but differs such that the origin shifted upwards in the fc case compared 
to the zfc case. These magnetization is understood based on Bean critical 
state model. Magnetization in the fc and zfc can be schematically 
illustrated as shown in Fig. 7. This figure is constructed referring to 
the values which were ~9tained from the previous magnetization data of the 
QMG processed sample • In an initial state, magnetization is zero in 
both cases. In the fc case, magnetic field was penetrating to the entire 
sample. As the external field was decreased, magnetic flux in the 
superficial layers was excluded. This exclusion continued down to 0 Oe. 
Further decrease of magnetic field cause the penetration of magnetic field 
of the opposite sign to the superficial layers down to -1 kOe. Then the 
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Fig. 7. Magnetization of the QMG processed YBaCuO after zero-field
cooled down to 77K. 
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Fig. 8. Magnetization processes corresponding to Figs. 6(left) and 
7(right). The figure was constructed based on Bean's critical 
state model. 
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Fig. 9. Decay of remanent magnetization for the QMG processed YBaCuO 
after applied magnetic field up to 10kOe and removed. 

sign 
field 
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of external field was reversed. In the following process, 
enters the sample creating zigzag like distribution of 

magnetic 
magnetic 

Magnetization in the zfc case is also consistently understood by the 
process based on Bean's critical state model, which is schematically 
shown in Fig. 8. Corresponding magnetization process is indicated by the 
same alphabet in the figure. 

It is also notable that reversible region in the fc and zfc processes 
is not observed. si~ce the reversible region is believed to be evidence 
for large flux creep , this result indicates that flux creep is small in 
the QMG processed YBaCuO sample. 

Magnetic relaxation 

Figure 9 shows decay of remanent magnetization for the QMG processed 
sample. The sample was cooled down to 77K, and then magnetic field was 
applied up to 10kOe(lT) and removed at the rate of 100 Oe/min followed by 
measuring the relaxation of remanent magnetization. The relaxation rate 

2x" 
o 

0.1Oe 

x' 
-1 

2x" 
o 10e 

x' ..-' 
-1 

2x' 
o 100e 

x' 
-1 

20 40 60 80 
T (K) 

Fig. 10. Temperature dependence of AC susceptibility for the QMG 
processed sample measured at f=lOOHz and for AC field amplitudes 
hO=O.l, 1, and 10 Oe. 
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increased with increasing the maximum ,external magnetic field reached and 
saturated at 4 kOe. This is understandable by considering that remanent 
magnetization or trapped magnetic field in the sample saturates at 4 kOe. 
From the saturated remanent magnetization data, we obtained U =130.7 eV, 
which was much larger than the value obtained in single crystals • 

Temperature dependence of AC susceptibility 

Figure 10 shows temperature dependence of AC susceptibility (x'+ix") 
for the QMG processed sample measured at f=lOO Hz and for AC field 
amplitudes hO = 0.1 Oe, 1 Oe and 100e. The normal to superconducting 
transition was very sharp with the onset temperature of 93K, which is in 
good agreement with the resultl~n DC measurements shown in Fig. 2. As 
differed from sintered materials only a single peak of x" was observed 
and the peak was not broadened even we increased hO• This result also 
indicates high quality of the QMG processed YBaCuO. 

CONCLUSIONS 

Magnetic measurements were made on YBaCuO crystals fabricated by the 
quench and melt growth technique. Perfect diamagnetism was observed in 
the zfc process, while a small diamagnetic signal was observed in the fc 
process, indicating that the sample is high quality type II 
superconductors with large pinning forces. 

Magnetic measurements at high fields show that magnetization behavior 
of the QMG processed sample can be understood in terms of Bean's critical 
state model, which indicates that the sample does not contain weak-links 
typically observed in sintered samples. Magnetic relaxation was found to 
be small in such samples and U value of 0.7 eV was obtained at 77K and 
1kOe. 
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FLUX PINNING AND PERCOLATION IN HIGH-Tc OXIDE SUPERCONDUCTORS 

ABSTRACT 

Teruo Matsushita, Baorong Ni, and Kaoru Yamafuji 

Department of Electronics 
Kyushu University 36 
Fukuoka 812, Japan 

Critical current characteristics in quench and melt growth (QMG) 
processed Y-Ba-Cu-O are investigated by ac inductive measurements. The 
critical current in these samples is percolative as is observed in 
sintered materials. However, this percolative behavior is not caused by 
weak-link grain boundaries but seems to be mainly attributed to layers of 
nonsuperconducting solidified melt. The experimental result of magnetiza
tion critical current density is compared with the theoretical estimate 
from the effective medium theory. It is also found that the shielding 
current with very high density flows locally inside the sample. Candi
dates for the dominant pinning centers in QMG processed samples are also 
discussed. 

INTRODUCTION 

Critical current densities obtained in bulk high-temperature super
conductors are fairly low, although very high values are attained in thin 

films prepared by various methods. I - 3 Low critical current densities in 
sintered materials are attributed to weak coupling between grains, since 
closed currents with fairly high density flow inside grains. In order to 
eliminate weak links in superconductors, efforts have been made on 
crystal-axis alignment and two methods have been tried. Mechanical 
treatments such as cold rolling or pressing of silver-sheathed tape wire 
make the c-axis alignment normal to the tape surface and this causes 

improvement of transport"critical current density.4-6 However, the weak 
links still remain and the critical current density falls down as the 
magnetic field higher than a few Tesla is applied. The other approach is 
elimination of weak-link grain boundaries by melt-process. Unidirectional 
solidification under a temperature gradient is effective for the purpose. 
Further improved critical current density with better field dependence has 

been obtained. 7- 9 However, it is still far below the critical current 
density in single crystalline thin films. This seems to be caused by 
defective structure such as normal phase, cracks, and still remaining 
grain boundaries. 

For a further improvement of the critical current density in oxide 
superconductors, detailed characterization of melt-processed materials is 
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Fig. 1. Optical micrograph of the QMG processed sample. 
The nonsuperconducting second phase remains as 
thin layers along the growth direction. The 
c-axis is directed vertical in this micrograph. 

necessary. The critical current characteristics of melt-processed 
Y-Ba-Cu-O specimen was investigated by the ac inductive method for this 
purpose. In this paper, the experimental result is reported. Candidates 
for dominant pinning centers and the perco1ative behavior due to defective 
structure are discussed. 

EXPERIMENT 

The samples we used were quench and melt growth (QMG) processed 
Y-Ba-Cu-O prepared by Nippon Steel Co. Precursor powders prepared by a 
common method were heated to 1300-1500 °c in a platinum crucible and the 
melt was quenched on a copper hearth. The quenched plates were again 
heated to 1000-1300 °c and cooled down in flowing oxygen under a careful 
temperature control. The plates were cut in the shape of slab of approx
imately 0.8x3x10 mm 3 in dimension. The c-axis was roughly directed normal 
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to the slab surface. Microstructure of the sample is shown in Fig. 1. 
Many layers of non super conducting second phase are developed along the 
growth direction. Their mean separation is approximately 25 ~m. These 
are solidified liquid phases that remained from the unidirectional growth 
process and are identified as a mixture of BaCu02 and CuO according to EDX 

analysis. It is found from transmission electron microscopic observation 
that fine precipitates of Y2BaCu05 (211) phase with diameters of around 

0.5 ~ are distributed in a wide area of the samples. Coarse precepitates 
of a few micrometers are also found. 

The critical current characteristic of the specimen was measured by 

the ac inductive method10- 12 • Dc and small ac magnetic fields were 
applied parallel to the wide surface of the sample, and hence normal to 
the c-axis. The measurements were carried out at the liquid nitrogen 
temperature. The dc bias magnetic field was changed up to 5 T. The 
frequency of the ac magnetic field was varied from 20 to 200 Hz. The 
obtained result did not depend on the frequency. This shows that the 
ohmic shielding current does not flow inside the sample. Figure 2 shows 
an example of the observed ac penetration depth A' vs the ac field ampli
tude bO at f=40.2 Hz. This curve has a kink, suggesting that two kinds of 
the current, like inter- and intragrain currents in a sintered sample, 
flow inside the melt-processed sample. 

The bulk critical current density can be estimated from the slope of 
the initial A' vs bO curve in Fig. 2: 

J 
c 

( dA' )-1 
~O db • o 

(1) 

The obtained results are shown in Figs. 3(a) and 3(b). The bulk critical 
current density in sample A takes I.OXIO e A/m2 around B=O.I T. This value 

is comparable to the estimate by Murakami et al. 9 from dc magnetization 
measurements. The critical current density in sample B is slightly small
er than that in A but has I.6X107 A/m 2 even at B=5 T. This result is 
close to the result of transport current measurement by Murakami et al. 8 
The outstanding points in the bulk critical current density in the QMG 
processed samples are: (i) value is very high, (ii) it is not degraded 
significantly by the magnetic field, and (iii) it does not depend on the 
increasing or decreasing process of the magnetic field (as for the history 
effect in a sintered sample, see Ref. 13). These facts show that the 
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\ L 

B B 

(a) (b) 

Fig. 4. Microstructure and corresponding magnetic flux 
distribution in the specimen at a region suffi
ciently apart from the edge: (a) for the case 
where superconducting regions are completely sepa
rated by nonsuperconducting layers and (b) for 
the case where the separation is not complete. 

weak-link nature of the grain boundary does not govern the transport 
characteristics in the QMG processed samples. 

However, the existence of the kink in the AI vs bO curve insists that 
the current does not flow uniformly inside the sample. From the micro
scopic observation shown in Fig. 1, the nonsuperconducting layers are the 
dominant defects that prevent uniform current transportation. That is, 
the current is forced to flow mainly parallel to the nonsuperconducting 
layers. This means that the flux invasion into the sample occurs along 
the nonsuperconducting layers. If superconducting regions are completely 
separated by the nonsuperconducting layers as shown in Fig. 4(a), the kink 
does not appear in the AI vs bO curve and the observed magnetization does 
not depend on the sample size, i.e., the thickness of the sample. In the 
present samples, superconducting regions are not completely separated, as 
illustrated in Fig. 4(b). The mean current density along the direction 
normal to the nonsuperconducting layers is not zero and the magnetization 
depends on the sample size. The broken line in the lower figure in Fig. 
4(b) represents the coarsed magnetic flux distribution due to the 
shielding by the bulk current. 

The local shielding current corresponding to a steep slope in the 
flux distribution shown in this figure is for flux invasion from non
superconducting layers into superconducting ones. The gradual increase in 
the ac penetration depth at large ac field amplitude in Fig. 2 represents 
the stronger local shielding currents. The ac penetration depth in Fig. 2 
is defined for a bulk flux invasion into the sample and is obtained from 

AI (2) 

where W is the width of the sample and ~ is the amplitude of the ac 
magnetic flux going in and out of the sample. In Eq. (2), 2W is the 
length of the perimeter from which the'magnetic flux invades the sample. 
On the other hand, the pattern of the local flux invasion into the 
superconducting layers is completely different from the above. The total 
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length of the perimeter for this flux invasion is approximately given by 
2WD/d, where D is the sample thickness and d is the mean interval of the 
nonsuperconducting layers •. Hence, the local critical current density is 
estimated from 

J ' c 

in terms of the A' vs bO curve in Fig. 2. In principle, existence of 

grain boundaries may affect the A' vs bO characteristic. However, the 
mean distance of grain boundaries is much larger than d in the present 
samples and the influence on J c ' is considered to be negligibly small. 

(3) 

It is to be noted that this affects the bulk critical current density, as 
will be discussed later. The obtained local critical current densities 
are represented in Fig. 3. These are larger by two orders of magnitude 
than the bulk critical current densities. Here, we note that the ratio of 
the bulk critical current density to the local one Jc/Jc ' is independent 

of the magnetic field. This supports the above-mentioned expectation 
that the percolative characteristic of the current in the QMG samples is 
mainly caused by other defects than weak-link grain boundaries. 

DISCUSSION 

The experiment on the QMG processed samples has clarified the 
following facts: 

(i) Two kinds of current flow inside the sample. 
(ii) The local critical current density is very high. 

(iii) The bulk critical current density smaller by two orders of magnitude 
than the local one is mainly attributed to the nonsuperconducting 
layers developed along the crystal growth direction. 

The second point verifies a high quality of the QMG processed samples. 
The third point is concerned with the fact that the weak links inside the 
sample are greatly improved in comparison with the sintered samples. 

Then, our interests are focused on the following two points: 
(i) A quantitative description of the bulk critical current density J c 

in terms of the local critical current density J c '. 

(ii) Explanation of the local critical current density J c ' from the flux 
pinning theory. 

The first point is associated with the percolation problem and the 
transport phenomena in a percolative system can be treated by using the 
effective medium theory. For this purpose, we need to simplify the 
defective structure in the sample. The present sample contains parallel 

NSC layer 

Fig. 5. Schematic illustration of micro
structure of the QMG sample. 
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Fig. 6. Illustration of one element composed of one grain 
for the effective medium theory. Ig and Ic' are 

the capacities of current transportation to the 
nearest neighbors. 

nonsuperconducting layers roughly along the a-b plane and grain boundaries 
of fairly low density, as schematically illustrated in Fig. 5. The 
current can flow along the c-axis through narrow channels between 
nonsuperconducting layers with the density Jc ' (for simplicity we assume 

that the local current density inside the superconducting regions is 
isotropic). It can also flow through the grain boundaries with the 
density Jg . Since the c-axes of two adjacent superconducting regions are 

expected to be parallel in most cases, the ratio of J g to J c ' is 

considered to be given by the experimental result by Dimos et al. 14 We 
denote the tilt angle in the a-b plane between two adjacent grains at the 
grain boundary by 6. The observed dependence of the grain boundary 

critical current density on the tilt angle can be approximated as15 

J 'sino 
c 

sin(6+o) , (4) 

where 0 is a constant and the good fit with the experiments14 is obtained 
for o=0.87xlO- 2 • We assume that Jg in our model is approximately given by 
the simple average of Eq. (4) with respect to 6 and we have 

J = 2 J 'sino log[(l+sec6)(l+coseco)] - cd'. 
g IT c C 

(5) 

The numerical factor a amounts to 0.074. 

We suppose that the sample is simulated by a cubic array of elements: 
each element composed of one grain has dimensions of grain size g in the 
layer plane and mean separation of the nonsuperconducting layers d in the 
third direction, as illustrated in Fig. 6. The capacity of nondissipative 
transport current from one element to adjacent one is Ig=gdJg through 

grain boundaries and Ic'=Sg 2J c ' through narrow channels between nonsuper

conducting layers, where S is a fraction of nonsuperconducting-Iayer-free 
surface of each grain. That is, each grain has six connections to the 
nearest neighbors: the current capacity of four connections is 10 and that 

D 

of two is Ic'. This problem can be reduced to a calculation of the 

electric conductivity of a bond percolation system composed of two kinds 

of bond. According to the effective medium theory of Kirkpatrick,16 the 
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mean conductivity om of the mixture of two kinds of particles (the frac

tions of particles with the conductivity 01 and 02 are p and I-p, respec
tively) is given by 

Om = {C ~p -1)01+[ ~ O-P)-1]02}/(Z-2) 

+ [{(T-1)0I+[ ~ O-P)-1]02}2+2(Z-2)0102}h/(Z-2), (6) 

where z is a number of bonds at each node of the network. In the present 
case of cubic bond, z=6 and we can replace 01 and 02 by Ig and Ic' with 

p=2/3. Thus, the bulk critical current density along the layer plane, 
which corresponds to the transport critical current density, is given by 

The mean bulk critical current density along the direction normal to 
nonsuperconducting layers is given JC.L=(d/g)JCIl • 

From optical micrograph observation, S is estimated to be around 
0.09. If we assume d=25 ].lm, g=200 ].lm, we have J CI/=0.1l2Jc ' along the 

(7) 

layer plane and J C.L=0.014Jc ' in the normal direction to the layers. From 

a geometry of the sample, the magnetization critical current density J c is 
related to JCII as 

J c 

WJ J 
cll C.L 

WJ .l+DJ 

J 
cll 

1+(Dd!Wg) (8) 
c cll 

In the present sample, we have J c"'0.32Jc/l"'0.036Jc '. On the other hand, 

the experimental value of J c is smaller by a factor of 200 than J c t • That 

is, the theoretical value is several times as large as the experimental 
result. This disagreement may be due to a coarse estimate of S. There 
may be thin nonsuperconducting layers invisible from optical micrograph of 
low magnification. 

The above simple analysis shows that J cll ' the transport critical 

current density in a common geometry, is larger than the magnetization 
critical current density J c • This agrees qualitatively with the recent 

measurement by Murakami. 17 He observed the transport critical current 
density of l xI0 9 A/m2 at zero field. This value is close to the present 
theoretical estimate with the observed J c t value. The theoretical result, 

Eq. (7), insists that the transport critical current density can be 
improved more by increasing the grain size g. 

The second point is the candidates for the causative pinning centers 
to explain the observed high value of local critical current density J c '. 

Before we start this discussion, we wish to stress that such a high value 
of J c t is not visionary. It is known that the intragrain currents with 

fairly high density flow in sintered samples (even higher than J c in melt

processed samples).10-12 It is difficult to suspect that the pinning 
characteristic in melt-processed samples is inferior to that in sintered 
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samples. Such a high J c ' value is supported by the larger pinning 

potential Uo estimated from the flux creep measurement18 than that for 

intragrain currents in sintered samples. 19 We note that Uo is propor

tional to -1/2 power of the pinning current density in the category of 

strong flux pinning. 19 

First, twinning planes with high density are seen in the samples. 
These planes are directed roughly perpendicular to the specimen surface 
and the direction of the most fluxoid motion is roughly parallel to the 
twinning plane in the present experimental situation. Hence, the contribu
tion from these planar defects to the local critical current density is 
not so large as expected in Ref. 20. That is, the present experimental 
result cannot be explained by flux pinning by twinning planes. 

The nonsuperconducting layers are effective for flux pinning in the 
present field geometry. The elementary pinning force of these layers per 
unit length of a fluxoid (S-N boundaries work as pinning centers) at low 
fields is 

where Bc is the thermodynamic critical field and t;.'1 is the coherence 

length in the a-b plane. Thus, the linear summation of the elementary 
forces leads to 

(9) 

J ' c (10) 

1/2 
where af=(2~0/I3B) is the fluxoid spacing with ~O denoting the flux 

quantum. At B=0.12 T (af=141 nm), we have J c '=7.76x10B A/m2 for d=25 ~m, 

where we used t;,H=2.99 nm (Bc2~=36.8 T) and Bc=0.42 T. If there are 

invisible thin nonsuperconducting layers, we have a larger contribution 
than the above estimate. However, the observed J c ' seems to be too large 
to explain by this flux pinning. 

Fine precipitates of Y2BaCu05 phase are distributed. These contrib

ute to the flux pinning through the same condensation energy interaction 
as the nonsuperconducting layers. The critical current density is 

J ' c 
(11) 

where Sv is the effective surface area of precipitates in a unit volume of 

the superconductor. If we denote the size of precipitates and their 
concentration by Land Np ' respectively, we have SV=NpL2 The mean size 

is about 0.5 ~m and the volume fraction of precipitates NpL3 is about 

0.25. In this case, the critical current density is estimated as 
J c '=9.74x109 A/m2 at B=0.12 T. This value is fairly large. But it is 

smaller by factor 4 than the observed value in sample A. 
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Finally we will discuss the possibility of flux pinning by point 

defects such as vacancies. According to Thuneberg et al.,21 the pinning 
energy of a point defect with a size w through the electron scattering 
is Up~(BC2/2~O)~Hw2. Hence, the elementary pinning force is fp~Up/~n~ 

(BC2/2~O)W2. This value is quite small because of small size w. These 

defects contribute appreciably only when their volume density is very high. 
We treat this case. We denote the longitudinal and transverse elastic 
correlation lengths of the fluxoid lattice by £44 and £66' respectively. 

The fraction of the normal core in this volume V=£44£66 2 is approximately 

(B/Bc2~)V. Hence, the number of effective point pins in this volume is 

n=(B/Bc2~)NpV. From the statistical nature, the collective force that 

these pins exert is approximately given by Illfp . The resulting critical 
current density is of the order of 

J ' c 
(12) 

If we assume that the correlation lengths are given by the cut off lengths 
£66~af' £44~4TIaf' the largest J c ' is obtained. Even in this case, we have 

Jc '=5.0xI0 8 A/m 2 at B=O.12 T for w=l nm and Np=8xI0 24 m- 3 • In a strict 

sense, therefore, this does not belong to the category of strong flux 
pinning and the correlation lengths are much larger than the above 
assumptions, resulting in further small Jc '. Hence, the observed Jc ' 

cannot be explained by the flux pinning by point defects. 

In conclusion, the pinning centers sufficiently strong to explain the 
observed local critical current density cannot be found. This may suggest 
the possibility that all kinds of pinning centers contribute cooperative
ly. Hence, the problems of the dominant pinning centers and their pinning 
mechanism remain still open and further detailed investigation seems to be 
necessary. 

The authors sincerely acknowledge Drs. M. Murakami and S. Matsuda for 
preparation of the QMG samples for this investigation. 

SUMMARY 

Critical current characteristics in QMG processed samples have been 
investigated and the following facts have been clarified: 

(1) Two kinds of current flow inside the sample due to imperfections. 
Nonsuperconducting layers developed along the crystal growth direc
tion and grain boundaries are responsible for the percolative 
current. 

(2) The local critical current density is very high. The pinning 
centers that contribute to the high critical current density are not 
clear at this moment. 

(3) The magnetization critical current density and the transport one are 
theoretically estimated for the percolation model system, where non
superconducting layers and grain boundaries are considered as 
obstacles. The agreement with the experimental result is not bad. 
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POSSIBLE "PROXIMITY MATRIX" ROUTE TO HIGH CURRENT CONDUCTORSt 

John Moreland, Y. K. Lif, J. W. Ekin, and L. F. Goodrich 

National Institute of Standards and Technology 
Electromagnetic Technology Division 
Boulder, CO 80303 

ABSTRACT - The conductance of point contacts between the surfaces of 
superconducting YBa2CuS07_0 thin films is very low. This is probably due 
to a native insulating surface layer. The conductance of these point 
contacts can be markedly increased by vacuum depositing and subsequently 
annealing a thin layer of Ag into the surface of the films. We believe 
that what might be described as a normal-metal superconducting "proximity 
matrix", is formed at the surface of the Ag coated YBa2CuS07_0 films. In 
this paper, we describe our efforts to adapt this method to YBa2CuS07_0 
powder. In particular, we have developed a procedure for vacuum deposition 
of very thin Ag coatings onto the surface of YBa2CuSOX powder grains. The 
Ag-treated powder is then pelletized, sintered, annealed, and cut to form 
small conducting bars for electrical transport testing. 

INTRODUCTION 

The proximity effect has been observed at many superconductor-normal 
metal (SN) interfaces. In particular, several authors have studied 
superconductive coupling through SNS sandwich structures as a function of 
normal layer thickness, temperature, and applied magnetic field. 1 - s In 
general, the data are consistent with Ginzburg-Landau theory. For this 
reason, we think that observation and characterization of the proximity 
effect in high temperature superconducting CuO compounds may be key to 
understanding the fundamental mechanism of superconductivity in these 
materials. Proximity structures may also have important roles in the 
development of practical devices including Josephson junctions and high
critical-current wires based on high-temperature superconductors. 

Recently, we observed a remarkable increase (a factor of 10 6 ) in the 
conductance of contacts between YBa2CuS07_0 thin films when thin Ag 
coatings were annealed into their surfaces. 4 The current-versus-voltage 
(I-V) characteristics of the Ag-treated contacts also had a peak in 
conductance at zero voltage bias. A distinct zero bias-current (pair 
tunneling) was observed in one of the junctions with electrodes having 5 nm 
Ag coatings. In another experiment, Mankiewich et al. s detected Josephson 

t Contribution of the National Institute of Standards and Technology, not 
subject to copyright. 

* Visiting scientist from the Institute of Physics, Chinese Academy of 
Science, Beijing, China. 
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coupling through Au patches between YBa2Cu307_0 films 1 ~m apart. We 
believe that these results are evidence for a SNS proximity effect 
operating between the films, where the Ag or Au interlayer is induced into 
the superconducting state. 

Work by Atoh et al. 6 and Nakayama et al. 7 on Nb (or Pb)-Au-YBa2Cu30 7_o 
thin film sandwiches also indicates that the proximity effect is operating 
between conventional superconductors and YBa2Cu30 7_0 films. This implies 
that the type of pairing in conventional superconductors and YBa 2Cu30 7 _0 is 
similar. Perhaps, then, high-temperature superconductors will lend 
themselves to some of the conventional applications of the proximity effect 
like interfilament supercurrent transfer in copper-matrix multifilamentary 
superconductors. The proximity effect might even be used to improve upon 
the weak link nature of sintered bulk high-temperature superconductor 
ceramics that apparently limits their high-field J C • 8 Problems that steIn 
from variations in stoichiometry and crystal structure near grain 
boundaries may be reduced using grains coated with a proximity layer. 
Since superconducting compounds typically have short coherence lengths 
(less than 2 nm for YBa2Cu30 7_0 ; see ref. 9), the superconducting 
properties of their interfaces are easily affected by very short range 
material variations. Methods that improve stoichiometry and 
crystallography of the superconductor near the grain boundaries should 
improve the J c of polycrystalline material. Alternatively, the electrical 
properties of the superconductor compound can be desensitized to the 
effects of short-range material variations by increasing the coherence 
length in the vicinity of the grain boundary. This can be done using a 
normal-metal proximity layer in the grain boundary. This paper is a 
progress report describing our initial efforts to adapt the thin-film Ag 
coating method for improving the electrical properties of YBa2Cu30 7 _0 thin
film surfaces to a method for improving the electrical properties of grain 
boundaries in sintered YBa2Cu30 7_0 pellets. Simply, we have adapted vacuum 
evaporator and sputter deposition systems for evenly coating YBa2Cu307_0 
powder with very thin Ag layers. These powders are then pelletized and 
sintered to form samples for the transport measurements reported here. 

Very low surface resistivity contacts between deposited Ag films on 
YBa2Cu307_0 pellets have been reported in references 10 and 11. Is the 
proximity effect responsible for these experimental observations as well? 
If so, then it may be possible to optimize these powder mixture and 
sintering processes to develop a high-current conductor. According to 
Deutscher and de Gennes 1 there are three requirements for a proximity 
effect at an SN contact. First, electrical contact between Sand N must be 
very good. Second, Sand N must not migrate across the S-N interface. 
Third, the normal-metal coherence length, ~N' should be comparable to the 
thickness of the normal-metal layer, g. Metallic Ag in grain boundaries 
may serve as high J c links between grains. For very thin layers of Ag 
along grain boundaries, currents exceeding the BCS pair-breaking IcR 
product of n6/2e are theoretically possible if ~N ~ g.3 

For an ideal SNS junction, Likarev3 shows that ~N(T) = 0.58 x 
(nvFg/6nkBT)~ where vF and ~ are the Fermi velocity and mean free path of 
N. Based on normal-state resistivity data, he estimates that ~N is about 
100 nm around 10 K in Ag. This is consistent with the results of Chaikin 
et al. 12 on Ag proximity junctions where they showed reduced electron 
coupling to Ag phonons for proximity layers thicker than 40 nm. If S has a 
Tc of 90 K then ~N in Ag would be reduced by a factor of 3 to about 33 nm 
(16 nm using the data of Chaiken et al.). We conclude that the Ag coatings 
on YBa2Cu307_0 powder grains should be less than about 30 nm to use the 
proximity effect effectively for improving intergrain coupling. Standard 
thin-film deposition methods for Ag should provide the control necessary 
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Fig. 1. Schematic showing the arrangement of the deposition source and 
powder holder in the high vacuum system for thin-film powder coating. The 
powder holder is mounted on a vibrating beam attached to an eccentric 
electric motor. Vibration of the powder holder insures an even coating of 
the powder during deposition. The parts of the diagram are as follows: 
1. tungsten wire thermal source; 2. aluminum box for holding YBa2CuS07_6 
powder; 3. vibrating beam assembly; 4. vacuum pump port; 5. eccentric 
motor; 6. YBa 2CuS07_6 powder. The inset in the upper right hand corner 
shows the powder configuration during deposition. 

for achieving very thin uniform Ag coatings on YBa2CuS07_6 powder. If 
desired, it should be possible to coat each grain evenly with submonolayer 
coverage. 

APPARATUS 

The apparatus for Ag deposition is shown in Fig. 1. The YBa 2CuS0 7 _6 
powder is held in an aluminum box that is fastened to a stainless steel 
sheet (30x3xO.1 cmS). The sheet has two 6.3 mm diameter stainless rods 
attached at either end. The rods protrude from the vacuum chamber through 
O-ring seals. An eccentric variable speed motor is attached to one of the 
rods. The motor provides vibration that stirs the powder in the aluminum 
box. Different normal modes of the powder holder assembly can be 
resonantly excited by changing the speed of the motor. Typically the motor 
speed is about 10 Hz. At this frequency the vibration of the powder holder 
results in a uniform rolling motion of the powder in one side ' of the 
aluminum box (see inset Fig. 1). At higher resonant frequencies the powder 
is ejected out of the holder into the vacuum chamber. 

The transport characteristics of the YBa 2CuS0 7 _6 pellets are measured 
using computer-controlled data acquisition systems. Electrical contact to 
the samples is made by In-2%Ag solder pads ultra-sonically bonded to the 
surface of the samples. This technique results in current contact 
resistances of about 0.01 to 0.9 0 and corresponding surface resistivities 
of about 10- 2 to 10-s O-cm2 . The electric field versus current density 
(E-J) curves are measured point by point at many dc bias currents. The 
current set points are selected so that the resulting voltages have 
approximately equal spacing in log space. The sample voltage is measured 
with an analog nanovoltmeter, and the output is amplified and filtered 
before being fed into a digital voltmeter. Sample current is supplied 
using a 10 A battery powered current supply. The current is measured with 
a differential voltmeter across a precision resistor. Samples are dry-cut 
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with a diamond wheel from the sintered pellets. 
15x1x1.5 mm 3 . The voltage tap spacing is about 
corrections are made for the J c measurements. 

The sample size is about 
5 mm. No current-transfer 

J c is defined using an offset criterion. 12 Essentially the offset 
criterion is similar to the electric-field criterion, but it defines a J c 
that goes to zero where the E-J characteristic of a superconductor becomes 
completely ohmic, unlike conventional electric-field or resistivity 
criteria where the defined J c has an arbitrary normal-conduction component. 
Basically the offset criterion consists of taking the tangent to the E-J 
curve at a given electric-field criterion level (in our case where the 
electric field between the voltage leads exceeds 10~V/cm). J c is defined 
as the current density where this tangent extrapolates to zero electric 
field. 

The resistance-versus-temperature (R-T) curves are taken with a 
bathysphere cryostat. 14 The four-terminal resistance of the sample is 
measured using a lock-in amplifier to detect the voltage drop along the 
sample in response to a constant 60 ~A rms, (137 Hz) current flowing 
through the sample. Temperature is measured using calibrated Pt (above 70 
K) and C glass (below 70 K) resistance thermometers. TcO is defined as the 
temperature the resistance of the sample falls into the noise of the 
instrument, which is about 1 mO at the 60 ~A excitation current. Tcm is 
defined to be the point at which the resistance falls below half of the 
interpolated normal state value. 

SAMPLE PREPARATION 

The YBa2Cu3 0 7 _0 starting powder for this experiment was made from "123" 
stoichiometric mixtures of Y20 3 , BaCOs , and CuO ground together and 
calcined at 930°C in air for 10 h. The resulting powder was reground and 
annealed at 600°C for 10 h and cooled at a rate of 2.4°C/min to 450°C in 
oxygen. This powder was then ground and sectioned into 4 g lots for Ag 
deposition and further processing. 

The 99.9% pure Ag coatings were either sputtered or evaporated onto the 
starting powder. Sputtering Ag should provide better contact to the 
samples because of the energetic deposition conditions. For this reason 
some of the evaporations were preceded by a brief Ag sputter treatment. 
The evaporation source was a tungsten wire spiral about 2 mm ID, 4 mm OD, 
and about 3 cm long. The spiral was suspended about 15 cm above the powder 
in the aluminum holder. Evaporation rates were typically about 1 nm/s. An 
rf diode sputter system was also adapted for YBa2CuS07_o powder coating. A 
7 cm diameter Ag target, 20 cm above the powder holder, resulted in 
sputtering rates of 0.1 nm/s in an argon atmosphere of 2.6 Pa. Evaporation 
and sputtering rates were measured using quartz crystal monitors. However, 
the actual deposition rate and thickne.ss at the surface of the powder could 
only be estimated from the ratios of the approximate surface area of the 
powder charge in the holder and the surface area of the powder exposed to 
the Ag at any time during the deposition. A rough estimate of the actual 
coating thickness, t, can be surmised from the radius, r, of the powder 
grains; the density, p, of YBa2CuS07_o; the mass, m, of the powder charge; 
the area, A, exposed to the deposition source; and the thickness monitor 
reading, t m; assuming uniform coverage of spherical powder grains. We find 
t = rAp/3m x t m. Our depositions used an estimated r = 10 ~m, A = 8 cm2 , 
p = 6.4 g/cms , and m = 4 g so t = 0.004 t m. We emphasize that this is only 
an estimate, probably accurate within a factor of 2. This means that the 
actual Ag thickness may be as little as one thousandth of the thickness 
monitor readingf If 90 nm of Ag is sputtered according to the thickness 
monitor, less than a monolayer of Ag is being deposited onto the aggregate 
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Fig. 2. Resistance versus temperature curves for samples made from (a) 
uncoated and (b) Ag coated powder. 

surface of a typical 4 g YBa2 Cug 0 7 _ 0 powder charge. For this reason we 
would sometimes add Ag by following a sputter deposition with a faster 
subsequent evaporation of a thicker Ag layer. 

The Ag-coated powder was pressed into 1.9 cm diameter pellets at a 
pressure of 20 MPa. The pellets were sintered at 900°C for 10 h in oxygen 
and slowly cooled at 2.4°C/min. Some of the pellets were wrapped in Ag 
pouches made from 0.127 mm thick Ag foil during the sintering step. 
Afterwards the pellets were removed from their pouches and subjected to a 
final low temperature oxygen anneal from 600°C to 450°C over 3 h. 

RESULTS 

Table I summarizes the processing, Tcs, residual resistivity ratios, 
and Jcs of some of the samples. These samples were chosen to represent 
trends in the data as a result of various processing methods. We caution 
that the data in table I are some of our first ~easurements, and there 
remains the need to gather further statistics given the large number of 
processing parameters involved. Typical R-T data are shown in Fig. 2. The 

10 

J (A/em') 

100 

Fig. 3. E-J curves for samples 29, 51, and 52 in liquid nitrogen at 76 K 
(see table I for sample descriptions). 
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Fig. 4. J c as a function of magnetic field applied normal to the direction 
of current in sample 51. The sample is immersed in liquid nitrogen at 
76 K. 

two curves in the figure are representative of the type of data observed 
for the Ag coated samples. Curve a shows the transition for a sample 
without Ag coating. The transition is sharp, with a Tcm of 91 K and a TcO 
of 90 K. The Ag coated samples, on the other hand, show a foot in the 
transition (curve b). This foot typically starts as a break in the usual 
transition just below Tcm with a TcO well below 90 K. We have seen TcOs as 
low as 10 K for samples sintered at low temperatures (600 D C). TcO is 
preparation dependent whereas Tcm is not, remaining close to 90 K. A foot 
in the R-T data is an indication of a normal phase present at the grain 
boundaries. 

The E-J curves of samples 29, 51, and 52 in table I are shown in 
Fig. 3. The data were taken without an applied field (B < 10-4 T). The 
samples were immersed in liquid nitrogen at 76 K. Figure 4 shows the field 
dependence of J c for sample 51. The data are typical of weakly linked high 
temperature superconductors showing a sharp decrease in J c when a 10-2 T 
magnetic field is applied normal to the direction of the sample current. 15 

DISCUSSION 

Sample 29 has much better transport characteristics than sample 30. 
Sample 30 is normal at 76 K. We think that low TcOs are caused by 
relatively thick Ag boundaries between largely decoupled YBa2Cug07_0 
grains. The data for these samples indicate that at higher sintering 
temperatures the foot in the R-T data is substantially reduced even for 
relatively larger Ag deposition thicknesses. The improvement may be due to 
better oxygen stoichiometry achieved at higher sintering temperatures. In 
addition, Ag is driven off at the higher sintering temperatures. This is 
supported by the observation of a yellow-brown layer of AgO forming on the 
sample tube at 900 D C. Unfortunately, the samples sintered at temperatures 
below 900 D C have poor mechanical properties and often crumble during lead 
attachment for electrical measurements. These observations indicate that a 
key processing obstacle is achieving sintering temperatures high enough for 
sample integrity without driving the thin Ag coating from the powder. For 

419 



www.manaraa.com

this reason Ag pouches are now being used to cover the samples during 900°C 
anneals to prevent excessive loss of Ag. The Ag pouches, however, keep 
oxygen from the pellets, so a subsequent additional oxygen anneal from 
600°C to 450°C has been adopted without the Ag pouch. The Ag loss should 
be minimal at these temperature over short annealing periods. In any case, 
Table I shows that evaporated Ag coatings depress TcO and J c (76 K). 
At this time, it is unclear, due to data variability, what effect 
sputtering of very thin Ag layers onto YBa 2 Cu3 0 7 _ 0 powder has on the 
transport properties of the resulting pellet samples. Brief sputtering 
periods of the powder surface have no noticeable effect within the 
variability of the results. However, longer exposure (required for thicker 
layers) at high temperatures in the argon sputtering plasma may be 
detrimental. 

We plan to include sputter etching of the powder as an additional 
processing parameter for improving the YBa 2 Cu3 0 7 _ 0 powder surface before Ag 
depositions. Also, we will perform J c measurements at 4 K where presumably 
the proximity coupling through the Ag coating should be stronger. The 
temperature dependence of J c should shed some light on the nature of the 
weak links in the pellets. 16 A good demonstration of the proximity effect 
would be to show that there is a cross-over temperature where J c for an 
uncoated weakly linked powder pellet would become less than that of a 
similarly prepared Ag-coated powder pellet. 
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YBCO SU~ERCONDUCTOR SUSCE~TIBILITY 

IN AN ALTERNATING MAGNETIC FIELD 

INTRODUCTION 

L. M. Fisher, N. V. II'yn, I. F. Voloshin 

All-union Electrotechnical Institute 
111250, Moscow, Krasnokazarmennaja 12 

A great number of investigations concerning physical 
properties of high-Tc superconductors (HTSC) have been carried 
out on ceramics. Ceramics are essentially inhomogeneoys2media, 
for which various models have been proposed (see e.g. ' ). 
In the most widely used models, the ceramic are considered to 
consist of superconducting grains with high critical parameters, 
coupled by weak (Josephson) links. The macroscopic properties 
of such a medium appear to vary widely depending on grain 
dimension, orientation, relative volume, etc. As a result 
further investigations are needed to define the HTSC ceramics 
more precisely. 

In this paper we report the results of our study of ac 
magnetic susceptibility (MS) of HTSX ceramics under various 
conditions. In particular, we have studied the change of MS 
as the superconducting state is destroyed by a dc transport 
current effect and we have studied the effect of ac magnetic 
field magnitude on MS. In both cases it is possible to estimate 
the volume fraction of superconducting grains in the ceramic. 
It is shown that the real and imaginary parts of the MS as a 
function of direct current have special features indicating 
that the current reaches its critical value. When the 
temperature is decreasing, one can examine the grain transition 
to the superconducting state, formation of weak intergranular 
links, and transition of a whole sample into a coherent state. 
For comparison, MS measurements of perfect epitaxial thin films 
have been carried out. We have obtained the temperature 
dependence of critical magnetic field B 1 from data for films. 
It is shown that ac magnetic propertiescof high-Tc samples can 
be explained in the framework of a generalized two-liquid model. 

EXPERIMENTAL DETAILS 

The complex dynamic susceptiblity X='X.' - i'X." was determined 
by two methods. In the first we measured the complex emf volt
.age E,'induced by an ac magnetic field B = BoCoswt, with a pick-up 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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coil wound directly onto the samplet= BOc..JNS r/t'+i(X'+1)), N 
is the number of coil turns, and S the sample cross section 
area. Voltage was detected by a wide-band, lock-in amplifier 
adjusted so that only the in-phase or orthogonal components 4 
of the pick-up voltage were detected. In the second method 
the coil was the inductor of an autogenerator resonant 
LC-circuit. 

We have studied a great number of ceramic Y-Ba-Cu-O 
(1-2-3) sa~ples. The size of the plate samples was about 
10x10x1 mm the cylindrical samples had 3diameters up to 10 mm. 
The epitaxial films, deposited on SrTiO substrates, were 
approximately 0,2m in thickness. The film is made up of block 
single crystals with preferential orientation of the c-axis 
perpehdicular to the substrate' 6 A ty~ical value of critical 
current density was of order 10 A/cm 2 at T - 77 Ki onset of 
the superconducting transition was near 89 K, its width ~2 K. 

RESULTS AND DISCUSSION 

Critical Current Measurements 

In this part we will consider the behavior of MS when a 
current, I, flows through the ceramic sample. One can expect 
the essential change of the function (I) in the vicinity of 
critical current Ic. The plots on fig. 1 demonstrate the cur
rent dependences of X' and -x." for the cylindrical sample in 
zero ext6rnal magnetic field. The probe ac field with magnitude 
Bo ~ 10- T and frequency f =~/2~ = 300 Hz was parallel to the 
current direction. 

At first we shall consider a qualitative behavior of the 
imaginary part of /(', which describes the energy losses, W, 
per unit volume: 

( 1 ) 

At a small current, 'h." is unnoticeable. At I - 10 = 18 A, the 
function begins to increase strongly, reaches a maximum and 
then decreases. The real part of MS, related to penetration 
of magnetic flux, changes linearly with current and has a kink 
at I = 10. At this point the derivative dX'/dI increases 
abruptly. Finally the function)(' (I) reaches the almost 
constant value X' = XO. The dashed curve on fig. 1 represents 
the V-I-curve for the same sample. This curve was measured 
by a coventional four-probe method. It is seen that a sharp 
change of 1<.' (I) and "X" (I) takes place in the vicinity of 10. 
Notice that these changes become visible at a current which 
is lower than the 10 value determined from the V-I-curve. We 
observed the same dependence of X (I) for the ceramic plates. 

All these experimental data may be explained easily in 
a framework of recent HTSC ceramic models. As a result of 
intergranular current weakness, a transport current penetrates 
into the volume of the sample effectively. The probe ac field 5 
penetrates also into the sample following the transport current. 
That is the reason for the linere charge of~' (I) at 1<10. 
The sharp changes of)(' (I) appear when the current begins to 
destroy the weak links, enhancing the ac field penetration. 
In this process the energy dissipation, W, appears and increases 
quickly. As a result, this method allows us to distinguish the 
boundary between the regions with non-dissipative current and 
those with dissipative curents. 
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Fig. 1. The dependence of susceptibility on current through 
a ceramic cylinder. Diameter - 10 mm, f = 300 Hz, 
T = 7 K. 

One can use the MS measurement not only for Ie determina
tion, but aso for estimating the volume fraction of super
conducting grains in ceramics. Investigations carried out on 
different samples show that in the low frequency region 
(f < 1 kHz), the 'X:value on a plateau of X, (I) near Io correlates 
with a value estimated on the basis of the static magnetization 
curve. At higher frequencies, change of the function )l(I) 
becomes weaker and the maximum of "x" (I) takes place at higher 
current. We emphasize that a kink position remains on curves 
of "/....' (I) and "X" (I) when frequency is ranged from several Hz 
up to tens of kHZ. 

To explain the experimental curves '(I), "(I), we consider 
the expression fgr dynamic susceptibility of a plate in the • 
two-liquid model : 

Magnetic Susceptiblity in ~ Two-liquid Model 

k2Sh k2d + k1Sin kid 
;( (2/d) -1 , (2 ) 

(kl + k22 )(Ch k2d + Cos kid) 

kiSh k2d - k2Sin kid 
Xn (Ud) ( 3 ) 

(kl + k22 )(Ch k2d + Cos kid) 

where k = k1 + ik2 , 

k2,1 = 
-4 2 1/2 

O/f2) {[I\. + (wop.o)] ± 1\.-2}1/2 ( 4) 

Here~ is a temperature dependent magnetic field penetration 
depth and 0 an effective dissipative conductivity. At 
temperatures T > Tc, formulas (2)-(4) transform in the limit 
~~~ to expressions describing the suscepiblity of a normal 
metal plate. In accordance with (2)-(4), the fre~uency 
dependence of ')(. is connected with the term (W(7fJo) in (4)._4 
At low frequencies, where this term is much smaller than~ , 
the real part of k tends to zero. Because of such circumstances 
as the undissipative character of current flow at I<Io as well 
as the freq~ency independence of X, we can conclude that the 
term (wapo) in (4) is appreciably small. 
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Some Details of Superconducting Transition on Temperature in 
Ceramics 

The features of ~(I) considered are concerned with weak 
links in the granular ceramic HTSC medium. In principle, the 
measurements of MS give information not only about the super
conducting transition, but also about ceramic structure. In 
particular, when temperature is decreasing, it is possible to 
observe separately the superconducting transition of grains 
followed by creation of a volume-coherent state. Fig. 2 plots 
of the real and imaginary part of ~ versus temperature are given 
for HTSC ceramics plates. One can see that the function%'(T) 
is monotonic. On the contrary, there are two peculiar features 
on the curve of 'X.."(T): a maximum and a "step." Both of these 
features take place in the temperature range where dc resis
tance is finite and equals approximately 0.1 pn (pn = normal 
state resi~tance). The maximum in %" has been observed elsewhere 
(see e.g. ). We consider the peculiar features of X(T) to 
be connected with an increase of the effective conductivity 
of the ceramic in the transition region. With regard to the 
step origin, we conclude that it is the result of a grain's 
superconducting transition. As temperature is decreased, the 
grains couple by weak links and finite superconducting clusters 
form. This leads to an increase of effective conductivity and 
a wave number k. The parameter kd for our samples is much 
smallSr than unity in the normal state and at low frequency 
(f<10 Hz) conditions. It increases strongly in the process 
of the superconducting transition. The function X', in 
accordance with (3), has a maximum when kd ~1. This maximum 
is observed on curve 2 of Fig. 3. The frequency dependence 
of its temperature position Tm confirms this suggestion. 
Actually, at a higher frequency, the condition kd ~ 1 is reached 
at a lower conductivity, i.e. at a higher temperature. Using 
(3) - (4) it is possible to estimate the quantity om corresponding 
to an experimental maximum X" (T) • The quantity Om exceeds the 
normal conductivity by many orders of magnitude. In other words, 
in spite of a finite conductivity, the ceramic medium with finite 
supergonducting clusters may screen ac field effectively (see 
e.g. ). Not only does the maximum position, Tm, depend on 
frequency, but its height XMdoes also. The frequency dependence 
of Xmis stronger for samples with a larger fraction of 
superconducting grains~. At the conditions ~ ~ 0.8, 
f = 10 Hz, the quantity')(miS about 0.05. The quantity at a 
frequency on the order of 10 Hz reaches 0.3-0.4 corresponding 
to a case of normal skin effect. In contrast to -Xm. the height 

1.0 

0.8 IX'I 

0.6 

0.4 

0.2 
XU 

~ 
88 91 T,I( 

Fig. 2. The temperature dependence of ceramic plate 
susceptibility. Thickness d = 1.3 mm, f = 40 kHz. 
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Fig. 3. Variation of susceptibility with ac magnetic field 
amplitude. Sample thickness 1 mm, f = 10 Hz, 
T = 77 K. The same dependence at low amplitudes is 
plotted on insert. 

of the step incre3ses with frequency and becomes comparable 
with ~t f ~ 10 Hz. The frequency dependence of step height 
is approximately linear, that is in accordance with the behavior 
of~' in the normal skin effect in a metal when kd« 1. 

A static field B as well as ac field amplitude B have 
different influence on this feature of function)L When the 
magnitude of B or Bo is increasing the maximum position Tm 
changes to a lower temperature. The position and form of the 
step (but not its height) change with B, Bo and f weakly. 

Magnetic Susceptibility in ~ Strong AC Field 

In Fig. 3 is shown the typical dependence of X' (curve 1) 
and "(curve 2) on field amplitude, Bo, in the absence of a 
static magnetic field. The form of thsse curves does not change 
with frequency in the range of 10 - 10 Hz. Th~6absolute value 
of~, which is very close to unity at Bo ~ 10 T, decreases 
with B. The abrupt fall of 10 takes place at Bo ~ 4 mT after 
which the function X' (Bo) has a plateau. (This part of 
[Bo] is sensitive to the ceramic quality.) At Bo=30 mT the 
second abrupt fall of ~ is observed. The imaginary part of 
MS at low Bo increases with Bo almost l~nearly so the losses, 
W, are approximately proportional to Bo • At higher fields the 
function IC' (Bo) has three maxima differing in height. The 
location of each maximum versus Bo corresponds to an abrupt 
change of ~ (Bo). There is a correspondence between the 
observed behavior of the ac and dc susceptibilities as functions 
of field (Bo or B). It is well known that the main features 
of X(B) (dc susceptibility) are connected with ceramic and YBCO 
material critical fields. In good ceramic samples, the ac and 
dc MS at B ~ Bo are close to each other. Therefore, it is 
possible to estimate the volume fraction of grains in ceramics 
using the experimental results in ac field. 

On Ms of Thin Films 

Inhomogeneity of the ceramic medium permits us to consider 
its magnetic properties only in a common sense. So one tries 
to research a perfect single crystal. But it is difficult to 
produce high quality samples. Many quantitative characteristics 
of YBCO material can be obtained by measurements of epitaxial 
properties. We have investigated MS of such films over the 
frequency range 0.1-1.0 MHz. The value of ac MS of our films 
is extremely small in the normal as well as in the superconduct-
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ing states. Nevertheless, it is possible to observe some changes 
in X" (T) near Tc. The function "X" (T) has a narrow single peak 
at some temperature Tm. This temperature has a weak sensitivity 
to the values of B, Bo and and f. 

As was noticed earlier, the function ~' has a maximum at 
kd ~ 1. We think that the same situation occurs in thin films. 
If it is true, we can estimate a conductivity at temperature 
Tm. It is eight orders of magnitude higher than the normal 
state value. It is known that two loss mechanisms are enhanced 
near Tc. At first, the increase of losses may be connected 
with conductivity enhancement due to fluctuation effects. The 
second explanation of the loss increase is based on the 
proposition that a flux melting near Tc is occuring. 

The MS investigation of epitaxial films proves to be an 
effective method for determination of the first critic magnetic 
field. In Fig. 4 we present experimental plots of X" (B), taken 
at different temperatures in the case BaLB . Both fields are 
in the film plane. One can see that there is a kink of the 
curves which occurs at a field B = B*. The temperature 
dependence of B* is i~ good agreement with the known d~ta for 
the function Bc1 (T). We find that B* = 500 [1-(T//t) 1 Oe. 

CONCLUSIONS 

In this paper we report some results concerning magnetic 
properties of HTSC ceramics and thin films near the critical 
temperature. The main results of our study are the following: 

Behavior of the dynamic magnetic susceptibility can be 
explained in the framework of a general two-liquid model. This 
is correct for such complicated objects as inhomogeneous ceramics 
and for perfect epitaxial films. For this purpose it is neces
sary to use the effective conductivity, depending on external 
parameters. In such a way one can explain the different experi
mental situations. Now the task of theory is to create an 
adequate model to describe the effective conductivity. 

This work was supported by the Science Council on the 
HTSC problem and was carried out in the framework of project 
No. 134 of the State program "High-Temperature Super
conductivity." 

~ 
~ 

/0 30 B. T 

Fig. 4. The field dependence of "X" (in arbitrary units) for 
an epitaxial film at f = 1 MHz. Curve 1 - T = 4, 
2 K, 2 - 77 K, 3 - 85 K, 
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Superconducting magnetic shelding is very important for the appli
cation of superconducting devices such as dc and ac SQUID. The shields 
made of high Tc superconductors become one of their most important 
applications as it can work at liquid nitrogen temperature. Some results 
of magnetic shielding on YBaCuO plates \,2 , disc and hollow cylin
ders S,4,S.6 have been reported recently. But magnetic shielding fields 
are generally in the range of 1-2 mT. In this paper, we reported a 
YBaCuO superconducting tube with a bottom and its preparation, which can 
shield dc magnetic field up to 4 mT, as well as some results of magnetic 
flux trapping. and' penetration and saturation for such sintered 1,2,3 bulk 
materials. 

SAMPLE PREPAP..P.TION AND EXPERIMENTS 

The preparation of YBaCuO superconducting magnetic shielding tubes 
was worked out on the basis of a systematic study of the ordinary pm,der 
sintering process for a series of bulk samples 7 • Tnere are three kinds 
of samples used in this paper: 

L1,L2,L3--- bar samples with rectangular cross section, were cut 
from the pellets sintered at different temperatures with finer powders 
( ..... ljJffi) after two cycles of grinding and sintering from the \eJell-mixed 
powders of Y203 (99.95%), BaO( 97%) and CuO( 99/0)' The finer powders were 
used in order to improve bulk homogenity and density. It is important 
not only to enhance Jc but to avoid cracks for the bulk tubes of big 
volume. Three te~peratures of 900·C, 920°C and 950°C were chosen for the 
final annealing to study its effect on cracks. TI,e morphology and grain 
size of samples were observed with SEN, and the resistivity at Tc and 
the critical current density at 77K were measured with the standard 4-
probe technique as before 8 , the criterion for Jc being 1pm/cm in this 
paper. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press. New York, 1990 
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Fig .1.f\'~icrographs of sample L 7, 118 and 2D2. 

L7, L18, 2D2--- bar samples, were cut from different pellets fabri
cated with different powders and for the investigations of magnetic flux 
trapping and penetration in the bulk samples. L7 was sintered by dif
ferent process but pressed with the same powders as that of Ll; L18 was 
prepared with co-precipitated powders by calcined at 900°C for 24h; 2D2 
was prepared with the similar powder to that of 11, but calcined and 
sintered for 4 cycles. The morphologies of fresh sections under SEM were 
shown in Fig .1. Measurements were carried out in the device shown in 
Fig.2, in which S is the sample, M, R,V and I are copper wire coil sup
plied with a cyclic power supply, a YEW Type 3036 X-Y recorder, the 
voltage and current of sample, respectively. The sample and Cu coil were 
imnersed in liquid nitrogen of 77K. As pointed out by J.E.Evetts and 
B.A.Glowacki 9 , trapped flux can be observed by measuring the critical 
current irreversibility on cycling of applied field. In this work, the 
variations of voltage (corresponding to Ic) with magnetic field at con
stant current were directly recorded by the X-Y recorder. The V(Ic)-B 
curves in different maximum applied fields for L7 and at different con
stant currents for 2D2 have been drawn at 77K. The critical currents 
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Fig.2.Experimental set up. S, sa~ple, M, Cu coil. R, X-Y recorder, 
V, voltage of sample, I, current of sample. 
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Y203 (99.95%), BaO( 97%) and CuO( 99%) 

900°C x 24h, in air 

to the powders of 4-5 pm 

cold isostatic pressing to tubes with bottom, 
2 ton/mm , 015x023xl02nm (MST-2) , 
021.5x28.2x125mm (MST-6) 

to wall thickness of "" 4rrm 

in 02 ,900oCx36h+500°Cx24h (MST-2), 
or 900 Cx24h+700 Cx24h (MST-6) 

Fig.3. Process for preparing the YBaCuO tubes with bottom. 

were also measured just in remained flux after removing the applied 
field for 2D2 and L18> repeating the Ic measurements point by point 
during increasing the applied field. As a comparison, the reduced Ic as 
a function of the applied field has been measured by using the same 
criterion of lpV/cm at 77K for 2D2. 

l'/ST-2, MST-6-- two sintered YBaCuO tubes with one end closed, have 
been prepared according to the process shown in Fig.3. The final anneal
ing temperature was 900°C in order to avoid micro and macro cracks. The 
magnetic shielding properties were measured with the same apparatus 
shown in Fig. 2, putting the tube in the position of sample. Tne magne
tic fields in the centre of tubes were measured at 77K with commercial 
Hall probes, Oxford Instrument Model 5200 for MST-2 and Lake Shore Type 
LHGA-321 for MST-6, respectively. MST-2 was also tested the variation 
and distribution along the axis of the internal field Bi by using an ac 
weak-signal modutation technique and lock-in amplifier. 

RESULTS AND DISCUSSION 

Effect of sintering temperature 

Sintering temperature effects Jc of oxide superconductors in no 
small degree 8 , especially for bulk materials of big volume, such as 
shielding tubes. The density, ~rc' Jc and cracks of the three kinds of 
bulk samples sintered at 900, 920, and 950°C are listed in Table 1. 
As shown in Table 1, the density of bulk materials would increase with 
the increase of sintering temperature, but Jc of L3 sintered at 950°C 
couldn't be tested due to the serious micro and macro cracks, which come 
from the big difference of heat-contraction coefficient between a-b 
plane and c axis in the layer structure. As the another result, the 
resistivity near Tc increases by more than twice as large as that of Ll, 
therefore, high sintering temperature is not suitable for big volume 
materials such as shielding tubes. At the same time, one must pay atten
tion to the cooling rate and the homogenity in the furnace in order to 
prevent fracture and deformation of tubes, otherwise magnetic flux will 
penetrate from the cracks, resulting in decreasing shielding property, 
although enhancement of Jc is also very Upportant as generally speaking: 
the shielding field is proportional to Jc1 • 
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Table 1. Characteristics of bulk YBaCuO sintered at different 
temperatures from finer powders ~e 

No t1 ,'de Grain size Dens i ty~dde fTc Jc Crack 
°c flm /0 

L1 900 1-4 81.3 
L2 920 2-10 92.3 
L3 950 10-50 93.3. 

jJ.n-cm A/cm2 

189 90-150 
155 80-150 
396 

no 
a little 
serious 

~e The mean size of the powders before pressing into pellets is 
O.87]JI1l. 

,\-J<Treatment: tlx36h+700°Cx24h+5806 Cx16h, in flowing 02. 
~dde 6. 4g/ cm is used as the theoretical gravity. 

VBgnetic flux trapping in bulk YBaCuO samples 

Fig. 4 shows the critical current irreversibility of sintered 
materials at constant transport current with cycles in applied field 
drawn by the X-Y recorder. A series of maps in different maximum cycled 
fields B max for L7 at a constant transport current of 6A (0. 5Ico) were 
shown in fig.4a. No obvious irreversibility can be seen when Bmo.x<lOmT. 
This value can be regarded as Hc1 of L7 if such sintered YBaCuO mate
rials were considered as non-idea type II superconductors. The trapped 
flux increased with B mClx in the range of 20-6OmT. After 6OmT, no big 
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Fig.4 Observation of critical current irreversibility in bulk YBaCuO 
materials, it directly reflects the flux trapping of inter
grain and intragrain. 
a,in different amplitudes of cycled field and at 6A(0.5 Ico) 
for L7; b,at different constant currents and in the same 
cycled field of 120mT for 2D2. 
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Fig.5 Observation of flux penetration and saturation field and Ic-B 
curve for bulk YBaCuO materials. Ic was determined using an 
electric-field critrion of l~V/cm. 
a,reduced transport Ic vs applied field B for 2D2 at 77K; 
b,reduced transport Ie vs magnetic field undergone historically 
Bh for 2D2 (e) and L18(A) at 77K. 

difference of Ic can be seen according to Fig.4a, indicating the sample 
began to entry the saturation state. Fig.4b shows different figures of 
2D2 at different currents of 1-6A in the same B mC\x of 120mT of cycled 
field. At every current, the initial voltage (i.e.lc) decreased rapidly 
with the increase of magnetic field due to the weak connection between 
grains, then remained on a certain level. It is found that this voltage 
increased with the constant current. The corresponding resistivity, ViI, 
was about 8~V-cm at lA, then increased to 144pV-cm at 6A. It is possib
ly due to the contact heating at the current connections. In spite of 
this, the constant resistivity can be used to judge the intergrain con
nection as pointed out by us in another paper 10. 

Flux penetration and saturation field 

Fig.5a is the reduced transport Ic as a function of applied field 
B for 2D2, it would correspond to the V-B curve of increasing field in 
fig.4b if the constant current is near its Ico(8.5A). 

Fig.5b shows the reduced transport critical currents in every his
torically undergone field Bh for 2D2 (.) and L18 (A) at 77K, using a 
criterion of lpV/cm. There was no obvious change in Ic for 2D2 when Bh 
was less than lOmT. It means no any trapped flux in such small magnetic 
field region, corresponding to the upper curves of the same field region 
in Fig.4a. When increasing the undergone field, flux began to be trapped 
and Ic bean to decrease to a certain value of about 0.4 Ico as Bh was 
about 6OmT. It can be regarded as the saturation field of 2D2. The re
manence was about 2mT according to 0.4 Ico from the Ic-B curve of 2D2 
in Fig.5a. But the behaviour of L18 was different, its flux was trapped 
from beginning and saturated in about lOmT. It is worthy to point out 
that the density of L18 (~90%) was much high than that of 2D2 (only 6710) 
and the grain size of L18 was bigger than that of 2D2 according to Fig.l, 
although their critical currents were on the same level, (L18, 218A/cmz; 
2D2, 241A/cm2 ), perhaps due to the cracks found in L18. It is obvious 
that no cracks and high density and Jc are good for magnetic shields. 
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Shielding properties of YBaCuO tubes 

The internal field Bi as a function of the applied field Be at 77K 
for MST-2 and MST-6 are shown in Fig.6a and Fig.6c, respectively. 

The arrows in the figures indicate the directions of the field 
scanning. During the initial increase of the applied field, Bi was inde
tectable within the detection limits of the Hall probe (10-6 T) untill 
Be reached 3.9mT, then Bi followed a hysteresis loop as shown in Fig.6a 
for MST-2. It is noteworthy that transport Jc of a small bar cut from 
its open end with an area of 3.33mm was 262A/cm2 • According to the ac 
measurement, there was no variation of 10-7T in Bi at the Be ranges less 
than 3.9mT. Therefore, a coefficient defined by Be/Bi as high as 105 for 
this tube was obtained. For practical purposes, the distribution of Bi 
along the axis of the tube was measured in an applied field of 2. 8mT as 

e 
MST-2 

., 
r:Q 

~ -f._.-+_._._.-
4 

" !-o 

1.0 .. .. A .. 
~~-------~---~~--~~~----i 

.. 

Fig.6 

436 

.. 
0.5 .. 

.. .. b 
0.0 -5 

.. 
5 D( ell) 

a 

o 5 
Be( liT) 

MST-6 17K 

c 

o 4 

Be(mT) 

Shielding properties of YBaCuO tubes MST-2 and MST-6. 
a.internal field Bi as a function of applied field Be at 77K 
for MST-2, the de shielding field is 3.9mT; b,distriblicion 
of Bi along the axis in an applied field of 2.8rnT at 77K for 
MST-2; e,magnetization loops in different Be ranges at 77K 
for MST-6, the saturation field is 12.8mT. 
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shown in fig.6b. It is found that the effective shielding space was 
greatly enhanced by the closed end design. For MST-6 tube, a series 
loops were drawn in different Be ranges of 3.5, 4.5 and 5.3mT as shown 
in Fig.6c. The maxirrnJrn shielding field was 1.4mT, and the saturation 
field has also been measured to be 12.8mT. After saturation, a remanence 
of 2. 01mT changed to 2.12mT after 9 hours, perhaps due to percolation 
of the screening currents. 

SUMMARY 

We have prepared bulk YBaCuO materials and two tubes with one end 
closed by using the ordinary powder sintering process and investigated 
the effects of sintering temperature on Jc and cracks and observed the 
behavious of magnetic flux trapping, penetrating and saturation in such 
bulk materials. On the basis of these investigations, a YBaCuO tube 
which can screen a dc magnetic field of 3.9mT at 77K has been prepared. 
It is very possible to increase the shielding fields of high Tc super
conductors at 77K to the practical level for some applications such as 
SQUID according to their Hcl and saturation field if optimizing the 
processes. 

This work was supported by China R&D centre of high Tc supercon
ductivity. 
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INVESTIGATION OF THE INTERFACE BETWEEN A NORMAL METAL AND 

HIGH TEMPERATURE SUPERCONDUCTOR 

ABSTRACT 

S.P.Ashworth, C.Beduz, K.Harrison*, R.G.Scurlock, Y.Yang 

Institute of Cryogenics, University of Southampton 
Southampton, UK 
*Metco Ltd, Chobham, Surrey, UK 

Dataare presented on the contact resistance between YBCO and arc sprayed 
silver and copper. Contact resistivities of 3.4 x 10- 7 ncm2 (Ag on YBCO) 
and 6 x 10- 3 ncm2 (Cu on YBCO» are obtained at 80K without annealing. 
With annealing, Ag on YBCO resistivities of 10- 9 ncm2 are obtained. A new 
technique for measuring these very low contact resistances is outlined. 
Measurements on Cu and Ag spray coatings on a 10 molar% Ag on YBCO matrix 
were also carried out, the addition of Ag to YBCO reduced the Cu contact 
resistivity. These results are interpreted in terms of a percolative Ag 
path allowing current to bypass a degraded surface region of YBCO. 

INTRODUCTION 

A low surface contact resistance is needed for the development of 
power applications of high T superconductors, not only as injection 
current terminals, but also in the formulation of composites for cryogenic 
stabilized conductors. 

Previous studies 1 - S on the·contact resistance of pressed, soldered, 
ultrasonically bonded, metal sprayed, sputtered and evaporated contacts 
have shown that pressed and soldered contacts have very high resistances 
(0.01-10ncm2). Although ultrasonic bonding produces better contacts, 
only metal sprayed sputtered and evaporated Ag and Cu contacts, with a 
resistivity in the region of 10-s-10-lOncm2 offer the solution for high 
current applications. The observed contact resistance is the result of 
a degraded surface layer of the bulk superconductor. Based on photo
emission data, Egdell and Flave1 6 discuss the possibility that the YBCO 
surface is intrinsically non-metallic. Alternatively, Ekin et a1 2 
have presented strong evidence that a semiconducting oxide surface layer 
can be f~rmed by oxygen uptake of the normal metal in contact with the 
superconductor. 

In this paper we report results on the contact resistance between 
arc sprayed Cu anc;i Ag and bulk sintered Y Ba2CU307-8 ,and YBa2Cu307_8+ Ag 
with x = 0.1. The effect of low magnetic fields on the contact resist~nce 
was also studied. 

Advances in Cryogenic Engineering (Materials), VoL 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Samples 

Sample Sintering pad Post annealing p (80K) 
temperature c r2 cm2 

°G 

1. YBGO 990 Gu sprayed 6.4x10- 3 (-) 

2.YBGO+Ag 990 Gu sprayed 1.0x10- s (+) 

3.YBGO 960 Ag sprayed 1. 4x10- 6 (+) 
4.YBGO 970 Ag sprayed 3.4x10- 7 (+) 
5.YBGO 980 Ag sprayed 8.4x10- 6 (+) 
6.YBGO 990 Ag sprayed 7.3x10- 7 (+) 
7.YBCO+Ag 990 Ag sprayed 8.0x10- 7 (+) 

8.YBGO 990 Ag sprayed (750 o G,5 hours) <10- 9 

+ and - in column 6 indicate sign of dp /dTfor T<T. + sign corresponds 
to metallic type conductivity. c c 

SAMPLE PREPARATION AND EXPERIMENTAL METHOD 

The bulk specimens of YBGO were prepared by firing, cold pressing, 
sintering at the temperature indicated in TableI and annealing in an oxygen 
atmosphere. Several sintering temperatures were selected to study the 
effect of varying the hardness and density of the bulk superconductor on the 
contact resistivity p. Arc spraying was used instead of plasma spraying 
because of the lower ~urface heating involved during the metal spraying 
process. The surface of the samples was abraded with grade 1200 emery paper 
immediately before spraying. The thickness of the metal coatings was of the 
order 50-100~m. Samples I to 7 were measured as sprayed without post
annealing. Samples 2 and 7 were prepared by mixing silver oxide particles 
3~m diameter with the fired powder. 

To avoid errors arising from inhomogeneous current distribution at the 
normal metal-superconductor interface special attention was paid to the 
sample mounting. The usual four wire technique can produce erroneous 
results when measuring very low contact resistances. If the contact 
resistance is smaller than the normal metal film resistance between the 

d l d 2 

int 
copp 

contact 
wire 

VI V2 

Fig.l. Sample Mounting 
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current and voltage pads, most of the current will be injected through the 
current lead directly into the superconductor. The effective surface is 
thus smaller than the film surface. A further consequence of non homogen
eous current injection would be that the voltage reading could be greatly 
reduced. The samples were mounted as shown in Fig.l. A 2 x 2mm square 
section cut from the 2mm thick metal coated YBCO pellets was pressed 
between two spring loaded copper block of the same cross section, which 
were then used to inject current into the sample. To ensure good elect
rical contact across the whole surface, a thin indium sheet (~lOO~m) 

was placed between the sample and the copper blocks. The voltage was 
measured by a 25~m copper wire located between the indium and the normal 
metal coating and two pressure contact neeqles at different position on 
the sample. V is the voltage across the interface plus some contribution 
from the bulk. l The net voltage across the interface could be obtained from 
the geometric ratio dl/d2 or from the measured jumps of VI and V2 at the 
superconducting transltion. The resistance per unit area of a Cu or Ag 
sprayed coating 50~m thick is in the range 1-5 x lO-9~cm2at 80K. It is 
not possible to measure contact resistivities below this value using metal 
sprayed samples. 

The resistance was measured with an a.c. method. The voltage generated 
by a O.lA current, 31 Hz, was measured, using a lock-in amplifier, as a 
function of the temperature. 

RESULTS AND DISCUSSION 

The bulk resistivity Pb and net contact resistivity p of sample 1 
(Cu on YBGO) as a function of temperature are shown in Fi§.2. p shows 
a semiconductor type dependence with temperature above and belowcT , with 
a small reduction in the slope for T < T. The results for samplec 2 
(Gu on YBGO + Ag) are plotted in Fig.3. CAlthough both samples were processed 
in the same the addition of Ag produced a slightly different bulk 
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Pb-T curve. The contact resistivity of this sample is approximately 600 
tlmes smaller than the measured value of sample 1; also the temperature 
dependence is now metal-like over the whole temperature range. Due to rapid 
change of resistivities in the transition region the calculated contact 
resistance is prone to large errors in the dotted region of the curve. 
The microscopic analysis of sample 2 revealed that the silver agglomerated 
into pockets of 5-10~m diameter. The temperature dependence and large 
reduction in the contact resistivity of this sample suggests that the Ag 
particles form a percolative path through the surface semiconductor layer. 
We infer that the thickness of this degraded layer is smaller than the 
percolative coherence length of the Ag particles in this sample, which was 
estimated to be of the order of 10-25~m. 

The change of P with T above T is consistent with an Ag matrix 
percolating throughCa medium of higfi resistivity. The rapid decrease below 
T is interpreted as the thinning of a semiconducting surface layer with 
d~creasing temperature. If the thickness of the semiconducting layer is 
strongly dependent on temperature, the measured resistance can show a metal
like behaviour. 

Fig. 4 shows the results obtained from samples 3 to 6. The calculated 
values of Pb for these samples are subject to large errors due to the 
small values of P for these samples. Therefore, in this figure we have 
plotted the resisEance per unit area Po as measured by V l' The bulk 
contribution to p can be neglected below 88K (where Pb ; 0 and Po ; pc)' 
The difference inodensity and hardness resulting from varying the sinter
ing temperature does not correlate with the values of the contact resist
ance. The contact resistance of all these samples show a metal-iike 
temperature dependence. The bulk characteristic of these samples are 
very similar and the differences in P is probably due to variations 

c 
of the coatings. 
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Fig.6. Effect of a 2 m T magnetic field on Po 
for Cu and Ag sprayed contacts onto YBCO + Ag 
composite (Samples 2 and 7) 

In agreement with previous authors, the low values of P shown by the 
Ag sprayed samples indicate that the use of metals with 10wCoxygen affinity 
reduces the extent of the degraded layer of superconductor at the interface 
2,7 The effect of introducing Ag into the YBCO bulk is negligible when 
an Ag coating is used, i.e. compare curve 1 in Fig. 6 with Fig.4. 

Sample 8 was cut from the same pellet as sample 6 but was annealed in 
oxygen after coating at 750°C for 5 hours. The measured value of Po 
after annealing was comparable to the surface resistivity of the Ag pad 
(i.e. 10-9ncm2 ) showing a reduction of at least two orders of magnitude 
from the value before annealing. A similar decrease of Po after the 
annealing of sputtered contacts was obtained by Ekin et a1 2 , although Katz 
et a15 reported no change of Po for plasma sprayed Ag contacts after 
annealing at 500°C for two hours. 

-The ef·fect of an external magnetic field parallel to the current on 
8u (sample 6) is shown in Fig.5. The bulk resistance per unit area 
p is also plotted for zero field and for the maximum field used 
(£8 mT). The increase of Po with field strength is probably produced by 
the increase in the thickness of the semiconducting layer due to the 
gradual transition of the weak superconducting regions near the surface. 
The small peak at 88.5K is not understood and may be the result of a small 
contribution from the bulk magneto resistance. The increase of Po for 
samples 2 and 7 in a 2mT field is shown in Fig.6. 

CONCLUSIONS 

The metal spraying technique can be used to produce contact pads in 
situ of any geometry and large areas with contact resistivity values in 
the region of 10- 7 ncm2 without further processing of the superconductor. 
In the formulation of composites for cry~genic stabilization a reduction 
in cost or an increase in performance may be achieved by using a thin 
Ag buffer layer between a thicker Cu cladding and the superconductor 
or by the incorporation of Ag into the bulk superconductor. 
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Work is under way to extend this study to lower temperatures and higher 
magnetic fields. 

If, in a particular application, it is possible to anneal the composite 
YBCO + contact then contact resistivities of lower than 10-9 Qcm2 may be 
obtained. This compares favourably with values achieved by vacuum 
techniques (eg sputtering etc). 

When very low contact resistivities are being measured, care must be 
taken to ensure that a uniform current distribution is obtained, otherwise 
data must be treated with caution. 
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EFFECTS OF ANNEALING TREATMENT OF SUPERCONDUCTIVITY 

IN POWDER SINTERED YBCO 
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ABSTRACT 

The effects of annealing treatment on superconducting 
properties of YBCO bulk samples prepared by powder sintering 
have been reported and discussed. In the annealing temperature 
(TA range from 525 to 750°C, the sample with a single Tc 
component and the highest Tco n and Tco can be obtained only 
by annealing at 750°C. When TA=750°C the bulk samples consist 
of two Tc components (higher and lower Tc components). Tco n 
of the higher Tc component and Tco of the lower Tc component 
incrAase with increase of TA• Jc has a parabolic dependence 
on T and attains a peak when TA=70DoC. The effect of annealing 
time (in the range of 4-36 h) on Jc and Tc is not too obvious 
for a given TA• A simple explanation for these effects is 
that the perfection of the one-dimensional (1-D) cu-o chains 
and 2-D CuO networks is related to annealing. A good super
conductivity can be attained as long as the sample has the 
perfect 2-D cu-o networks under the preconditon that the 
perfection of 1-D cu-o chains is above a given level. 

INTRODUCTION 

The report by Bednorz and Muller 1 of superconductivity 
above 30 K in the La-Ba-Cu-O system generated an unprecedented 
amount of research on high temperature superconducting oxides, 
including the discovery of a2s~perconducting transition above 
90K in the Y-Ba-Cu-O system ' • The phase responsible for 
superconductivity in the Y-Ba-Cu-O system, YBCO, has been 
identified and its nominal crystal structure has been determin
ed. The diffraction studies show that YBCO has an oxygen
deficient perovskite structure wit~ ordering of the yttrium 
and barium ions. R. Beyers et ale have shown by in-situ TEM 
and hot-stage X-ray and neutron diffraction that maximizing 
of the perfection of the 1-D cu-o chains by oxygen vacancy 
ordering should give the best superconducting materials. In 
this paper the effects of annealing treatment on Tc and Jc 
in YBCO will be reported and discussed. Good superconductivity 
can be attained as long as the sample has perfect 2-D Cu-O 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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Fig. 1. The R-T curve of 750°C (x24 h) annealing sample, 

networks under the precondition that the perfection of 1-0 
Cu-O chains is above a given level. 

EXPERIMENTS 

YBCO bulk samples were prepared by mixing Y20 3 , BaC03 
and CuO in a mortar, sintering the mixture at 920°C for 
24 h (under flowing oxygen). Subsequent annealing treatments 
at 525-750°C were accomplished in the process of cooling slowly 
in the furnace to room temperature (1°C/min.). All samples 
were determined to be single phase YBCO with an orthorhombic 
structure by X-ray diffraction analysis. The resistance
temperature curve of the samples was measured by the resistive 
method with an accuracy of 0.1 K. The bulk sam~les were cut 
into pieces with a cross-section area of 1.44mm and then Jc 
was measured by a standard four-probe method (77 K, ° T, 
1 pV/cm criterion). The Imicrostructurecharacteristics of some 
samples were investigated by means of a SEM. 

RESULTS AND DISCUSSION 

The R-T curves for the samples annealed for 24 h at 
different temperatures show that the sample annealed at 750°C 
consists of a single superconducting Tc component (see 
Fig. 1), but there are two superconducting Tc components (higher 
Tc and lower Tc) in other samples (see Fig. 2). The similar 
evidence of two supercondusting components in annealing samples 
of YBCO has been reported. The effect of annealing temperature 
(TA) on the onset transition temperature of the higher Tc 
component (TcO n ) and zero resistance temperature (TcO) is shown 
in Fig. 3. It is clearly illustrated Tco n and Tco increase 
with raising of the annealing temperature when TA is in tge 
range of 525-750°C. For the sample annealed at 750°C, Tc o 
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Fig. 3. The ~ffects of annealing temperature (TA) 
on Tc o , Tc o and Jc of YBCO bulk sample. 

and Tea are higher than those of all other samples. The R-T 
curves are similar to the ones in Fig. 2 for the annealed 
samHles at 700°C for different times (tA). The dependence of 
Tc o and Tc o increases slightly with increasing t • It is 
specially worth noting that the R-T curve, the ~con and Tc o 
of an un-annealed sample are the same as those of the sample 
annealed at 525 0 C. 

Fig. 5 shows the infrared ra~ (IR) absorption spectra 
of the annealed-quenched samples. In Fig. 5, the intensity 
of the P1 and P2 peaks represents the perfection of 1-D 
CuO chains and 2-D Cu-O networks respectively. The higher the 
peak, the worse is the perfection of 1-D Cu-O chains or 2-D 
Cu-O networks. Obviously, the perfection of l-D Cu-O chains 
increases with decreasing of TA• For the samples annealed at 
400-500°C, the perfection of l-D Cu-O chains ~s the best. 
From the point of view proposed by R. Beyers, Tc should 
increase with the decrease of TA and the best Tc should be 
given by annealing at 400-500°C. But, our experimental results 
(Fig. 3) are contrary to it. Now, let's consider the relation 
between the perfection of 2-D Cu-O networks and annealing treat
ments. From Fig. 5, it is found that the annealing at 750°C 
can maximize the perfection of the 2-D Cu-O networks. The 
perfection of the 2-D cu-o networks of the sample annealed 
at TA<750°C is worse than that at 750°C. Based on the results 
of F~g. 3, we consider that slow cooling (laC/min.) down to 
room temperature is very important after annealing at 750°C. 
During slow cooling, the perfection of 1-D cu-o chains can 
reach a certain level. This may be a precondition to get higher 
Tc for the YBCO sintered samples. Thus the annealing treatment 
for maximizing the perfection of the 2-D cu-o networks (for 
example, annealing at 750°C) should give the best Tc materials, 
but the cooling rate after annealing treatment, as mentioned 
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Fig. 4. The dependence of Tc on and Tc o 
on annealing time (tA) • 
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Fig.S The infrared ray absorption spectra of 
annealed-quenched swnples. 

above, has to be slow (e.g. 1°C/min.). When TA=750°C, there 
are two superconducting Tc components in the annealed samples. 
This perhaps relates to the difference (in structure, compositon 
and so on) between YBCO grains and intergranular zones. As 
TA=750°C, the difference between them is probably improved. 
Tne R-T curve measured by the resistive method cannot show 
the difference because of too small a current through the sample 
when measuring Tc. 

The effect of TA and tA on Jc is shown in Fig. 3 and 
Fig. 6, respectively. When TA is in the range of 525-750°C, 
the dependence of Jc on TA is parabolic and Jc reaAhes its 
peak value when TA=700°C. The change of Jc with t is very 
small when tA is 1n the range of 4-36 h (at 700°C). In order 
to understana JC-TA and Jc-tA relations in Fig. 3 and 
Fig. 6, we have observed the microstructure annealed samples 
by SEM and measured their density ( p). For the samples 
annealed at 520°C and 750°C, SEM observation shows that grain 
size increases with increasing of T (see Fig. 7). The p values 
of those twg samples have only a little diffe~ence (respectively 
5.75 and 5.83/cm3). For the samples annealed 1n the range of 
4-36 h (at 700C) the grain size and p values are almost 
unchanged. So, we consider that the increase of Jc with TA 
is due to the increase of Tc (TcO n and TCO) of these samples, 
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a b 

Fig.7 Photomicrographes 
a.S2SoC annealing sample 
b.7S0°C annealing sample 

but raising T is unfavorable for increasing Jc because of 
grain growth. A The Jc-TA curve in Fig. 3 and the Jc-tA curve 
in Fig. 6 result from slmultaneous effect of those two factors 
on Jc. 

CONCLUSIONS 

1. When YBCO bulk samples are prepared by a powder sintering 
process, it is very imporant for optimizing Tc and Jc of 
the materials to select a reasonable anneaiing treatment. 
In the annealing temperature (TA) range of 525-750°C, the 
range of 525-750°C, the sample with a single Tc component 
and the highest Tco n and Tco can be obtained only by anneal 
ing at 750°C. When TA<750°C, the samples consist of two 
Tc components. Tco n of the higher Tc component and of 
the lower Tc component increase with increase of TA• The 
dependence of Jc on TA presents a parabolic pattern and 
the Jc peak value appears when TA=700oC. At a given anneal 
ing temperatureh the effects of an annealing period on 
Jc and Tc (TcO , TcO) is very little in the range of 
4-36 h. 

2. Under the condition of p8rfection of the l-D Cu-O chains 
to a certain level, maximizing of the perfection of the 
2-D Cu-O networks is a decisive factor in obtaining the 
best Tc for the powder sintered YBCO bulk samples. Slow 
cooling after high temperature sintering and annealing 
(e.g. 1°C/min.) can satisfy perfection of l-D Cu-O chains 
as requested. But the sample must be annealed at 750°C 
in order to maximize the perfection of 2-D Cu-O networks. 
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PREPARATION OF YBazCu30 x THIN FILMS BY MULTISOURCE DEPOSITION* 

Abstract 

M. Bhushan 

Lincoln Laboratory, Massachusetts Institute of Technology 
P.O. Box 73 
Lexington, MA 02173 

Multisource evaporation and sputtering techniques for the preparation of 
YBazCu30 x thin films are reviewed. The relative merits of different source materials, 
processes for oxygen incorporation, and procedures for forming the superconducting 
phase are discussed and the properties of films prepared by various techniques are 
summarized. Methods for the monitoring of deposition rates, which is necessary for 
achieving the desired film composition in a reproducible manner, are also described. 

Introduction 

For microwave device applications of superconducting YBazCu30 x films, it is 
important to have a reliable process for producing high-quality films covering a 
minimum area of the order of 20 cm2 on low-dielectric-Ioss substrates. The electrical 
properties required for device-quality films are a zero-resistance transition temperature Te 
of 90 K or above, a critical current density J e in the range of 1O~ Ncm2 or higher at the 
operating temperature, and a surface resistance at least an order of magnitude lower than 
that of copper at the frequency and temperature of application. In addition, the fIlm 
surface must be sufficiently smooth to permit defining linewidths of a few micrometers or 
less, and the fIlm properties should not degraded by patterning and repeated thermal 
cycling. 

In stoichiometric YBazCu30 x films with x greater than 6.8, the superconductive 
transition occurs at about 90 K or above. The value of Je is strongly influenced by the 
crystallographic orientation of the fIlms because of the two-dimensional nature of the 
electronic conduction, which occurs mainly in the a-b plane. The highest values of Je are 
obtained for epitaxial films oriented with the c axis perpendicular to the substrate. For 

*This work is sponsored by the Department of the Air Force and the Defense Advanced 
Research Projects Agency. 
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low losses at microwave frequencies, it is important to have well-oriented films with a 
sharp film-substrate interface. A satisfactory technique for film preparation must 
therefore provide good control over the composition and crystal orientation, and the 
processing temperatures should be low enough to minimize film-substrate interactions. 

YB~CU30x (YBCO) films have been prepared by a variety of single-source or 
multisource vacuum deposition techniques. Epitaxial growth has been obtained on 
SrTi03 substrates, which have a good lattice match with YBCO. Laser ablation of 
stoichiometric material has produced well-oriented films with Je's in the 106 _107 Ncm2 

range. 1 Films of equally good quality have been deposited by magnetron sputtering 
from a single composite target.2,3 The target composition in this case is generally 
non stoichiometric because of the differences in the sputtering yields and sticking 
probabilities of the three cations. The required target composition, which depends on the 
system geometry and sputtering parameters, has to be determined empirically. 
Resputtering effects due to negative,electron bombardment of the substrate are minimized 
either by sputtering at high pressures (100 mTorr range) or by placing the substrate near 
the periphery of the target. 

An attractive feature of multi source deposition techniques is that the arrival rate 
of each cation at the substrate can be controlled independently, allowing a greater degree 
of flexibility in achieving the desired fIlm composition. The effects of a wide range of 
deposition conditions on the film properties can be explored without changing the source 
compositions. The success of these multisource methods is closely tied to the ability to 
monitor and control the deposition rates of each element. The growth of III-V 
semiconductor compounds by molecular beam epitaxy, utilizing as many as four 
independently controlled sources, has been highly successful. However, the difficulties 
in preparing YBCO are far greater as is apparent from the equilibrium phase diagram, 
which shows the existence of a number of ternary and quarternary oxides.4 In addition to 
the correct cation ratios, the film must have an average oxygen content between 6.8 and 7 
atoms .per unit cell in order to obtain aTe of 90 K (Te decreases with decreasing oxygen 
content) and the crystal structure must be orthorhombic. 

Deposition Methods 

The multi source deposition methods currently employed for the preparation of 
YBCO films are broadly classified into two categories, evaporation and sputtering. 
Within each category, there are significant differences in the choice of source materials, 
the methods of achieving the desired crystal structure and oxygen stoichiometry by 
in-situ or post-annealing techniques, and the system configuration used to obtain 
large-area films. An attempt has been made here to cover the different methods, 
including their advantages and drawbacks, but reference is made to only a limited 
selection out of the large number of published reports. 

Evaporation A simple approach to YBCO fIlm preparation utilizes thermal or 
electron-beam evaporation of Y, Ba and Cu metals followed by furnace annealing in 
O2.5 The as-deposited films are unstable in air because Ba metal is readily and 
completely oxidized to a white powder. Precautions must be taken in handling the films 
prior to annealing and in handling the Ba source in the vacuum chamber, especially in the 
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Table 1. Properties of YBCO fIlms prepared by multisource evaporation 

Cation Oxygen Maximum Te (R=O) l eat4.2 K Substrate Reference 
Source Source Processing (K) (NcIl¥-) Number 
Materials Type Temp. (0C) 

Y,Ba,Cu None 800-900 77 104 YSZ 5 

Post-annealed 

Y,BaF2,Cu O2 800-900 90 106 SrTi0:3 6 
(lO-sTorr Post -annealed LaAl03 9 

Y,Ba,Cu °2 
700 81 2 x 106 SrTi03 10 

(l0-3 Torr in-situ 

Y,Ba,Cu ° 
600 87 2 x 105 SrTi03 12 

in-situ 

Y,Ba,Cu °3 700 82 6 x 105 SrTi03 13 
in-situ 

absence of a vacuum load lock. These difficulties have been overcome by replacing Ba 
metal with BaF2 which is chemically stable. Co-evaporation ofY, Cu and BaF2 sources 
was first reported by Mankiewich et a1.6 and later by others 7, 8 who were successful in 
preparing high quality fIlms on SrTi03 by this technique. Since BaF2 evaporates as a 
molecule, the as-deposited fIlms are chemically stable and can be patterned by standard 
photolithographic techniques even before annealing. The fluorine is removed from the 
films in the form of HF by annealing in wet oxygen at 850 DC. The superconducting 
phase is then formed by continuing the annealing process in dry oxygen. In comparison 
with YBCO films prepared from three metal sources, the annealed fIlms are more 
resistant to moisture, and their superconducting properties do not degrade after exposure 
to ambient atmosphere. The stability of the fIlms may be due to the presence of small 
quantities of fluorine. Recently, co-evaporation with BaF2 has been used to prepare 
YBCO films with Je's in the 106 Ncm2 range on LaAl03 substrates, which are of great 
interest for microwave applications because of their excellent dielectric properties.9 

A limitation of the BaF2 process is set by the fluorine removal step, which 
requires annealing at temperatures greater than 800 DC. At these temperatures, 
interdiffusion between the substrate and the film can become significant. However, 
YBCO films with Te's of over 80 K have been prepared on reactive substrates such as Si 
and A120 3 by using a Zr02 diffusion barrier.8 

The evaporation methods so far described all employ ex-situ annealing at 
temperatures of 800 °c or above. In order to reduce the processing temperature, as well 
as to avoid the problems resulting from the chemical instability of as-deposited fIlms 
containing metallic Ba, a number of approaches have been investigated for preparing 
YBCO films from Y, Ba and Cu metal sources by in-situ processing. These approaches 
involve heating the substrate during deposition to temperature in the 600 to 700 °c range 
under conditions that result in the incorporation of enough oxygen to make as-deposited 
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films superconducting. One procedure that has been used successfully is to establish a 
molecular oxygen partial pressure of a few millitorr adjacent to the substrate while 
keeping the partial pressure in the source region low enough to prevent oxidation of the 
metal sources. lO, 11 Successful in-situ preparation has also been achieved by injecting 
oxygen atoms provided by microwave plasma12, oxygen ions generated by Kaufman ion 
source12, or ozone molecules13 into the substrate region, again maintaining a low oxygen 
partial pressure in the rest of the chamber. Superconducting YBCO films have also been 
prepared in-situ from Y, Cu and BaF2 sources by injecting oxygen ions near the, 
substrate. 14 

Table 1 summarizes the various evaporation techniques and the best YBCO film 
properties made by each. 

Sputtering Earlier difficulties with sputtering from a single source, together 
with the need to produce large-area films for electronic applications, have led to the 
development of several multi target sputtering methods, all of which utilize post-annealing 
in 02' One method employs co-sputtering of Y, Ba and Cu metal targets. IS, 16 Metal 
targets are preferred over oxides because of their higher sputtering yields. 
Cross-contamination of the targets is avoided by proper shielding and uniformity over 
large areas is achieved by increasing the target-to-substrate distance and by rotating the 
substrate.17 Oxygen is introduced near the substrate to incorporate it in the growing film 
without oxidizing the targets. This process has yielded YBCO films with Te of 90 K and 
Je of 107 Ncm2 at 4.2 K. 

Because of the reactivity of Y and Ba, use of these metals as targets requires a 
vacuum load-locked sputtering chamber. Once the targets are exposed to air, 
pre-sputtering for several hours or days is necessary to remove the surface oxides and 
stabilize the sputtering rates. This problem can be alleviated by replacing Y and Ba metal 
targets with alloys such as YCu and B~Cu3.l8 Alternatively, as in the case of 
multisource evaporation, a BaF2 target can be used. Magnetron sputtering of Y, BaF2 
and Cu has produced YBCO films on SrTi03 substrates with Te of91 K and Je of 105 

A/cm2 at 77 K. 19 

Sequential sputtering, in which multilayer films are deposited by exposing the 
substrate to each of the targets in tum, permit the target-to-substrate distance to be 
reduced without sacrificing lateral uniformity, since the film composition is expected to 
be uniform over an area comparable to the target size. The targets can be spatially 
separated from each other to prevent cross-contamination. If the individual layer 
thicknesses are reduced and the substrate is heated, mixing of the elements can occur 
during deposition. A sequential rf diode sputtering method, using the chemically stable 
target materials Y 203' BaF2 and CuO, has been employed for YBCO fIlm preparation.20 

Sputtering in an Ar-02 atmosphere yields as-deposited films containing very little fluorine 
since BaFt dissociates in the plasma and barium oxide is deposited. Post-annealing in dry 
02 at 800 C or above has produced films on YSZ substrates with T e of 90 K and J e of 
3 x lOS A/cm2 at 4.2 K. Since the wet oxygen annealing step is not required to remove 
fluorine from the as-deposited fIlms, this process has the potential for in-situ preparation 
of YBCO fIlms. 

Table II summarizes the various multisource sputtering techniques and the 
properties of the best YBCO films made by each. 
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Table 2. Properties of YBCO films prepared by multisource sputtering 

Target Sputtering Post-Anneal Te(R=O) Jeat 4.2 K Substrate Reference 
Materials Techique Temperature (K) (Ncrtr) Number 

(oC) 

Y,Ba,Cu Magnetron 850 90 1 x 107 SrTi03 15 
Co-sputtering 

YBa,BaCu Magnetron 950 75 500 Sapphire 16 
Co-sputtering 

Y,BaF2 ,Cu Magnetron 800 91 loS SrTi0:3 19 
Co-sputtering (77 K) 

Y2 °3 , BaF2 ' CuO RFDiode 850 90 105 YSZ 20 
sequential 
sputtering 

Deposition Rate Control 

For successful multisource deposition, it is necessary to monitor the arrival rate 
of each element at the substrate and to maintain the deposition rate constant by using a 
feedback loop to control the power applied to the source. The rate monitors have to be 
calibrated against the actual atomic concentration of elements in the YBCO film for a fixed 
set of deposition conditions such as system geometry, substrate temperature and oxygen 
partial pressure. Therefore, the ability of multisource methods to supply high-quality 
films on a routine basis requires reproducing these deposition conditions in each run. 

Quartz-crystal thickness monitors are commonly used in both evaporation and 
sputtering systems. The crystals must be mounted in such a way as to avoid cross-talk 
between the different sources. Difficulties can arise since the monitors measure the total 
deposited mass. When film deposition from metal sources is carried out in the presence 
of oxygen, the deposited film could be a mixture of metal and oxide, with the metal 
fraction changing if the oxygen supply changes. 

In an evaporation system, the individual evaporant fluxes can be monitored by 
electron impact emission spectrometers, by measuring the intensity of optical emission 
from elemental atoms produced by an electron beam. The Y, Ba and Cu emission lines at 
407,307, and 325 nm, respectively, can be monitored simultaneously without 
interference. Mass spectrometers can also be utilized to estimate the evaporation rate of 
each element independently. Since both of these techniques utilize hot filament sources, 
their use is limited to pressures below 10-5 Torr. Atomic absorption spectroscopy 
provides an alternative technique for monitoring the effluent flux at high background 
pressures.13 In a sputtering plasma, the emission intensity of an excited atom gives a 
measure of the deposition rate. 
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Conclusion 

Multisource evaporation and sputtering techniques,have produced YBCO fIlms 
that are comparable in quality to those prepared by single-source deposition methods such 
as laser ablation and magnetron sputtering. To date, films have been preparediluim by 
evaporation, but the sputtered films require post-annealing in O2, It is difficult to optimize 
the deposition conditions in a multi source sputtering method because of the large number 
of variables, not all of which can be measured directly. Improvment in rate monitoring 
techniques is required to achieve control over the film composition. 
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ABSTRACT 

YIBa2cu307_o thin films were grown on polycrystalline, 
flexib e YSZ substrates by RF magnetron sputtering. A Tc(R=O) 
of 90.3 K was obtained after annealing as the highest value. 
The films had c-axis orientation and were composed of islands 
even at a film thickness of 2.4 Mm. The islands were partially 
impinged on each other. Jc largely depen~ed on2the degree of 
island impingement. A Jc value of 1.2x10 A/cm was obtained 
on the film on which the islands mostly impinged on each other 
during annealing. By bending these films, the effect of strain 
on the superconducting properties was investigated. Tc(R=O) 
values raised as the compressive strain increased up to 0.3%, 
though they were lowered as the tensile strain increased. Jc 
did not degrade under a compressive strain of 0.3%, though it 
degraded by 33% under a tensile strain of 0.3%. 

INTRODUCTION 

There have been many processes proposed for obtaining high
Tc oxide superconductors which show a high Jc at 77.3 K6 Man¥ 
successful thin film depositions have given Jc above 10 A/cm 
There are many reasons why the thin film had high Jc. The 
ability of thin film deposition to produce highly aligned mate
rials must be one of those reasons. 

Though all of the films which have been prepared to have 
high Jc by now are the films deposited on single crystals of 
oxides such as SrTi03 and MgO, it may also be possible to obtain 
high Jc thin films on polycrystalline materials. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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~ Isuperconductorl 
11. V probes I MgO layer 

stainless 
steel 

~~~~~~~~~~~~~substrate 

copper block CS) 

Fig. 1. Schematic diagram for measurement of the strain 
effect on the superconducting properties. 

There are many applications possible when films with high 
Jc can be prepared on polycrystalline substrates. Especially 
for superconducting wire applications, thin films grown on thin 
substrates have the merit of flexibility. 

Y1Ba Cu 30 7_ o thin films were grown on flexible YSZ (yittria 
stabillze~ zlrconia) substrates by RF magnetron sputtering. 
The structural features and their effects on the superconducting 
properties were investigated and compared with films grown on 
(100) MgO. Strain effects on the superconducting properties 
were also measured by bending these films. 

EXPERIMENTAL PROCEDURE 

We used polycrystalline, flexible YSZ substrates with 
thicknesses of 100-200 Mm. 

The films were deposited on the substrates, heated to 
700°C, from a composite single target with a composition of 
YBa 2 4CuS 60. Sputtering was car~~ed oU~2in an Ar+l0% 02 
atmosphere wtth a pressure of 3x10 -8x10 torr. The films 
were annealed in 02 at 900-9S0°C for 2 h, cooled to 400°C at 
a rate of l°C/h ana they annealed at 400°C for 3 h. 

For all films, Jc was measured at 77.3 K by a four-probe 
method using a criterion of 1 MV. Strain effects on the 

Fig. 2. 
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(A) (B) (C) 

Fig. 3. SEM micrographs of the YBa 2Cu 30 7 _othin films_~rown 
on YSZ substrates under gas pressure of 8x10 torr 
with an 02 concentration of (A) 50%, (B) 30%, and 
(C) 10%. 

superconducting properties measured by bending the substrates 
along on a copper block with a part cylindrical surface (radius 
= R) as shown in Fig. 1. Several copper blocks with different 
radii were used to change the amount of strain,f, applied to 
the superconducting films. t was approximately calculated as 
follows: 

f = (t s +t f ) /2R 

where ts and t f are the thickness of the substrate and the film 
respectlvely. 

Inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) was used for the determination of composition. 
X-ray diffraction (XRD) was utilized for the characterization 
of structural features of the films. 

RESULTS AND DISCUSSION 

Bright black films were obtained on the substrates. Both 
as-grown films and post-annealed films were composed of islands 

(A) 

~ 

0.2.u 

:t .. , ~.> " ,. ' ~ .... • .~ 

(B) 

I----i 
0.5.u 

Fig. 4. The cross-section~l SEM 2micrographs of (A) the film 
with Jc of 1.2x10 A/C~ gro~n on YSZ and (B) the 
film with Jc of 2.1x10 A/cm grown on single crystal 
( 1 00) MgO. 
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which were partially impinged on each other as shown in 
Fig. 2, even at our maximum film thickness of 2.4 ~m. Both 
types had a c-axisorientation.as shown in Fig. 2. 

As the concentration of 02 in the sputtering gas decreased 
from 50% to 10%, the degree of impingement increased as shown 
in Fig. 3. The superconducting properties were largely improved 
by increasing the degree of impingemen~. We 20btained films 
with a Tc of 83-90.3 K and Jc above 10 A/cm after annealing 
under an 02 co~centr2tion of 10%. We obtained a film with 
a Jc of 1.2xl0 A/cm as our highest value of Jc. 

Fig. 4 shows c~oss-s2ctional SEM micrographs of the film 
with a Jc 50f 1.~xl0 A/cm grown on YSZ and a film with a Jc 4 
of 2 21xl0 A/cm grown (100) MgO. The film with Jc of 1.2xl0 
A/cm grown gn YSZ 2is clearly more dense than the film with 
Jc of 2.1xl0 A/cm grown on (100) MgO. 

Fig. 5 shows the compressive strain effects on Tc(R=O!, 
Jc a~ 77.3 K and Jc at 4.2 K of the film with Jc of 5.3xl0 
A/cm at 77.3 K before bending. Tc(R=O) was raised as the 
compressive strain increased. Jc at 77.3 K and Jc at 4.2 K 
of the film did not change up to a strain of 0.3%. 

Fig. 6 shows the tensile strain eff3cts o~ Tc(R=O) and 
Jc at 77.3 of the film with Jc of 4.9xl0 A/cm at 77.3 K before 
bending. Jc largely degraded as the tensile strain increased, 
and was 80, 40 and 30% of the Jc before bending at a strain 
of 0.1, 0.2 and 0.3% respectively. 

The difference in the thermal expansion coefficients 
between YSZ and.YBa 2Cu 30 7 _o seemed to result in the difference 
in behavior of the supercouductivity under compressive strain 
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Fig. 6. The tensile strain effects on (A) Tc (R=O) , (B) Jc 
at 77. j K an2 Jc at 4.2 K of the film with Jc of 
4.9x10 A/cm at 77.3 K before bending. 

and under tensi~5 strain. YSZ has a thermal expansion coeffi
cient of 1.0x10 /oC during cooling from the anneal temperature 
to 77.3 K. Therefore, the films grown on YSZ substrates 
receive tensile stresses during cooling after annealing. 

CONCLUSIONS 

It has been confirmed that thin film deposition is one 
of the most promising processes not only for preparing epitaxial 
thin films for electronic devices, but also for manufacturing 
superconductors for electric power application. Thin film 
deposition can prepare high-Tc oxide superconducting wires 
which are superior in flexibility to those manufactured by 
other methods. 
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THIN ALUMINUM OXIDE FILMS AS ELECTRICAL BARRIERS 

BETWEEN SUPERCONDUCTING Y-Ba-Cu-O LAYERS 

ABSTRACT 

M.J.M.E. de Nivelle, B. Hauser, E.G. Keirn, and H.Rogalla 

Low Temperature Division 
Faculty of Applied Physics 
University of Twente 
POB 217, 7500 AE Enschede 
The Netherlands 

Multilayer structures consisting of YBaCuO, Al 203 and CuO have been 
sputtered on various substrates. Resistivity measurements show almost no 
deterioration of the electrical properties of a superconducting YBaCuO film, 
on top of which first an Al 203 and then an YBaCuO film has been sputtered. 
First results of YBaCuO fi lms deposi ted on the Al 203 barrier show a Ie of 65 K. 

Scanning electron microscopy (SEM) and scanning Auger microscopy (SAM) as 
applied on a cross section of a multilayer indicate no diffusion between the 
Al20i and YBaCuO layers. 

INTRODUCTION 

Since the discoveryl,2 of high Te material many different ceramic 
superconductors have been found with superconducting transition temperatures 
(Te) above liquid nitrogen temperature. Although compounds have been obtained 
with Te's above 100 K, the YBa2Cu307-0 compound with a Te of about 93 K is 
still interesting, because of its relatively easy preparation and stability 
against the formation of other phases. Moreover, YBaCuO is free from the 
poisonous element thallium, which is essential for some of the oxidic 
superconductors with transition temperatures above 100 K. 
Important for the application of the oxidic superconductors in electronic 
devices is the preparation of high quality thin films with as few grain 
boundaries as possible and high critical current densities. For applications 
like wiring or even the fabrication of Josephson junctions it would also be 
very interesting to separate the superconducting films by thin electrical 
insulating layers between them. Up to now it has always been very difficult 
to make such an insulating barrier between two superconducting layers due to 
diffusion between the different layers, which is accompanied by a loss of 
superconductivity. 

We have investigated the applicabilty of aluminum oxide and copper oxide as 
an insulating barrier between YBaCuO superconducting thin layers. Because 
diffusion processes mostly take place along grain boundaries, least diffusion 
at the interfaces is expected when the oxide barrier layers are deposited in 
the amorphous state. 
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PREPARATION 

For the preparation of the superconducting YBaCuO layers a nowadays, 
more or less, standard technique has been used. We deposited the layers at 
heated substrates by rf magnetron sputtering from a stoichiometric ceramic 
YBaCuO target. To ensure that there is enough oxygen load into the film 
during the deposition process, a mixture of argon and oxygen has been used as 
a sputtering gas. At the deposition temperatures used (between 600 and 
750°C) the film immediately grows in the correct crystalline phase, without 
need for a post-deposition anneal at higher temperatures (typically 920 °C).3 
The films prepared by this, so called, one step process have, compared with 
the films prepared by the three step process (with post anneal), less grain 
structure and a smoother surface. This is especially important for the 
preparation of a closed and homogeneous barrier layer on top of the YBaCuO film. 

For the deposi tion of the insulating barrier layers we used both rf and dc 
magnetron reactive sputtering in a pure oxygen atmosphere. Metallic aluminum 
and copper targets were used. Solely oxygen was used to avoid sputtering of 
metallic Al or Cu, possibly leading to conducting barrier layers. 
The actual preparation set-up is shown in Fig. 1. The sputtering chamber is 
evacuated by a turbo pump. Inside the chamber four targets can be mounted on 
four different cathodes. We use disk shaped targets with a diameter of 50 mm 
and a thickness of 3 mm. The YBaCuO target is prepared from metal oxides by 
sintering and annealing in oxygen. The ceramic target is glued to a copper 
mounting plate with silver conductive adhesive. Together they are clamped and 
pressed onto a water cooled cathode. Indium foil in between them ensures good 
thermal contact. Metallic aluminum and copper targets are mounted on two 
other cathodes. 

The substrates are clamped onto a substrate holder. The holder is madeof 
stainless steel and can be heated resistively. The substrate temperature is 
measured with a thermocouple, placed in a bore hole in one side of a sapphire 
dummy substrate. The holder is mounted on a rotatable shaft which can be 
turned from outside the vacuum chamber. Through this facility it is possible 
to change the target during the sputtering process. This allows the 
deposition of sandwich structures without affecting the vacuum. As a result 
there is no contamination with e.g. carbon dioxide at the interfaces of the 
different layers, leading to possible deterioration of the superconductivity. 
With this set~up, mono- and multi layered films have been prepared on 
yttrium-stabilized zirconia (YSZ), on strontium titanate (SrTi03 ) and on 
magnesium-oxide (MgO) single crystalline (100)-oriented substrates. 

I 
CWT 
PH 
T 

Fig. 1. Schematic cross-section of the sputtering chamber. 
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Table 1. Sputtering parameters of an YBaCu-A1 203 -YBaCuO multilayer 
deposited on a (100)-oriented YSZ substrate [#456] 

YBaCuO A1 203 YBaCuO 

sputtering time [min] 200 270 205 
substrate temperature [DC] 740 RT 670 
argon partial pressure [Pa] 72 0 41 
oxygen partial pressure [Pal 48 80 27 
distance target to substrate [mm] 43 44 43 
rf power at 13,5 MHz [W] 100 100 100 
cathode self-bias voltage [V] 50 110 50 

PROPERTIES 

Single YBaCuO films, prepared by the one-step sputtering technique, all 
show very smooth surfaces. They look shiny and from SEM pictures it appears 
that there are no grain boundaries. Depending on the substrates that have 
been used, the films have typical transition temperatures (zero resistivity) 
between 79 K (MgO) and 89 K (SrTi03 ) and residual resistivity ratios between 
2.2 (MgO) and 3.1 (YSZ). 

On top of these films we have deposited different additional layers. For 
instance, on an already characterized 110 nm thick YBaCuO film on YSZ 
substrate, with Te = 87 K and RRR = 3.1, an aluminum oxide layer of 
approximately 50 nm thickness and a second YBaCuO film were deposited 
(sputtering parameters listed in Table 1). By covering part of the first 
YBaCuO layer (two areas at the ends of the film) during sputtering of the 
next two layers, electrical contacts could be made to the first layer and the 
resistivity of the film beneath the alumina and YBaCuO layer could be 
measured (see Fig. 2). Resistivity measurements revealed that there is almost 
no degradation of the electrical properties of the first YBaCuO layer: Te is 
still 87 K, only RRR decreased from 3.1 to 2.7. This slight decrease of RRR 
could be due to some diffusion, or some oxygen loss out of the YBaCuO layer, 
especially at the contact areas on which no aluminum oxide was deposited, or 
due to the ion bombardment during the deposition of the upper layers. 

Typical results of the electrical resistivity of the toplayer of an 
YBaCuO-A1 203 -YBaCuO sandwich show a superconducting onset at 90 K, a Tc 
(zero resistivity) of 65 K and a RRR of 1. The reduced transition 
temperature and the low resistance ratio stem probably from the relative 
low deposition temperature of the top YBaCuO layer (see Table 1). A study 
to optimize the film deposition conditions for the top layer (especially 
the temperature) is in progress. In addition alternative methods like laser 
ablation4 and indirect sputtering5 will be used too, because the growth 

Fig. 2. Schematic cross-section of an YBaCuO-AI 203-YBaCuO multilayer 
structure with two contact areas (Al and A2 ) at the ends of the 
first deposited film. The contact areas have been covered during 
deposition of the next two layers. 
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Table 2. Sputtering parameters for a multilayer film deposited on 
(100)-oriented MgO substrate [#406] 

YBaCuO A1 2°;J YBaCuO CuO YBaCuO 

sputtering time [min] 125 70 130 30 130 
substrate temperature [DC] 600 600 600 600 600 
argon partial pressure [Pal 6 6 6 
oxygen partial pressure [Pal 4 1, 1 4 1, 1 4 
distance target to substrate [mm] 33 33 33 33 33 
power [W] 80(rf) 40(dc) 80(rf) 25(dc) 80(rf) 
cathode (self-bias) voltage [V] -50 -250 -50 -360 -50 

mechanism for YBaCuO films on the amorphous A1 203 layer may be dependent on 
the deposition method. 

Up to now there has been no clear characterization of the insulating 
properties of the alumina layer. From SEM pictures and Auger line scan 
measurements we expect good properties as an electrical barrier. Preliminary 
electrical measurements support this view. 

The SEM picture and Auger line scan, shown in Fig. 3, have been recorded 
on a cross-section of an intentionally broken multilayer structure on a MgO 
substrate (sputtering parameters listed in Table 2). Experimental details are 
discussed elsewhere6 . 

041 03 

I YBCO CuO Y If 0 Y If 0 I I1g0 

Fig. 3. SEM image of a broken MgO substrate with a YBaCuO-A1 203-YBaCuO
-CuO-YBaCuO multilayer sputtered on top of it . The Auger Mg and Al 
line scans are superimposed on the SEM image (white dots). The 
aluminum oxide layer of about 170 nm thickness can be seen as a 
smooth dark band. 
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In contrast to the copper oxide layer, which has also been enclosed in this 
multilayer structure, the Al 203 layer with a thickness of about 170 nm is 
smooth and has sharp boundaries. Within the experimental lateral resolution 
of the Auger line scan measurements 6 (about 90 nm) no diffusion between the 
alumina and YBaCuO layers can be observed, which is usually found between 
films and single crystal substrates. 7 

CONCLUSION 

We have shown the possibility to deposit Al 2 03 on an YBaCuO film 
without destroying the electrical properties of the superconductor. On top 
of such an amorphous alumina layer still superconducting YBaCuO films can 
be grown. Within the resolution limits, SEM pictures and Auger line scans 
indicate no diffusion between the alumina and Y3aCuO layers. 
Our results show the potential of aluminum oxide as insulating barrier in 
high Ie superconducting electronics. 
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ABSTRACT 

Superconducting thick films of YBaCuO systems have been prepared by a 
low pressure plasma spraying technique. After the post-annealing in oxygen 
at 900~970'C, YBaCuO films showed zero resistance temperatures , Tc of 
N90K. In order to improve the critical current density ,Jc of the films, a 
mel t-reaction method has been newly developed. A flux layer richer in Ba 
and Cu was coated on a YBa2Cu30X+Y2BaCuOx mixure layer by a low pressure 
plasma spraying, and then the double-layered film was annealed at 
930N 970'C, where the flux layer melted. The molten oxide acted as a flux 
and enhanced grain growth of YBa 2Cu30X. The excess flux reacted with 
Y2 BaCuOx and was fully converted to YBa 2Cu30X. The grain growth of 
YBa 2Cu3Ox and the reaction between the flux and Y2 BaCuOx yielded a dense 
and uniform YBa 2Cu30X layer, so that the J c of the films were improved up 
to 2000A/cm2. This might be due to the dense structure which improves the 
coupling between the grains of the superconducting phase, and the grain 
growth which ruduces the grain boundary. 

INTRODUCTION 

Since the discovery of YBa2Cu307_xl with a superconducting transition 
above the liquid nitrogen temperature, numerous efforts have been 
conducted to prepare thick films of the high-Tc superconductors. We have 
developed a low-pressure plasma spraying technique for the deposition of 
YBa 2Cu307-X thick films2. By this technique, dense films can be deposited 
on the substrate with complicated shapes and large areas at a high 
deposition rate. Thus, from a practical point of view, low-pressure plasma 
spraying is much advantageous to fabricate thick films of the oxide 
superconductor. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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However, the films of YBa 2 Cu 3 0? -X prepared by plasma spraying contain 
some insulating or semiconducting phases such as BaCu0 2 ,Y 2 BaCu05 or CuO, 
which were produced by the decomposi tion of YBa 2 Cu3 0? _ x during mel ting 3 • 

This second phase intrusion, which suppress the Jc of the plasma sprayed 
films, can not be avoided by optimizing the spraying or the post-annealing 
conditions. 

Therefore, we have developed a new melt-reaction method to avoid the 
formation of the second phases. By this method, a plasma sprayed YBaCu 
oxide layer is converted into a dense and uniform YBa 2Cu3 0? -X layer, which 
includes little second phases. Jc of the layer is much higher than that of 
the YBa 2Cu3 0?-X film prepared by a conventional low pressure plasma 
spraying process. 

In this report, firstly, we mention the second phase formation during 
the spraying and its effect on the Jc of the films, and secondly, we 
report the melt-reaction method and the improvement in Jc by this method. 

EXPERIMENTAL PROCEDURE 

Fig.l shows the schematic drawing of present low pressure plasma 
spraying. The powders were injected into the plasma jet, then melted and 
blasted onto the substrate to form the film. Spraying was carried out in a 
chamber under 60 torr O2 • 

The feedstock powder were prepared by the solid state reaction 
method. Mixed powder of Y2 03 , BaC03 and CuO with nominal composition of 
Y:Ba:Cu=l :2: 3 ( YBa 2 Cu3 0? powder) was calcined at 950'(; and pulverlized. 
Powders with particle size ranging 26-44pm were used for spraying. 

Meanwhile spraying powders with nominal composition of Y:Ba:Cu=3:3:4 
( powder I ) and Y:Ba:Cu=1:13:26 ( powder II ) were prepared for the melt
reaction method. 

Electrical resistIVIty of the samples were measured by a standard 
four probe method. Transport critical current, Ic was obtaind from I-V 
charactaristic curves at liquid nitrogen temperature. The microstructure 

Pumping 

Amb ient gas Depos i ted 

--- Plasma jet 

~~~=~ 
~
I 

I 
Substrate 

Fig.l Schematic drawing of low pressure plasma spraying apparatus. 
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Fig.2 Effect of spraying current on critical current (at 77K) of films. 

of the films were examined by an optical microscope and SEM. The chemical 
composition and the distribution of the elements in the films were studied 
by EDX analysis. 

RESULTS AND DISCUSSION 

Films prepared by a conventional low pressure plasma spraying-

The melting of the powder during spraying causes the decomposition of 
YBa 2Cu3 07 - X particles into Y2BaCu05, BaCu02, and CuO as revealed by the 
ternary phase diagram 4 , resul ting in second phase formation in the as 
sprayed films. In order to obtain the desired YBa 2Cu3 07 - X phase in films, 
a post-annealing should be performed. 

Spraying current affects the mel ting behavior of the powder, and 
conseqently the microstructure of films which is closely related to Jc. 

The films with thickness of 80lllIl were deposited with YBa 2Cu3 07 - X 

powder on Ni-alloy substrates ( Nimonic 80A ), and subsequently annealed 
in oxygen at 930'(; for 30 minuites. Fig.2 shows the relationship between 
the spraying current and the cri tical current of the films. The film 
became denser as the spraying current increased, because the powder melted 
well at higher spraying currents. However, the critical current decreased 
when the spraying current exceeded 800A. Fig.3 shows the microstructure 
and distribution of elements of the films sprayed at 600A, 800A and 900A 
recpectively. A great amount of BaCu02 phase remained in the films sprayed 
at 900A even after post-annealing. This second phase might suppress Jc of 
the film. The formation of the second phases could be prevented by 
spraying at currents less than 800A. However, in that case, the powder did 
not fully melt, resulting in the formation of porous films and weak 
connectivity of grains. The muximum Jc obtained in the film was 700A/cm 2 

These results lead to the conclusion that a new process which 
produces dense films without second phase should be developed to achieve 
further enhancement in Jc. 
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Films prepared by a melt-reaction method 

To produce a dense structure, it seems preferable to utilize a liquid 
phase in equilibrium with the YBa 2 Cu 3 07 - X phase. From the phase diagram of 
YO, .5-BaO-CuO ternary system.!., a melt with nonstoichiometric composition 
richer in CuO and BaO is found to be in equilibrium with the YBa 2Cu3 07 - X 
phase. This melt, from which the YBa"Cu3 0? -X phase nucleates directly, is 
used for the growth of single crystals of YBa 2 Cu3 07 - X • This method is 
known as the flux method. However, it was found that the flux method could 
not be applied directly to form the films of YBa 2 Cu3 0? -x, because the 
excess flux which remains in the film intruded between the grains of 
YBa 2 Cu 3 07 - x, resulting in suppression of Jc. Therefore, the excess flux 
must be taken away from the reaction system. A peritectic reaction between 
Y2 BaCu05 and the melt was utilized for this purpose. This reaction is 
expressed as follows 

Through this reaction, the flux is converted into the YBa 2 Cu3 07 - X phase. 

( a) 

(b) 

(el 

1 

Fig.3 SEM images and distributions of Y, Ba and Cu In the cross section 
of annealed films. 
Spraying current; (a) 600A, (b) BOOA, (c)900A. 
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Layer I Heat treatment 

Fig.4 Schematic diagram of melt-reaction method. 

The melt-reaction process consisted of two stages as shown in fig.4. 
Firstly, layer I composed of mixture of YBa 2 Cu307 _ x and Y 2 BaCuO 5 was 
formed with the powder I on the Ni-alloy substrates by a plasma spraying. 
Subsequently, layer II composed of mixture of BaCu0 2 , CuO and YBa 2Cu3 07- X ' 

was overlayed on the layer I by a plasma spraying with the powder II. 
Then, the double-layered film was annealed in oxygen at 930'C to 970'C, 
where the layer II melted. The molten oxide diffuses into the layer I and 
acted as a flux which enhances the grain growth of YBa 2 Cu3 07 _ x in the 
layer I. Simul taneously the excess flux reacts wi th Y 2 BaCuO 5 to form 
YBa2Cu307 _x5. These reactions yield a dense uniform YBa 2 Cu3 07- X layer. 

The microstructure of the oxide layer after annealing was studied by 
an optical microscope, SEM, and EDX analysis. Layer I and layer II reacted 
each other, and as a result, a dense and uniform layer with thickness of 
about SOpm grew between layer I and layer II. Fig. S shows a SEM image 
and distribution of elements in the reacted layer. It consists of large 
rectangular grains about 20pm long and Spm wide. EDX analysis revealed 
that the n;acted layer mainly consisted of YBa 2Cu 3 07 _ x and contained a 
small amount of Y2BaCu05 and CuO grains. 

( a) 

(b) 

Fig.S SEM images in a cross section of the oxide layer after annealing. 
(a) A SEM image in a cross section of the reacted layer. 
(b) A SEM image and distributions of Y, Ba and Cu in a cross 
section of the reacted layer and layer I ( the boundary between two 
layers is about the middle of the photograph) 
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The transport critical current density of the superconducting layer at 
liquid nitrogen temperature of 77K exceeded 2000A/cm 2 • This value is much 
higher than that of the films prepared by the conventional plasma 
spraying. This might be due to the formation of dense structure which 
improve the coupling between the grains of the superconducting phase, and 
the grain growth which reduce the grain boundary. 

CONCLUSION 

Superconducting thick films of YBa 2 Cu3 07 _ x were prepared by a low 
pressure plasma spraying. In order to improve the Jc of the sprayed films, 
a melt-reaction method, which utilized nonstoichiometric melt richer in Ba 
and Cu in equiblium with YBa 2 Cu3 0.,-x, and the peritectic reaction between 
the melt and the Y2 BaCu05 , has been developed. By this method, a dense and 
uniform YBa 2 Cu3 07 - X films were formed, and as a result, the Jc of the film 
was significantly increased. The melt reaction method can be applied to 
products of complicated shape or large area, which is very advantageous 
for practical use of high-Tc oxide superconducting films. 
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THIN-FILM HIGH-TEMPERATURE SUPERCONDUCTORS 

ABSTRACT 

P .E. Phelan *, M.1. Flik§, and C.L. Tien t 

Department of Mechanical Engineering 
University of California 
Irvine, CA 92717 

One of the first applications of thin-film high-temperature superconductors 
will be in the construction of liquid-nitrogen-temperature superconducting 
bolometers. Successful design of a bolometer requires sufficient knowledge of 
the radiative properties, and especially the absorptance, of the superconductor, if 
the superconductor is to interact directly with the incident radiation. At present, 
little quantitative information concerning the radiative properties of thin-film 
high-temperature superconductors is available to the designer. Here, a 
predictive model employing the Drude free-electron theory is applied to films of 
the order of 1 11m thick. The only measured parameter required by the model is 
the direct current electrical resistivity. Experimental data show good agreement 
with the model's results for far-infrared normal-state properties for the 
temperature range 100 K - 300 K. 

INTRODUCTION 

Thin-film high-temperature superconductors (HTSC) show promise for use in 
bolometers capable of detecting infrared radiation. l Some applications of this 
technology could be in surveillance systems, radio astronomy, imaging devices, 
and the detection of "hot spots" in machinery or even in the human body. 
Fundamental to the operation of a bolometer is a quantitative description of the 
radiative properties of the absorbing material. If no optical coating is used, then 
the absorber is identical with the bolometric element, i.e., the superconducting 
film. Otherwise, the superconductor may still interact directly with the incident 
radiation, provided the radiation is able to penetrate through the absorber and 
reach the superconductor. Additionally, the quality of thin-film HTSC fabricated 
by sputtering depends crucially on the radiative heat transfer from the film 
surface during the sputtering process,2 rendering a working knowledge of the 
normal-state radiative properties essential to a more complete understanding of 
the sputtering process. 
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Previous experimental studies of HTSC have primarily been concerned with 
their electron and phonon properties and have not provided a complete 
description of their radiative properties that is appropriate for engineering 
calculations. These studies can be separated into two categories: (1) bulk samples; 
and (2) epitaxial thin films and single crystals. Specular reflectance 
measurements of bulk samples have revealed a very complex reflectance 
spectrum. These investigators, for the most part, have fitted their data with a 
Drude-Lorentz model that assumes both free and bound charges interact with the 
incident radiation.3 -6 Contrarily, near-normal reflectance measurements of 
well-oriented thin films and single crystals do not indicate the presence of 
phonon contributions,7 -14 which implies a metallic behavior for the a b-
plane-the plane parallel to the substrate in a c-axis-oriented thin film. Again, 
these authors have generally fitted a Drude-Lorentz model through their data. 

What is lacking is a general model capable of predicting the radiative 
properties of thin-film HTSC; such a model would not have to rely on curve-fitting 
through measured reflectances, but would instead use a minimum of experimental 
data. Furthermore, this model would also consider substrate and film thickness 
effects. Since it appears that HTSC bolometers will be most useful for wavelengths 
greater than 20 J.1m, 1 an analytic model capable of predicting the radiative 
properties of HTSC in this wavelength range is required. The wavelengths of 
interest in the sputtering process, however, are less than 10 J.1m, and so the model 
should also apply to this wavelength region. 

This study provides a general, predictive model capable of providing the far
infrared normally-incident specular reflectance and absorptance of normal-state 
thin-film HTSC of the order of 1 J.1m thickness. The present model relies on the 
simple Drude theory, which differs from the Drude-Lorentz theory in that it 
assumes only free charges interact with the incident radiation. The complex 
refractive index calculated from the Drude model is inserted into the 
electromagnetic equations governing an interface between two semi-infinite 
media. Results are generated for a YBa2 Cu 307 film at temperatures ranging from 
100 K to 300 K. Superconducting effects are briefly discussed for their impact on 
the radiative properties. 

DRUDETHEORY 

The observed metallic behavior of the ab -plane of thin-film YBa2 Cu 307 
suggests the use of the simpler Drude free-electron theory rather than the Drude
Lorentz theory. This model neglects all bound charges and assumes the free 
electrons are independent of one another. The effects of the lattice are 
represented by a viscous damping term, which serves to decelerate the electrons 
that have been accelerated by the electric field. The refractive index N, defined 
as N '" n + ki, derived from the Drude free electron theory where the magnetic 
permeability is assumed to be that of free space, isIS -18 

N = [1 _ 2mp2 J1/2 
m(m + /3i) 

where m is the angular frequency of the incident radiation and the plasma 

frequency mp and the damping coefficient /3 are given by 
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Fig. 1 A comparison of room-temperature experimental data with the 
normal specular reflectance calculated from the Drude free
electron theory. Two sets of data are for near-normal 
incidence, 8,14 two sets for normal incidence,12 and for two sets the 
incidence angle is unknown.9 

where Ne is the electron number density, e the absolute value of the electron's 

charge, m the electron rest mass, £0 the electrical permittivity of free space, and 
rdc the direct current (dc) electrical resistivity. The value of N calculated from 
Eq. (1) can be inserted into the general expression governing the normal 

reflectance p at the interface between two semi-infinite media:1 8 

(3) 

in which N 1 refers to the complex refractive index of the incident medium 
(typically vacuum or air, i.e., NI = 1) and N2 refers to that calculated from Eq. (1). 

A tacit assumption of the Drude theory, and of the Drude-Lorentz theory as 
well, is the spatial homogeneity of the electric field. This assumption essentially 
requires the electron mean free path l to be much less than the penetration depth 
of the electric field, so that an individual electron experiences an electric field 
that varies only with time. The electron mean free path can be estimated from2 a 

(4) 

where 11 is Planck's constant. Equation (4) is strictly applicable only for zero 
temperature. Calculations based on Eq. (4) and on measurements performed for 
the temperature range 100 K - 300 K21 indicate l- 0.02 !lm for 100 K and 1- 0.005 
!lm for 300 K. As demonstrated in the following section, this magnitude of l is 
much less than the penetration depth for far-infrared wavelengths (A ~ 5 ~lm). 
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For short wavelengths, however, the Drude theory is not expected to provide 
quantitative predictions of radiative behavior- only qualitative ones. Not only 
does an electron experience a spatially inhomogeneous field, but the damping 
coefficient 13 becomes frequency-dependent due to electron excitation at higher 
frequencies. 

ROOM-TEMPERATURE REFLECf ANCE AND ABSORPT ANCE 

A comparison of the room-temperature normal reflectance calculated from 
Eqs. (1) and (3), where N 1 is taken to be unity, with experimental data extracted 
from other studies is given in Fig. 1. The experiments were performed on 
epitaxial, c-axis up, thin films of YBa2Cu307. The values of Ne and rdc in Eqs. 

(2a,b) are taken to be 7.4 x 1027 m- 3 and 8.6 x 10-6 Q-m, respectively. These values 
are averages of room-temperature measurements performed in other studies. 9 ,21-
26 Exact agreement of the theoretical curve with any of the data is not expected 
since the different thin-film samples exhibit different electrical resistivities. In 
particular, for one set of data 14 rdc is considerably less than the average value of 

rdc used in the calculation, resulting in an underprediction of p (Fig. 1). 

One could expect some discrepancy between p calculated for the interface 
between two semi-infinite media, as is Eq. (3), and the experimental results for 
thin films of finite thickness. However, if the radiation penetration depth 0, 
given by 0 - A/( 41tk), 18 is much less than the thickness of the film, the film will 
behave like a semi-infinite medium. Figure 2 shows 0 as a function of wave
length. The value of k is calculated from Eq. (1), which is applicable only for 
longer wavelengths since the Drude model fails at short wavelengths. It is 
apparent that for the wavelength range indicated in Fig. 1 (0 - 100 11m), a l-l1m
thick film should respond to incident radiation much like a semi-infinite medium. 
The data of the thinner films, of 0.09 11m, 0.2 11m, and 0.4 11m thicknesses, should 
show some sort of size effect, but that is not apparent in Fig. 1. 

Figure 1 proves that the ab-plane room-temperature reflectance can be 
successfully modeled with the simple Drude free-electron theory employed here. 
The striking difference between this form of the Drude model and the Drude 
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Fig. 3 A comparison of room-temperature absorptance data with that 
calculated from Eqs. (1) and (3) and the relation (1 - p). 

relations others have used to fit through their data3 - 14 is that this form requires 
only two experimentally-measured parameters: the electron number density, 
which can be deduced from Hall effect measurements, and the dc electrical 
resistivity. The electron rest mass is used instead of an "effective" mass. Most 
importantly, no curve fitting is required. 

The absorptance of a thin film HTSC, which is the radiative property of most 
interest to bolometer designers, has been indirectly measured in two studies.9 , 12 
One study has measured the emittance, and hence the absorptance, of bulk 
YBa2Cu307.27 For the thin films, the reflectance and the transmittance were 
measured, and thus one can substract the sum of the two from unity and obtain 
the absorptance. Of course, any appreciable transmittance will occur only for 
very thin films- precisely where the semi-infinite media electromagnetic 
relations do not apply. Nevertheless, a comparison of the calculated absorptance, 
simply 1 - p, with the experimental measurements is useful and is presented in 
Fig. 3. It is seen that, as expected, there are large discrepancies between the 
Drude model prediction and the measured results, not only because of the size 
effect, but also because of the limitations of the Drude model at these short 
wavelengths. Even the experimental absorptance data show different trends; 
some increase with wavelength,9 while others decrease. 12 The theoretical curve 
of Fig. 3, however, should be accurate for films on the order of 1 f.lm thickness and 
for A:::: 5 f.lm. 

TEMPERATURE EFFECTS 

The two experimentally-measured parameters of the Drude theory, rdc and 
N e' are also the only two temperature-dependent parameters. Since rdc is a 
function of Ne , rdc and Ne exhibit similar temperature-dependent behavior: both 
decrease approximately linearly with temperature at least until the 
superconducting transition) 1 ,25,26 Ideally, both quantities would be measured 
experimentally and the results inserted into the Drude theory; however, 
measurement of Ne is generally not convenient since Hall effect experiments 
require a considerable magnetic field. It is possible, though, to relate Ne to rd c 
through Eq. (4), which also includes the temperature-dependent electron mean 
free path t. One study21 has measured both rdc and Ne for thin films of 
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YBa2Cu307 at various temperatures. From these measurements and Eq. (4) it is 
possible to calculate [ for any temperature above the superconducting transition. 
If it is assumed that these values of [ hold for all YBa2Cu307 thin-film samples, 
then a priori knowledge of rdc(T), where T is temperature, and Eq. (4) yield Ne(T). 
Alternatively, one can determine Ne(T) and rd~(T) at only two temperatures and 
then connect the points with straight lines. 

The above procedure has been carried out so that a comparison between 
measured reflectance data 14 and the Drude free-electron theory can be made. 
The normal-state reflectance was measured at 100 K, 200 K, and 300 K; the 
appropriate values of [ from the measurements21 and Eq. (4) are [(100 K) = 0.0223 
11m, [(200 K) = 0.0085 11m, and 1(300 K) = 0.0051 11m. The de resistivity for the thin 
film s 14 extrapolates linearly to zero for T = 0 K. The corresponding function 
rdc(T) is thus 

rdc(T) = (T~ef)rdc(Tref)] = ~~0)[1.2 x 10- 6] (5) 

where rdc is in Q-m, T in K, and Tref is the reference temperature at which rdc is 
measured. Equation (5) and the values of [ above yield Ne(T): Ne(100 K) = 4.1 x 

1028 m-3, Ne(200 K) = 6.2 x 1028 m-3, and Ne(300 K) = 7.3 x 1028 m-3. 

The results of the temperature-dependent Drude theory are presented in Fig. 
4. Note that the theory tends to overpredict the reflectance. This discrepancy is 
due perhaps to the near-normal, rather than strictly normal, incidence angle 
during the measurements and to the general electromagnetic theory assumption 
that only specular reflectance occurs. In reality, some scattering of the incident 
radiation takes place at the surface of the film, resulting in a diffuse component 
of the reflectance which is not measured during the experiment. 

SUPERCONDUCTING TRANSITION EFFECTS 

The primary concern of a bolometer designer is not what happens in the 
normal state, but rather how do thin-film HTSC respond when they are in their 
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superconducting transition region. Measurements on YBa2 Cu 3 ° 7 have indicated 
that there is not more than a 10% increase in reflectance when the film is in its 
superconducting state versus its normal state} ,4,7,8,11,14,21 A corresponding 
decrease is expected for the absorptance. Future work will focus on the 
transition -region radiati ve properties. 

CONCLUSIONS 

A simple Drude free-electron model is capable of predicting the normal-state 
far-infrared radiative properties of l-llm or thicker thin film YBa2 Cu 3 ° 7 for 
normal incidence. This model is successful for the temperature range 100 K to 
300 K, and requires only the electrical resistivity rdc' as a function of 
temperature, for input. Curve fitting through reflectance data is not required. 
The temperature-dependent electron number density is approximated from rdc' 
Continuing work concentrates on application of the theory to very thin films, 
substrate effects, and on the radiative behavior of superconducting thin films in 
their transition region. 
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JOSEPHSON EFFECTS IN POINT CONTACTS AND BRIDGES 

ABSTRACT 

R. Kleiner, P. Muller, H. Veith, J. Heise and 
K. Andres 

Walther-Meissner-Institute 
D-8046 Garching, FRG 

We report on investigations of the Josephson characteristics 
of thin bridges of sintered YBa Cu 30 , both by four lead tech
niques as well as by observing the flux quantization properties 
in ring structures containing a thin bridge. 

INTRODUCTION 

It is well known that in sintered samples of YBa 2Cu 30 7 , 
the transport supercurrent density is limited by the lntergrain 
boundaries. At a temperature of 4 K, magnetic fields larger 
than typically 40 Oe can penetrate along the grain boundaries 
and reduce the transport supercurrent density draEtically, the 
reduction typically being a factor 10 in H = 100 Oe and a factor 
25 in fields above 1000 Oe, staying then roughly constant up 
to fields of 50000 Oe. This strongly suggests that i) most 
of the intergrain boundaries behave like Josephson junctions 
and that ii) some intergrain boundaries behave like weak links. 
We must assume that the Josephson junctions possess a whole 
spectrum of critical currents, varying with the quality of the 
sinter. For a homogeneous sinter with well-connected grains, 
these Josephson currents are higher and more uniform. This 
is also manifested in the way that diamagnetic shielding currents 
are reduced to zero when warming the sinter past its transition 
temperature: a homogeneous and well-connected sinter shows a 
sharp single transition in low applied fields (its wIdth 
increasing with increasing field), whereas a less well-connected 
sinter often shows two transitions, the lower one being broader 
and signalling the dying out of the Josephson currents bef6re 
the individual grains become normal conducting. 

In the following, we report on investigations of the 
Josephson properties of grain contacts by several means, namely 
i) by directly observing the critical current, and its dependence 
on applied magnetic field, of a thin bridge manufactured from 
sintered material, ii) by doing the same thing on a broken bridge 
pressed together again in situ ("point contact"), and also iii) 
by incorporating such a bridge into a ring structure and 
observing its flux quantization properties. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New Yark, 1990 
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PROPERTIES OF SINTERED BRIDGES 

YBa 2Cu 30 7-sinter were prepared by the standard method of 
first mixing and grinding the constituents (Y 20 3 , BaC03 , and 
CuO), pressing a pellet (2 kbar), reacting in 02 at 950°C for 
12 h, then grinding and pressing again for a sinter reaction 
in 02 at 950°C for 24 h with a following slow cool-down in 
flowlng 02 to room temperature (1). Highly phase-pure sinters 
are obtained in this way, with grain sizes ranging between about 
5 and 50 ~m and with filling factors between 90 and 95%. Bridges 
with diameters between 100 and 200 ~m are then filed and sawed 
into the material, and current and voltage leads are attached 
on both sides of the bridge, using sintered silver paste. A 
typical current-voltage characteristic at 77 K is shown in Figs. 
1 (a and b). 

At low supercurrents, the current flows uniformly through 
all intergrain contacts. With increasing supercurrent, the 
current distribution becomes increasingly non-uniform, since 
it now has to percolate through the "better" grain to grain 
contacts. At the current I l' no such percolation path can 
be found any more and the bfldge becomes resistive. However, 
some isolated intergrain contacts still remain superconducting, 
up to I , where most of them suddenly revert to normal conduc
tion. T~is sudden and hysteretic transition indicates that 
ohmic heating, too, drives the contacts normal at this point. 

If now small external magnetic fields are applied to the 
bridge, we observe variations of the critical current I l' We 
in fact use slightly overcritical bias currents in ordef to 
observe the corresponding voltage variations. This also means 
that we work in a range where there is no superconducting 
percolation path through the bridge any more. The variations 
with applied field, which are shown in Fig. 2a, are due to the 
non-dissipative part of the current (I 1) and are clear evidence, 
that some of the remaining intergrain 80ntacts behave like 
Josephson junctions, whose critical current depends on the 
magnetic flux in closed superconducting loops between them. 

The Fourier transform (Fig. 2b) shows a broad range of 
superimposed oscillation periods ranging from H = 5 to 100 m2e. 
This corresponds to Josephson loop areas of 200 to 4000 (~m) • 
Magnetic flux easily penetrates the bridge through its weakest 
(and in part dissipative) intergrain contacts. The penetration 
into single grains, however, occurs only to within the field 
penetration depth, which is a fraction of a micrometer. As 
the grain sizes range from about 5 to 50~m, the active loops 
are not around individual grains, but most probably around voids 

400 12 

-:;;: 6 Y -:;;: I c1 
E 0 E 0 

~ 

-6 
T=77K 

-400 -12 
-200 0 200 -.4 -.2 0 .2 .4 
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a b 

Fig. 1. Current-voltage characteristic of YBa 2Cu 30 7 sinter 
bridge at 77 K. 
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Fig. 2. a) Josephson oscillations of critical current of sinter 
bridge versus applied field. b) Fourier transform 
of a). 

in the sinter which are surrounded by several grains. For 
optimal interference effects in one such loop of area A., the 
junctions around it should have critical7currents of or~er 
¢O/L., with ¢O the flux quantum (2 x 10- Maxwell)2and L. the 
self~inducta~ge of loop A .• For an A. of 100 (~m) , we Obtain 
L. ~ 3 x 10- H and I ~80 ~A for oBe Josephson contact. 
Tfie actual maximum curfent carrying capacity of intergrain 
contacts is estimated (from Fig. 1 and the percolative nature 
of the supercurrent distribution) to be somewhat higher than 
that. 

Increasing the bias current further past I 1 gradually 
drives more junctions into the dissipative stat~ and reduces 
the number of remaining superconducting loops around voids. 
This is shown in Figs. 3a and 3b (same -bridge as Fig. 2 with 
higher bias current), where it can be seen that the Fourier 
spectrum of periods has narrowed. 

PROPERTIES OF DOUBLE BRIDGES IN SINTERS 

We have also investigated the properties of double bridges 
(shown in Fig. 4) and find that they show current-voltage as 
well as current-field characeristics very similar to single 
bridges. 

In particular we never observe the short critical current 
oscillation periods versus field which would correspond to the 
large area A between the two arms of the double bridge. This 
can be understood by the poor match of the critical intergrain 
currents to the inductance L of the area A: an estimate yields 
¢O /L ~1 ~A, whereas a critical intergrain current is of order 
0.1 to 1 rnA. 

Fig. 3. a) 
b) 
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Same as Fig. 2a, but at higher bias current (10mA). 
Fourier transform of a). 
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Fig. 4. Double bridge made out of YBa 2Cu 30 7 sinter material. 
The diameter of the bridge-arms 1S -100 ym. 

PROPERTIES OF BREAK CONTACTS 

If a sinter bridge is broken and then pressed together 
again, the number of "good" supercurrent paths across the bridge 
is reduced, because only a finite number of "point-contacts" 
will exist in the break. We observe moreover, that these point 
contacts show significantly lower critical supercurrents,typical
ly of order 100yA, (2, 3). This fact, then, automatically 
locates the active Josephson junctions in the point contacts 
of the break. Their reduced number leads to a reduced number 
of areas between them, and hence a reduced number of oscillation 
periods versus applied field. Again, by increasing the bias 
current past I l' the number of active junctions further 
decreases, lea§lng to still fewer oscillation periods. This 
behavior is demonstrated in Fig. 5 and 6 (a and b). Interest
ingly, there is is no evidence for Josephson interference between 
individual point contacts, which would correspond to larger 
areas and higher frequencies than those shown in Figs. 5 and 
6. We therefore seem to observe interference effects only within 
individual point contacts. 
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Figs. 5 and 6. Josephson oscillations of critical current of 
break contacts (a) and their Fourier transforms (b) 
for different bias currents. (See text.) 
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Fig. 7. Geometry of two-hole r.f. SQUID made 
out of YBa2cu307 sinter material. 

Upon increasing the applied field further on break junc
tions, the amplitude of the Josephson oscillations also decreas
es, typically to 1% in a field of 100 Oe. This is as expected 
and is due to the well-known interference effects within 
individual junctions. 

FLUX QUANTIZATION IN RING STRUCTURES CONTAINING A BRIDGE 

To research the possibility of using YB 2Cu 30 7 sinter 
material to manufacture r.f. SQUIDS, we have investigated the 
flux quantization properties of the classical two-hole geometry 
containing a bridge (Fig. 7). 

In order for magnetic flux to be tansferred in quanta from 
one hole to the other, the condition i ~¢O/L should be satisfied 
(L = self inductance of the hole). ThIs requires critical bridge 
currents of order 1 ~A, which are difficult to obtain, as we 
have shown above. The flux quantization properties of the two
hole SQUID can be observed directly by sweeping a field in one 
hole and detecting the flux changes in the other hole by means 
of a second, superconducting niobium pick-up coil connected 

Fig. 8. Observed flux changes in one SQUID 
hole versus current through the 
field coil located in the other hole. 
(See text.) 
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to a conventional niobium SQUID (at ~ ~). The result for a 
bridge of dimension 100 X 100 ~m is stiown in Fig. 8. The 
observed hysteresis shows that the critical current of the bridge 
is still too large: upon each field reversal, a flux change 
of about 13 ¢o has to be built up until the quantized transfer 
of flux begins. 

However, only in one f~eld sweep direction do we observe 
flux transfer in single quanta. By comparison with the behavior 
of a Nb-SQUID of the same geometry, these flux steps indeed 
correspond to single ~-quanta to within an accuracy of 5%. 
In the other sweep direction, flux steps of 2 ¢o are observed. 
we tentatively explain this behavior by i) the existence of 
a frozen-in bias supercurrent in the bridge and ii) the existence 
of a finite number of additional flux loops within the bridge. 
When increasing the bias supercurrent, the flux is readily 
transferred through the bridge loops, their flux state remaining 
constant. When decreasing it, the flux changes can first be 
stored in the bridge loops and only then released to the second 
hole (in multiples of ¢o). 

CONCLUSIONS 

By reducing the number of superconducting Josephson 
junctions in a sinter bridge through increasing the current 
above'the current above the critical value, d.c. SQUID operation 
can be observed up to temperatures close to Tc. The field 
periodicities are consistent with the assumption that the SQUID 
loops contain a few sinter grains around voids in the sinter. 
The results on break junctions can be explained as arising from 
similar, but fewer, SQUID loops located in the break area. By 
properly adjusting the bias current, the number of active loops 
can then often be reduced to one, resulting in only one 
modulation frequency. 

For proper operation of an r.f. SQUID made of sinter 
material, the hysteresis in Fig. 8 has to be smaller than a 
few ¢O' corresponding to a rather small critical current in 
the bridge. This can sometimes be obtained (presumably in 
partially broken bridges), at the expense, however, of a poor 
reversibility (especially on repeated warming and cooling 
cycles). 
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PREPARATION AND PATTERNING OF YBazCupx THIN FILMS* 

ABSTRACT 

M. Bhushan and A. J. Strauss 

Lincoln Laboratory, Massachusetts Institute of Technology 
P.O. Box 73, Lexington, Massachusetts 02173-0073 

SuperconductingYBazCu30x thin films have been prepared by annealing 
multilayers deposited by sequential rf diode sputtering of Y 203' BaF2, and CuO targets. 
Reactive sputtering of BaF2 in an Ar/02 atmosphere yields films containing primarily Ba 
and 0. The F concentration in the as-deposited multilayers is so low that wet-02 
annealing, which is necessary to remove F from films deposited from a BaF2 source by 
other techniques, is not required. The superconducting phase is formed by post-annealing 
in dry 02 for one hour at 850'C and two hours at 500'C. Films about 1 )lm thick on 
yttria-stabilized zirconia substrates have a zero-resistance transition temperature of 90 K. 
Pattern definition is accomplished by using a photoresist mask followed by ion milling in 
an Ar+ bearn. Exposure to water is not detrimental to film properties, but some damage due 
to Ar+ ions is observed after patterning. 

INTRODUCTION 

A variety of sputtering techniques have been used for the preparation of 
Y-Ba-Cu-O (YBCO) films. Although high-quality films have been produced by sputtering 
from a single composite target, experimental trials with a series of targets are generally 
required to determine the target composition needed to achieve the desired film 
stoichiometry, which is dependent on the sputtering parameters and system geometry. 
Methods that employ either simultaneous or sequential sputtering from three independent 
cation sources have the advantage of allowing better flexibility in controlling the film 
composition. The three sources may be the Y, Ba and Cu metals or their compounds. In 
order to incorporate ° in the as-deposited film, it is convenient to use the metal oxides as 
target materials rather than the metals themselves. Unfortunately, BaO is not suitable as a 
sputtering source because it readily reacts with water vapor and CO2 in the atmosphere. 
BaF2, which is chemically stable, has been successfully used as the source of Ba in films 
prepared by evaporation 1-5 and magnetron sputtering.6 When these methods are 
employed, BaF2 is incorporated in the as-deposited films, and it is necessary to remove the 

*This work was supported by the Department of the Air Force and the Defense Advanced 
Research Projects Agency 
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F by annealing in wet 02 at 700-800·C prior to fonning the superconducting YBCO phase. 
This procedure is not compatible with in-situ preparation of YBCO films, which is 
desirable because it offers the possibility of loweling the processing temperature, thereby 
minimizing film-substrate interactions. 

For this investigation we adopted a sequential rf diode sputtering technique using 
Y 203' BaF2, and CuO as target materials. We have found that reactively sputtering BaF2 in 
an Ar + 02 atmosphere yields films containing primarily Ba and 0, with a F content ofless 
than 5 at. %. (Unlike pure BaO, these films, which we shall refer to as BaOF films, are 
stable in air. The reactive sputtering of BaF2 will be reported in more detail elsewhere.) 
Because the F content in the multilayer films is so low, wet-02 annealing is not necessary. 
In the experiments reported here, the superconducting YBCO phase was fonned by 
annealing the as-deposited multilayers in dry 02 at temperatures of 800·C or above. 
However, by raising the substrate temperature during deposition, the diode sputtering 
technique has the potential for in-situ preparation of superconducting YBCO films. 

EXPERIMENTAL PROCEDURE 

Film deposition was carried out in a commercial sputtering system equipped with a 
cryopump and three rf diode target assemblies. The base pressure in the vacuum chamber is 
lxlO-7 Torr. As shown schematically in Fig. 1, the substrate table can be rotated to 
position the substrate under each of the targets. A computer is used to control the motion 
of the table. Power from a single rf source is applied simultaneously to all three targets 
through separate tuning networks. 

Single-crystal yttria-stabilized zirconia (YSZ) substrates with dimension up to 
1.2 x 2.5 cm were used for most of the YBCO deposition runs, but some films were 
deposited on SrTi03 and MgO substrates. The sputtering targets were 12.5-cm-diam discs 
hot pressed from 99.9% pure powders of Y 203' BaF2 and CuO. The targets were 
presputtered for thirty minutes prior to commencing film deposition. The deposition rates 
obtained with each target were detennined in separate experiments. For a fixed 
target-to-substrate distance and fixed partial pressures of Ar and 02' the deposition rate was 
found to be proportional to V de 2, where V de is the dc self-bias potential of the target. 
During multilayer depositions, this relationship was exploited to correct for small 
fluctuations in the power distribution among the three targets. After the substrate was 
positioned under one of the targets, the computer read V de once every two seconds and 
calculated the instantaneous deposition rate. When a preset thickness was reached, the 
substrate table was moved to place the substrate under the next target. As many as ninety 
individual layers were deposited in a single run. The thickness of the layers ranged from as 
low as 20 nm for Y 203 to as high as 60 nm for BaOF. 
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Table 1. Properties of films deposited in Ar-02 Atmosphere 

Target Film Crystallinity Optical Deposition Comments 
Material Composition Orientation Properties Rate/ 

Target 
Volta"e 

Y2 0 3 Y2 0 3 Polycrystalline Refractive 7.5 nrn/min 
(100) on YSZ index=1.89 1270 V 
(111) on SrTiO:J 

MgO 

BaF2 BaOxFy Polycrystalline Refractive 20 nrn/min Stable 
y<5% index= 1. 5 975 V in air 

CuO CuO Polycrystalline Black-brown 12.5 nrn/min Resistivity 
(001) on YSZ color 1200 V - 1 Q-cm 

SrTiO:J at300K MgO 

The concentration of ° in as-deposited multi layers of Y 203' BaOF, and CuO is 
about 52 at. %. Formation of the superconducting YBCO phase requires interdiffusion of 
the individual layers as well as an increase in the ° content to about 53 at.%. In this study 
the YBCO phase was obtained by annealing the as-deposited multilayers in a quartz tube in 
flowing dry 02 at 850·C for one hour, reducing the furnace temperature to 500·C at the rate 
of -1·C/min, annealing at 500·C for two hours to adjust the ° stoichiometry, and then 
cooling to room temperature. 

The YBCO films were patterned by using standard photolithographic techniques 
followed by Ar+ ion beam milling. A 2-llm-thick masking layer of either a positive 
photoresist (Shipley 1350 J) or negative photoresist ( Electrolux N-lOO) was used for 
defining the pattern. Ion milling was carried out with a Kaufman ion source at an Ar 
pressure of 3 x 10-4 Torr. The ion beam current density was 0.8 mA!cm2, and the 
accelerating voltage was 500 V. The beam was incident on the sample at an angle of 90·. 
The sample was attached to a water-cooled table with thermal grease to keep the 
temperature low enough to prevent reaction between the photoresist and the YBCO. Under 
these milling conditions, the photoresist and YBCO were both removed at a rate of 
30 nm/min. For satisfactory masking it was therefore necessary for the photoresist layer to 
be thicker than the YBCO film. 

RESULTS AND DISCUSSION 

The properties of Y 203' BaOF, and CuO films deposited at a target-to-substrate 
distance of 4 cm and Ar and 02 partial pressures of 22 and 5 mTorr, respectively, are listed 
in Table 1. These operating parameters were selected to minimize resputtering of the films 
from the substrate due to bombardment by negative ions (F- or 0-) and by electrons from 
the Y 203 and BaF2 targets, both of which have high secondary electron emission 
coefficients. The high-energy electron bombardment raised the substrate temperature to 
- 300·C during multilayer runs even though the substrate was not intentionally heated. The 
thicknesses of the Y 203 and BaOF films, as measured by ellipsometry, were uniform 
within ± I % over a 5-cm-diameter substrate placed in a position concentric with the target. 
The thickness variation in CuO films, as measured by a mechanical profilometer after 
patterning and etching the films in dilute nitric acid, was less than ± 5%. 

The deposition rates listed in Table I are typical of the values used in preparing the 
YBCO films. The thickness ratios of the Y 203' BaOF, and CuO layers were empirically 
adjusted to yield Y:Ba:Cu ratios of 1:2:3 in the annealed films, as determined by Auger 
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Fig. 2 Auger depth profIle of annealed YBa2Cu30x fIlm. 

analysis. The empirical thickness ratios were 1:10.8:4.1, compared to the ratios of 
1:2.4:1.7 calculated from the literature values for the bulk densities of Y 203' BaO, and 
CuO. Figure 2, which is an Auger depth profile of an annealed film with measured cation 
ratios of 1 :2:3, shows that the composition is uniform through the thickness of the film. 

The multilayer deposition and annealing conditions were optimized to obtain the 
highest zero-resistance transition temperature Tc and maximum crystallographic texturing 
for YBCO films on (100) YSZ substrates. For such films about Illm thick, Tc was 90 K, 
the transition width was 3 K, and the resistivity ratio p(293 K)/p(95 K) was in the range 
of 1 to 1.6. For films prepared under the same conditions on (100) SrTi03 and MgO 
substrates, Tc was only in the 60 to 70 K range, and the transition width was 10 to 20 K. 

An x-ray diffractometer scan of a 1-llm-thick YBCO film on a (100) YSZ substrate 
is shown in Fig. 3. The film is polycrystalline, but there is clear evidence of preferred 
orientation with the a and c axes perpendicular to the substrate, since the (hOO) and (001) 
diffraction peaks are much stronger in intensity than in a randomly oriented YBCO film. 
Films prepared under the same conditions on unoriented YSZ single-crystal substrates did 
not show any evidence of texturing. Thus the orientation of YSZ substrates can influence 
the orientation of the YBCO crystallites, even though there is a large lattice mismatch 
between YSZ and YB~Cu30x' For patterned 1-llm-thick fIlms on (100) YSZ substrates, 
the measured critical current density J c was - 4 x 1 if Ncm2 at 4.2 K. Values of J c as high 
as 106 Ncm2 at 75 K have been reported7 for epitaxial YBCO films with the c axis 
perpendicular to the substrate. To measure the microwave surface resistance of YBCO 
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Fig. 3 X-ray diffractometer scan for 1-llm-thick YBCO film on (100) YSZ substrate. 
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Fig. 4 Scanning micrograph of O.25-f.lm-thick YBCO film. 

films as a function of frequency, a film is substituted for the Nb ground plane in a stripline 
resonator.8 For I-11m-thick films on (100) YSZ substrates, the measured surface 
resistance was 0.2 mQ/sq at 1.1 GHz and exhibited an f1.g dependence on frequency. 

For YBCO films less than 0.3 f.lm thick that had been annealed in the usual manner, 
c-axis texturing was significantly greater than a-axis texturing. The c-axis texturing was 
further enhanced by pre-annealing the as-deposited multilayers in 02 at 500·C for three 
hours to allow the layers to interdiffuse before raising the temperature to S50·C. These 
observations indicate that grain growth near the substrate occurs with the c axis 
perpendicular to the substrate. Flat platelets a few micrometers in size are present in films 
exhibiting c-axis texturing, and the platelet size is larger in films pre-annealed at 500·C. 
Figure 4 is a scanning electron micrograph showing the surface of a pre-annealed film 
0.25 f.lm thick. For films of all thicknesses, the surface morphology was uniform over the 
entire area. In pre-annealed films, both YBa2Cu30 x and the superconducting Y 2Ba4CugOx 
phase9 were present. For films with the Y 2Ba4CugOx phase predominant, Te was in the 
range of 77 to 79 K with an onset at SO K. For one such film 0.25 f.lm thick, the values of 
Ie and p are plotted vs temperature in Fig. 5. The Ie values are an order of magnitude 
higher than those for I-f.lm-thick films. 

Fig. 5 
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Plots of Ie and resistivity vs temperature for 0.25-f.lm-thick YBCO film. 
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Fig. 6 Scanning electron micrograph of 3-)lm-wide line in YBCO film. 

Annealed YBCO films have been stored in room air for several weeks without any 
change in electrical properties or surface morphology. The film surface is sufficiently 
smooth to permit defining linewidths of the order of 1 )lm. Figure 6 is a scanning electron 
micrograph of a 3-)lm-wide line. The room-temperature resistivity and surface 
morphology were not affected by baking or photoresist development. After ion milling, 
however, an increase in room-temperature resistivity by a factor of 1.5 to 5 and a decrease 
of 5 to 10 K in Tc were observed for lines wider than 10 )lm. Figure 7 compares the 
p vs T data for a 40-)lm-wide line and the unpattemed film. For linewidths of less than 
10 )lm, there was a small temperature-independent residual resistivity, and the 
superconducting transition was not complete. The degradation is apparently due to damage 
caused by the Ar+ ion beam. 

CONCLUSION 

The sequential rf diode sputtering technique described here is a unique approach to 
the preparation of YBCO films using a BaF2 source. Sequential deposition permits the 
formation of films that are uniform in composition over a large area, while rf diode 
sputtering in an Ar/02 atmosphere offers the potential for in-situ preparation, since the F 
content in the films is so low that wet-02 annealing is not required. There is sufficient 
residual F, however, to reduce the chemical reactivity, so that both the as-deposited 
multilayers and the annealed YBCO films are resistant to moisture. 

Fig. 7 
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SUSPENSION SPINNING OF HIGH Tc OXIDE SUPERCONDUCTOR BY USING 

POLYACRYLNITRILE 

ABSTRACT 

Tomoko Goto 

Materials Science & Engineering 
Nagoya Institute of Technology 
Gokiso-cho, Showa-ku, Nagoya, Japan 

The suspension spinning of a high Tc oxide superconductor by using 
PAN was studied to prepare.a long filament with high Jc. The highest Jc 
of 1285 x10 4 A/m2 at 77 K was obtained for the Y-Ba-Cu-O filament spun 
through PAN-DMF suspension medium containing the oxide of 92 wt%. 

A high-Tc phase superconducting Bi -Pb-Sr-Ca-Cu-O filament was 
successfully prepared using a combined technique of suspension spinning 
and densification of the pyro1yzed fi1am~ntby two stages of pressing and 
sintering. Zero electrical resisti vi tY'was achieved at 90 K and the Jc 
of the filament at 77 K was 55 x104 A/m2. 

INTRODUCTION 

An application of the high Tc oxide superconductor for 
superconducting magnets requires the fabrication of the bri tt1e ceramic 
materials into tapes or wires with high Jc. I -3 We have studied the 
preparation of a oxide superconducting long filament using a suspension 
spinning method. 4 - 6: The oxide powder was suspended in a polymer 
solution. The viscous suspension was extruded as a filament into a 
precipitating medium and coiled on a winding drum. The as-drawn filament 
was heated to remove volatile components and to generate the 
superconducting phase. It is important in this technique how to enhance 
the densification of the oxide in the filament and the crystallographic 
alignment of the high-Jc direction along the longitudinal direction of the 
filament and to form the fewer and cleaner grain boundaries. Although 
the polymer was removed as a volatile component by heating treatment, the 
dispersion behaviour of the oXlde powder in the filament was dependent on 
the suspension medium, hence the microstructure and superconducting 
properties of the filament obtained are affected by the suspension medium. 
High Jc value of more than 1000 x10 4 A/m2 at 77 K, 0 T was attained for 
Ho-Ba-Cu-o, Bi(Pb)-Sr-Ca-Cu-O and T1-Ba-Ca-Cu-o filament produced by this 
method through po1y(viny1 alcohol) (PVA) suspension medium.?· This paper 
deals with suspension spinning of Y-Ba-Cu-O and Bi-Pb-Sr-Ca-Cu-o 
superconductor by using po1yacry1nitri1e (PAN) suspension medium. 
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EXPERIMENTAL 

A fine mixed powder with nominal composltlon of Y1 Ba2Cu3 Ox was 
prepared by coprecipi tating the oxalates of Y, Ba and Cu into ethyl 
alcohol. The powder was calcined at 1123 K for 7.2 ks and the particle 
size of the heated powder was up to 150 nm. The powder was suspended in 
PAN solution and the suspension dope was extruded as a filament into a 
precipitating medium of methyl alcohol and coiled on a winding drum. The 
as-drawn filament was sintered at 1253 K for 1800 s in oxygen gas flow, 
followed by furnace cooling at a cooling rate of 100 K/h. The effects of 
PAN nonaqueous suspension medium on Jc of the filament sintered were 
explored with PAN in N-N'-dimethyl formamide (DMF), N-N'-dimethyl 
acetamide (DMAc) , N-N'-dimethy sulfoxide (DMSO), ethylene carbonate and 
malononitrile. PAN with molecular weight of Mv = 20 x104 was kindly 
supplied from Asahi Chemical Industry Co Ltd. 

Suspension spinning of high-Tc Bi-Pb-Sr-Ca-Cu-O was made by the same 
method for PVA medium."' Appropriate amounts of Bi 203 , PbO, SrC03 , CaC03 

and CuO powders with more than 3 N purity were mixed into the composition 
of Bio'9SPbo'24SrlCal'lCul'60x, calcined at 1073 K for 54 ks and were 
pressed into pellet and then sintered at 1123 K for 432 ks in air to form 
the high-Tc phase of the Bi system. The resultant pellet was milled into 
a fine powder and was suspended in PAN-DMF solution. The as-drawn 
filament was heated at 773 K for 3.6 ks to remove volatile component. 
The filament was then cold pressed and sintered at 1113 K for 54 ks and 
then pressed and sinted at 1113 for 57.6 ks in low oxygen gas pressure of 
1/13 x10 5 Pa. The electrical resistivity (p) of the filament heated 
was measured by a standard four-probe method. Silver paint was used to 
connect the filament with silver electrodes of 50 11 m in diameter. The 
specimens temperature was measured using a calibrated chromel-gold + 0.07 
% iron thermocouple. The transport Jc measurement was performed at 77 K 
and a T with a criterion of 0.01 11 Vim. The structure of the filament 
was examined with scanning electron micrography (SEM) and X-ray 
diffractometer. 

RESULTS AND DISCUSSION 

Y-Ba-Cu-O filaments 

Superconducting Y lBa 2Cu3 oxide long filaments with less than 100 11 m 
in diameter were produced from various PAN suspension media and the 
electrical resistivity of the filaments sintered was measured. A rapid 
resistivity drop was observed around 90 K and zero resistivity was 85 K. 
The effect of the PAN-DMF and PAN-DMAc suspension media on Jc was 
examined. The Jc of the filament was dependent on the oxide powder 
content. Figure 1 shows the Jc of the filament spun through various 
powder contents of the spinning dope of PAN in DMF and DMAc, respectively. 
A maximum Jc of the filament was measured at the oxide content of 92 wt %. 
Previous works by using PVA in DMSO, hexamethyl phosphoric triamide 
(HMTA) and mixed solution of DMSO and HMTA (1:1) had shown the maximum Jc 
of the filament spun in DMSO, HMTA and the mixed solution was observed at 
the oxide content of 95, 93 and 96 wt %, respectively and These behaviours 
could be explained by overlapping the effect of the oxide densification 
and the critical molecular concentration (CMC) of PVA.H On the present 
case, the CMC of PAN needed to play the dispersant in the spinning dope 
and coagulator of the oxide through the precipitating medium is suggested 
to be at 8 wt % and the effect of PAN for the dispersant and coagulator 
was poor than that for PYA. The Jc of the filament spun in various other 
PAN solutions was measured and the Jc at 77 K and p at 100 K of the 
filament spun from the spimling dope of various PAN solutions containing 
the powder oxide of 92 wt % were listed in Table 1. The polarity of the" 
solvent is considered to be related to the CMC. hence Jc of the filament 
obtained was varied with solvent. The maximum"Jc value of 1285 A/cm2 was 
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Table.l Critical current density at 77 K and normal-state 
resistivity (p) of the Y,Ba.Cu3 Ox filament spun through 
powder contents of 92 wt % in various PAN solutions 

PAN solutIOn 

N-N' dimethyl sulfoxide 
N-N' dimethyl acetamide 
N-N'dimethyl formamide 
ethylene carbonate 
malononitrile 

Jc at /7 K 
(10 4 A/m 2 ) 

109 
448 

1285 
268 
208 

p at 100 K 
(l0-5Q·m) 

0.38 
0.31 
0.15 
0.38 
0.21 

observed by using PAN-DMF solution. The surface and cross-section of the 
filament with the highest Jc was shown in Fig.2. The blade-type grains 
wi th a grain size of 9/L m X 2/L m were packed densely on the surface. From 
the cross section of the filament the grains wi th larger grain size of 
12/L m X 3/L m and some voids are found out. It was reported that the 
maximum Jc of the Y,Ba.Cu3 0 filament spun by using PVA-DMSO solution was 
680 x10 4 A/m 2 and the oxide powder was drawn up the blade type grains 
with a grain size of 3/Lmx5/Lmxl/Lm. 5 The filament with higher Jc 
and larger blade-type grains could be produced by using PAN-DMF solution. 

Al though a high tensile strength of 37 MPa and elongation of 1.2 % 
was observed for the filament produced by PYA medium. the filament by PAN 
medium was weak with tensile strength of 10 MPa and elongation of 0.5 %. 
Moreover, the as-drawn filament without sintering, which was formed from 
PAN-DMF solution by extruding into a precipitating medium of methyl 
alcohol was very brittle with elongation of less than 1 %. Then the 
mixed solution of DMF and H20 (1:1) was used for the precipitating medium 
and the plastic deformation with tensile strength of 2 MPa and elongation 
of 1.8 % was found out for the as-drawn filament. Thus the Y-Ba-Cu-O 
filament through PAN suspension medium had a higher Jc compared with the 
filament by PYA and the high Jc is due to a coarse texture allowed of 
larger superconducting crystal growth. 

90 91 92 93 94 9S 

Oxide content (wt %) 

Fig.l Relation between critical current density of the Y,Ba 2Cu3 Ox filament 
at 77 K and oxide powder content by using PAN-DMF and PAN-DMAc 
suspension medium. .. PAN-DMF medium and () PAN-DMAc medium 
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(a) surface 

(b) cross-section 

Fig.2. Scanning electron micrograph of Y1 Ba zCu3 Ox filament exhibiting Jc 
of 1285 x10 4 A/m2:(a) surface, (b) cross-section. 
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Bi-Pb-Sr-Ca-Cu-O filaments 

Since the discovery of superconducting behaviour at an onset 
temperature above 100 K in Bi-Sr--'Ca-Cu-O system, much effort has been made 
to prepare the single high-Tc phase. It is possible to fabricate the 
oxide with higher Jc by using the starting oxide of the single high-Tc 
phase. A long Bi-Pb-Sr-Ca-Cu-O superconducting filament was also 
produced as same as for the Y-Ba-Cu-O filament. However the low-Tc 
phase of 80 K still remained and high Jc was not attained for the Hi 
system filament. A high-Tc phase of Hi -Pb-Sr-Ca-Cu-O superconducting 
filament was successfully prepared by using a combined technique of 
suspension spinning through a mixed PYA solution of DMSO and HMTA, and 
densification of the pyrolyzed filament by pressing and sintering. 7 The 
suspension spinning of Hi -Pb-Sr-Ca-Cu~ was also made by using PAN-DMF 
solution. The as-drawn filament of 200 pm in diameter was heated at 773 
K for 3.6 ks to remove volatile components. The filament was then cold 
pressed at 20 MPa and was sintered at 1113 K for 54 ks under the oxygen 
pressure of 1/13 xl0 5 Pa in argon gas and was slowly cooled to 1023 K in 
the same atomosphere, then the flowing gas was switched to pure oxygen and 
the sample was cooled to room temperature. The densification was 
repeated to obtain higher Jc. Figure 3 shows the results of the 
temperature dependence of the resistivity for the filaments spun from PAN 
and PYA suspension media, respectively. The resistivity shows a sharp 
drop at about 115 K and becomes zero at 90 and 95 K for the filament from 
PAN and PYA respectively. A low Jc value of 55 xl0 4 A/m 2 and high p 
value of 0.55 xlO- b Q. m were found out for the filaments spun from PAN 
medium comparing with the filament from PYA having Jc at 77 K of 1210 xl0· 
A/m 2 and p value at 150 K of 0.24 xlO 5 Q • m. 

Fig.3. 

0.2 0.4 

'5 '5 
~ ~ 

>-- c ~ 0.1 .2 .r< .r< 
>- >-.r< .r< 
~ ~ 
<Il <Il .r< .r< 
<Il <Il 

& & 

0 
SO 100 ISO 

Temperature (K) 

The temperature dependence of the electrical resistivity for the Bi
Pb-Sr-Ca-Cu-O filaments spun from PAN and PYA suspension medium. 
(a) The filament with Jc of 55 xl0 4 A/m 2 at 77 K, which was spun 
through PAN suspension medium and two stage pressed with sintering 
at 1113 K under the low oxygen pressure of 1/13 xl0 5 Pa for a total 
time of 111.6 ks. (b) The filament with Jc of 1210 xl0· A/m2 at 
77 K, which was spun through PYA suspension medium and two stage 
pressed with sintering at 1113 K under the low oxygen pressure of 
1/13 xl0 5 Pa for a total time of 115.2 ks. 
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Fig.4. X-ray diffraction pattern of the Bi-Pb-Sr-Ca-Cu-O filament spun 
through PAN suspension medium using Cu Ka radiation. The X-ray 
was applied perpendicular to the wide plane in the longitudinal 
direction. 

The X-ray diffraction pattern of the filament from PAN using Cu Ka 
radiation is shown in Fig.4. The X-ray was applied perpendicular to the 
wide plane in the longitudinal direction. This series of these strong 
peaks is indexed at (OOQ) of the high Tc phase having a tetragonal unit 
cell with a = b = 0.5396 nm and c = 3.718 nm. There is no indication of 
the 80 K low-Tc phase or any other impurities. The grains of the 
filament were found to be oriented with the c-axis perpendicular to the 
longitudinal direction. The similar X-ray pattern with sharper peaks at 
(OOQ) was observed for the filament spun from PYA suspension medium. 
Fracture morphology of the filament spun from PAN medium is shown in 
Fig.5. The flake-like grains are approximately aligned perpendicular to 

Fig.5. Fracture morphology of the Bi-Pb-Sr-Ca-Gu-O filament spun through 
PAN suspension medium. 
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the longitudinal direction of the filament and the alignment is not 
perfect. The lower Jc for the Bi system filament spun from PAN 
suspension medium is related to the poor effect of PAN for the dispersant 
in the spinning dope and coagulator of the oxide through the precipitating 
medium, hence the poor densification of the oxide. 

CONCLUSION 

The suspension spinning of a high Tc oxide superconductor by using 
PAN was studied to prepare a long filament with high Jc. The spinning of 
Y\Ba 2 Cu3 oxide was examined in various PAN solutions and the oxide powder 
contents of the spinning dope. The highest Jc of 1285 xl0 4 A/m 2 at 77 K, 
o T was attained for the filament spun through PAN-DMF suspension 
containing the oxide of 92 wt %. The high-Jc is considered due to a 
coarse texture allowed of large superconducting crystal growth. 

A high-Tc superconducting Bi-Pb-Sr-Ca-Cu-O filament was successfully 
prepared using a combined technique of suspension spinning and 
densification of the pyrolyzed filaments by two stages of pressing and 
sintering. Zero electrical resistivity was achieved at 90 K and the 
maximum Jc of the filament was 55 x10 4 A/m 2 at 77 K. The filament 
consisted of a single high-Tc phase and the grains were approximately 
oriented wi th the c-axis perpendicular to the longi tudinal direction of 
the filament. The lower Jc for the Bi system filament spun from PAN 
suspension medium is considered due to the poor effect of PAN for the 
dispersant in the spinning dope and coagulator of the oxide through the 
precipitating medium, hence the poor densification of the oxide. 
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SPATIAL VARIATIONS IN THE TRANSPORT 

M.J. Neal and J.W. Halloran 

CPS Superconductor 
Milford, MA 

INTRODUCTION 

In this study fibers of dense, apparently homogeneous 
YBa2Cu30 7_o were used to study the spatial distribution of the 
critical current density in weak linked ceramic superconductors. 
It was discovered that for these samples not only does the 
critical current vary along the length of the fiber, but so does 
the transition temperature and the normal state resistivity. 

FIBER PROCESSING 

The fibers used in this study were produced in conjunction 
with the effort bi CPS Superconductor to develop high Tc super
conducting wire. The starting material for the fiber was 
commercial YBCO powder (CPS Superconductor, lot #0602) with phase 
purity ~ 99% and 1.69 micron average particle size. The powder 
is mixed with a polymer formulation and spun into fiber using a 
proprietary technique based on the melt spinning technology 
commonly used by the textile industries. Spools of polymer 
matrix ceramic composite with fiber diameters as fine as 50 
microns have been fabricated. These green fibers are then 
subjected to a low temperature heat treatment for binder burnout. 
The fibers are sintered by placing them on a moving belt which 
passes at a constant rate through the hot zone of a furnace set 
at approximately 990 0 C, the fibers spend approximately 20 minutes 
at temperatures greater than 920 o C. This sintering technique 
ensures that all points on a fiber have exactly the same 
sintering history. The final heat treatment is an oxygen anneal 
at 500 0 C for ten hours. The as-fired diameters of these fibers 
are approximately 80% of the green diameter. Most of the fibers 
used in this study had a nominal sintered diameter of 100 
microns. Figure 1 shows the fracture surface of typical sintered 
fibers at different magnifications both before (A,C) and after 
(B,D) the oxygen anneal. These fibers are approximately 95-98% 
dense with little visible microcracking in either the tetragonal 
(unannealed) or orthorhombic (annealed) states. critical current 
densities as high as 2600 A/cm2 at 77K in self field have been 
measured in these fibers. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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A .B 

C D 

Figure 1 SEM micrograph of the fracture surfaces of typical 
YBCO fibers before (A,C) and after (8,0) oxygen anneal. 
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O.48cm O.40cm O.39cm 

Figure 2 Schematic of the contact pad configuration on 
fiber 1670C. 

EXPERIMENTAL PROCEDURE 

Electrical contact to the ceramic fiber was made by making 
a silver contact pad using either sputter deposition or refiring 
the fiber after painting on contact pads with a silver paste. 
In the case of the refired fibers, a second 10 hour oxygen anneal 
was necessary in order to recover the orthorhombic ceramic phase. 
No subsequent heat treatments were administered to the sputter 
deposited contacts. Up to 10 silver contact pads, with a spacing 
of between 0.25 and 2.4 cm were patterned onto the bare fibers. 
The contact pads were connected to conductor lines on a test 
board using silver paint. In general, the contact resistivities 
of the refired contact pad fibers were lower than those of the 
sputter deposited contact pad fibers, but since the current 
required to test for Jc in these small diameter specimens was 
only 50 - 200 IDA I2R heating was not a problem. This was 
verified by measuring Jc across a particular section of a fiber 
as a function of the location of the current leads. It was 
assumed that since the contact resistance was somewhat variable 
the presence of contact heating effects would show up as a 
variation in the shape of the Jc curve with current contacts. 
This was not observed. 

Measurements of the critical current densities of adjacent 
segments on a single fiber were performed. The tests were 
performed in liquid nitrogen using a DC current source (Keithley 
mo~el 228), a digital multimeter (Keithley model 196) and an 
electric field criterion of 1 /J-V/cm for Jc. The instruments were 
controlled by a computer over an IEEE bus using an algorithm 
which increased the current in a stepwise fashion (step duration 
6 seconds) and measured the voltage response at each step. All 
voltmeter filters were disabled during data acquisition and noise 
reduction was achieved with a discreet averaging routine for each 
current level. The noise level for the system using this routine 
was generally about 0.5 /J-V. The tests were performed in self 
field which for most samples was in the range of 2-5 Gauss. Tc 
measurements were by DC transport, with thermal voltages 
eliminated by reading the voltage signal under the influence of 
first positive current and then negative current. 

RESULTS 

There was a surprising variation in Jc between different 
segments of the same filament. In the most uniform specimen, the 
critical current densities varied only 7% between the segments. 
The least uniform specimen had up to 60% variation in critical 
current density. Figure 2 shows the contact geometry for fiber 
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Table I Critical current densities in A/cm2 for multiple 
current and voltage tap configurations on fiber l670C 

I taps 
V ta s 1-6 1-5 1-4 2-6 2-5 3-6 

2-3 310 310 330 
3-4 395 410 410 415 
4-5 500 500 510 
2-4 315 325 
3-5 420 430 
2-5 330 

1670C. The numeric labels assigned to each contact pads are in 
reference to Table 1 which shows the critical current density 
values in A/cm2 for different segments of this fiber. There were 
six contact pads approximately 1 mm wide spaced 4 to 5 mm apart 
(center to center). This configuration allowed the testing of 
three adjacent segments of fiber. As Table 1 shows, Jc was 
independent of the choice of current contact pairs but highly 
dependent on which segment was measured. Note also that when two 
segments were measured together the Jc value corresponded to the' 
lower of the two Jc' s. The critical current densi ties for different 
segments of the same fiber are shown again in Figure 3 in a different 
format for two different fibers, 34008A and 33006C3. Again the 
variation in Jc is significant, in one case varying by more than 
a factor of 2. Figure 4 shows the resistive transitions for each 
of the three segments whose Jc's are shown in Figure 3b. The 
high Jc segment has a higher Tc (0) and a lower normal state 
resistivity than the other two segments. The difference in the 
normal state resistivit,ies of the center and right segments is 
not significant due to uncertainties in the actual current path 
when the ceramic fiber and the silver contact pad are in 
parallel. The differences in TC(O) and the normal state 
resistivity between those two segments and the left segment are 
certainly real. 

DISCUSSION 

The observed variations in electronic properties are 
surprising since the starting powder is quite uniform in phase 
homogeneity, and there has been no evidence in preliminary 
microstructural evaluations of inhomogeneity. For these reasons 
we believe that it is the fine scale on which we are making these 
measurements (a 3mm length of O.lmm diameter fiber contains about 
120 J1.g) is revealing these phenomena rather than any gross 
inhomogeneity in our fibers. 

Since the Jc of filaments varies spatially, this will lead 
to specimen length effects in characterization. That is the 
value reported will depend upon the length over which the 
measurement was made. The length over which the generation of 
an electric field at a low current density by a particular 
segment will dominate the characteristics of the wire will depend 
upon the n-values of the local I-V characteristics and the 
frequency with which such segments exist. Extrapolating values 
from measurements on short lengths of wire to characterize the 
properties of long wires will require a quantitative description 

512 



www.manaraa.com

1 2 

1 2 

748 

763 AI crf: 

746 A/crf: 

801 

3 4 

VOLTAGE TAP NUMBER 

A 

710 A/cm2 

690 

1710 710 

3 4 

VOLTAGE TAP NUMBER 

B 

806 

5 6 

770 

5 6 

Figure 3 critical current density for two similarly 
processed fibers(A) 34008, B) 33006C3) fibers as tested 
over different segment lengths. 
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Figure 4 Temperature dependent resistivities for each of 
the three segments in fiber 33006C3. 
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of the statistics of these variations. This must be done in 
terms of some sort of distribution function. One might think that 
since the worst case dominates the electronic behavior that the 
statistics could be described by a Weibull distribution function. 
Weibull statistics have been used, for example, to describe the 
strength distribution in glass fibers. 2 If this is the case one 
must expect a dramatic decrease in Jc with specimen length since 
the Weibull function is exponential in nature. We do not yet 
know what the distribution function is. 

The fact that the normal state resistivities and transition 
temperatures varied along with the critical current densities 
suggests that these variations are not associated with statisti
cal grouping of Josephson weak links but rather with fine scale 
fluctuations in the bulk properties of the material. Our 
continuing studies are aimed at searching for chemical and/or 
microstructural inhomogeneities which can be linked to these 
variations and at describing their statistical nature. 
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A STUDY OF TAPE AND WI RE PROCESSES FOR HIGH T c SUPERCONDUCTORS 
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IGC Advanced Superconductors Inc. 
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Using the powder in tube method, tape and multifilament configurations were designed and 
fabricated using familiar met.hods of wire processing. The average estimated filament dimension 
in the multifilament wires at final wire diameter was 15 to 20 microns and the total reduction In 
area on a single filament was 99.99%. The total length of nearly ISO meters wasacheived in the 
multifilament wire. Tape conductors were also fabricated from monofilaments by final rolling to a 
thickness of 0.152 mm. Preliminary transport current measurements at liquid nitrogen 
temperature show current densities on the order of 180 Alcm2 for monofilaments while the tape 
shaped conductors gave a Jc of approx imately 1000 A/cm2. 

INTRODUCTION 

The transition temperature.T c, of the new metal oxide superconductors has been pushed to 
122K( 1). Critical maanetlc fjelds areater than 100 Tesia and intrinsic current densities on the 
order of 5x 1 06 A/cm2 at 1.5 Tesla-in thin films, sufficient for any device have been demonstrated 
by magnetization( 2) measurements. Transport current density however, has been disappointingly 
low In polycrystalline materials. The critical cUrt'ent densitY,Jc, is still some two to three orders 
of magnitude smaller than that of conventional metal alloy superconductors( 3,4). In addition to the 
fundamental Te propertles, a technologically useful superconductor for power applications, must 
have a re.asonable current denSity ( 1 04to 105 A/cm2) at magnetic working fields and be in a form 
that can tIe wound into a magnet. 

The problem, in general, is to develop a process to manufacture iong lengths of multi
mamentary metal oxide materials into practical material for device applications. In accordance 
with that, IGC Advanced Superconductors has initiated a program to explore fabricability of these 
materials via the technology now employed to process conventional multifilamentary low Tc 
superconductors. In this paper, we present preliminary results on multifilamentary and tape 
fabrication. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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FIGURE 1. Cross section of rolled tape conductor in Ag sheath. Thickness 
O.152mm. 

EXPERiMENTS 

Starting materials for these preliminary experiments included Y 1 Ba2Cu30x and silver 
tubing. The Y 1 Ba2Cu3Ox precursor powder was obtained from RrlOne-Poulenc and consisted of 
powder particle sizes of two to four microns. Purity of this powder was at least 99.9%. The other 
key component for the fabrication of tape and wire was siiver obtained from Johnson and 11athey in 
the form of tubing with a minimum pur ity of 99.9%. 

Wire and Tape ProceSSing 

To prepare monofilament wire , typical starting billets with an overall length of 25 centi
meters and outer diameter of 6.35mm and inner diameter of 4.45mm were prepare.d. To ensure 
comp lete filling of the tube space the powder was introduced gradually while tapping the tube. The 
ends were closed with silver plugs and lightly swage.d All monofilament billets were cold drawn 

FIGURE 2. Cross section of a multifilament 
wire processed to O.518mm diameter . 
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FIGURE 3. Cross section of a 61 element 
wire at 1.83mm diameter. 

FIGURE 4. Cross section of a 0.254mm 
thick multifilament tape with 
61 filaments. 

first on a laboratory draw bench followed by wire drawing on conventional round captions. A total 
length of approximately 65 meters of wire at 0.381 mm diameter was produced. Further drawing to 
0.305mm diameter led to numerous wire breaks. Additional processing involved rolling the 
monofilament wire into t.ape form, A 1.625 mm diameter wire was rolled through 20 successive 
passes to a final thickness of O. 152-0,203 mm over the silver casing, A cross section of the rolled 
tape is shown in figure ,. 

Several multifilament configurations were designed and pro('.essed using familiar methods of 
restock ing and coprocessing, Monofilament composite wire was drawn to 0,737 mm and restacked 
into 58 elements with a large central core which also contained YBCO powder, The multifilament 
composite was processed to 0,381 mm without any breaks, I n figure 2 we show an examp ie of a 
multifllament configuration. The average estimated filament dimension be.came roughly 15 to 20 
microns, The total length acheived wHh this multifilament wire was near ly 150 meters, and the 
total reduction in are.;) on a single filament was 99.99%, Another example of a multifilament 
configuration is shown in figure 3, In this case, we assembled a composite billet with 61 elements, 
Further drawing to 0,254 mm O,D" followed by rolling into tape shape is shown in figure 4. 

FIGURE 5, Ceramic holder for monofilament or 
multifilament wire. 
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FIGURE 6 A flat ceramic holder for tape 
conductors. 

FIGURE 7a. Tape conductor 0. 178mm X 1. 143mm. 
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FIGURE 7b. Voltage versus current trace for the tape conductor 
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FIGURE 8a. A multitape configuration around a FIGURE 8b. The V-I trace for the multitape 
thin silver tube. configuration. 

FIGURE 9a. A cable with three monofilaments. 
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FIGURE 9b. The voltage-current trace of the 
cab 1e with three monofilaments. 
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Heat Treatment. Critical Transport and Tc Characterization 

After final processing, samples were readied for heat treatment in special ceramic holders. 
In the case of the multifilament or monofilament wire, a thermocouple type ceramic tube with four 
holes, shown in figure 5, was fashioned to provide suitable ac;cess for voltage and cun'ent electrical 
leads. In this case four very thin multifilament samples of appoximately 0.305 mm diameter can be 
carefully and simultaneously handled for further measurements after heat treatment. 

For tape type conductors, flat ceramic holders as shown in figure 6 were utilized. Each tape 
specimen was secured to the surface with Ag wire prior to heat treatment and characterization. 
Heat treatment of all Y 1 Ba2Cu30x conductors was performed under flowing oxygen. Samples were 
gradually heated and held for approximately 18 hours at 920°. After the high temperature 
sinterlng, the temperature was gradually decreased at 2000/hr to 4S0oC and left unchanged for 8 
hours, Annealing at 4500C was also performed under flowing oxygen at a gas pressure of 2-3 psi. 
In order to minimize the effect of the thick silver barrier, we also thinned the silver chemically 
prior to the heat treatment Transport critical current measurements on wire and tape samples 
were performed in liquid nitrogen. A standard four point resistance measurement technique was 
utilized. 

In figures 7 through 9, we show preliminary transport current traces of the tapes and 
monofilament conductors tested at 77 K. The critical transport currents Ic varied between 1 and 7 
amperes at liquid nitrogen temperature depending on the size and shape of the conductor. Monofila
ment current densities were on the order of 180 Alcm 2 while the tape shaped conductors gave a Jc 
of approximately 1000 Alcm2. The improvement in the tape current density over the monoma·
ment result is assumed to be a consequence of the texturing effect introduced by rolling. All meas
urements were taken at a resistivity criterion of approximately 10- 10 to 10- 11 ohm-cm. The 
transition temperature of the samples was found to be 89.6 K for samp les heat treated without a Ag 
barrier. In samples with a Ag barrier, the Tc was 88.4 K as determined from susceptibility 
measurement. 

In figure 8a we show a thin silver tube approximately 10 cm long and 6,35mm O.D .. The wall 
thickness was O.255mm. Around the tube, several tape type samples approximately 1 ,Smm wide 
were held fixed by silver wire. The length of the samples was rough ly 7.0 cm. Apossible 
app lication for such a configuration could be superconducting down leads as in SMES devices 
I n figure 9a we also show a cab Ie constructed from three O.762mm monofilaments. The voltage
current trace of this configuration is shown in figure 9b. 

CONCLUSIONS 

In this preliminary work, monofilament and multifilament composites were prepared from 
precursor powders which were not fully reacted. As a result, initial difficulty was encountered in 
reacting the composites due to the thick silver barrier. For the case of the tape-type conductors this 
was alleviated by thinning the silver barrier such that the oxygen could penetrate more readily into 
the composite structure. The densification of the composites, such as is achieved in the multifila·
ments also contribute to the problem of fully reacting the structure. Further work is required to 
understand the reaction kinetics and their relationship on the density of the microstructure as well 
as the effect of thickness and geometry of the silver barrier. 

We have demonstrated the feasibility of drawing multifilament wire with filament dimen
sion on the order of 15 microns. The total reduction in area of a single filament was 99.99%. The 
total wire length of these multjfj]ament superconductors was near ly 150 meters. Critical current 
densities on the order of 1000 Alcm 2 in the tape conductors were measured at liquid nitrogen 
temperature. Heat treatment optimization and characterzation of the multifi lament wire are 
currently ongoing and will be reported elsewhere. 
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INTRODUCTION 

After the discovery of high Tc superconducting oxides, the 
way to 77 K cryogeny based applications was open and worldwide 
efforts have been undertaken to manufacture conductors, wires or 
tapes, with or without matrices or substrates. More often than 
not, these researches were carried out without taking into account 
neither the specific superconducting ( SC ) properties of these 
oxides nor those related to their potential utilization tempera
ture. In fact, this leads to new conceptions of conductors1 : for 
instance, the filamentary aspect could be restricted to a.c 
applications or when remanent magnetic field has to be avoided. 
However, interest in making oxide filament based wires remains. 

As SC oxides are not ductile, the only way to make these 
composite wires is the "powder-in-tube" process, by analogy with 
Chevrel phase based wires 2 • This process widely has been used with 
these new materials, mainly YBa2Cu307 ( YBCO ) 3,4,5. The main 
problem encountered with this technique is the necessity to sinter 
the powder in a final step, in order to establish a good electri
cal connection between the powder grains and thus to get the 
current carrying capacity which is non-existant in the as-drawn 
state. 

In the case of YBCO, this problem is dramatically increased 
by the strong temperature dependance of the oxygen content, and so 
far, this only has been solved using a silver matrix. Since silver 
is a very expensive and highly speculative material,thus limiting 
its economical viability we have therefore tried to find other 
materials for this purpose 6 • This paper presents results obtained 
from wires manufactured with a copper based matrix. 
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WIRE CONCEPTION AND MANUFACTURING PROCESS 

The "With Oxygen Confinement"! WOC ) wires 

Silver has been shown to be a good matrix material because 
its high oxygen solubility allows exchange between YBCO and 
external oxygen, and the recovery of the oxygen stoichiometry of 
the oxide. In looking for a non silver matrix, our idea was to 
confine oxygen inside the wire during the heating cycle, so that 
oxygen remains available during the cooling, in order to recombine 
with the YBCO: this gives wires With Oxygen Confinement, WOC 
wires. 

After having confirmed the validity of this principle using 
samples encapsulated in a sealed quartz tube6, we have searched 
for a matrix material with the following requirements : 
(i) ductility, to support the deformation of the wire process, 
(ii) high melting temperature, which would not limit the sintering 
temperature, 
(iii) reaction neither with YBCO, nor with oxygen, and with an 
oxygen solubility as low as possible, 
(iv) cost as low as possible. 

We have shown that it was not possible to fulfill completely 
point (iii)6 ; this has been solved by inserting an oxide barrier 
between the metallic sheath and the oxide core. This oxide barrier 
has two main roles : 
* it prevents reaction between YBCO and the metallic matrix, 
* it constitutes an oxygen reservoir, which may compensate for 
small losses of oxygen. 

We have thus reached the following wire composition, schema
tized on figure 1 ( which also shows a view of a WOC wire cross 
section ) 
- an inner powdered YBCO core, 
- a powdered oxide barrier, 
- an external metallic sheath. 

Figure 1 
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Advantages of the WOC wires 

WOC wirei may present some specific advantages with regard to 
classical ceramic shaping. 

We can expect that during the wire transformation, the oxide 
powder becomes more reactive, as grains are broken to smaller 
size, with fresh, unpolluted surfaces. Thus powder sintering may 
be favored. 

We can expect some texturization of the powder, either during 
the transformation or during the sintering treatment, especially 
if the filament diameter is small. 

Finally, as oxygen is confined inside the wire, during 
heating, the gas pressure increases, limiting the decrease of the 
oxygen content 7 ; we can thus hope that the orthorhombic -
tetragonal transformation may be avoided during heating and 
cooling of the wire, removing the twin formation. 

Manufacturing Process 

The WOC wires were fabricated by the classical 
"powder-in-tube" technique which required the following steps : 
(i) machining of a metallic tube ( o.d "" 14 rom, i.d "- 10 rom ), 
(ii) isostatic pressing of a "normal" oxide powder tube ( o.d-
10 rom, i. d ~ 8 rom ), 
(iii) isostatic pressing of a YBCO powder rod ( diam. - 8 mm ), 
or filling the "normal" oxide tube with YBCO powder at a tap 
density, 
(iv) sealing the metallic tube, 
(v) drawing to diameter less than 1 rom. 

This technique allowed us to obtain hundred meter long, mono
or multifilamentary YBCO based wires, the filament diameters of 
which were as low as 25 microns 8 • 

The studied materials 

Sheath materials. In a first step, some experiments have 
been carried out on wires, the sheath of which was composed of 
concentric aluminum inner and copper outer tubes. This work 
allowed us to verify on wires the validity of the WOC conception, 
but the heat treatment temperature was limited to the melting 
temperature of aluminum, much too low to sinter the SC powder. 

CuAl alloys were found to fulfill the sheath material 
requirements. Copper and aluminum present a large solubility 
field, up to about 10 wt% of aluminum ( in copper ), at room 
temperature. As the aluminum content increases, the oxidation rate 
of copper substantially decreases. But, at the same time, the 
alloy ductility becomes lower. Thus, the Al content has to be 
optimized in order to minimize oxidation and still yield a ductile 
product. 

A good compromise has been found with an Al content around 
8 wt%, which presents a very low oxidizability, as shown on figure 2 
which gives TGA curves of a CuA18 alloy and of copper heated up to 
900°C under oxygen. 
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Table I.Characteristics of the WOC wires 

Reference Metallic Oxide Outer Core 
Sheath Barrier Diam. Diam. 

WOC 3 Cu + Al Ba02 1 mm 0.60 mm 
WOC 15 CuAI 8 Ag20 1 mm 0.69 mm 
WOC 18 CuAI 8 Ag20 1 mm 0.76 mm 

Although the electrical resistivity of the CuAI alloy is 
obviously higher than that of copper, it has been shown that the 
stability of the SC oxides is intrinsically good and that a highly 
conductive matrix is not as necessary as for metallic super
conductors1.Resistivity measurements have given 13.10-6 ~ .cm at 
room temperature and at 77 K. 

Barrier material. As has been mentioned above, the oxide 
barrier must fulfill the following requirements : 
* it must be inert with regard to the SC oxide and to the matrix, 
* it may lose its oxygen at high temperature, but must not be more 
oxidizable than the SC oxide. 

Preliminary experiments led to the choice of either Ba02 or 
Ag20.However we showed subsequently that, at high temperature, 

barium oxide combined with YBCO and destroyed it 6 • Moreover silver 
oxide is more favorable for making electrical contacts 9 • 

Superconducting oxide. Experiments have been carried out on 
YBa2Cu307 only. Figure 3 presents a typical grain size and a SEM 
view of the starting powder. 

The characteristics of the different wires presented in thi: 
paper are given in table 1. 
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Figure 3 : Typical size and SEM view of the starting YBCO powder. 

EXPERIMENTAL MEASUREMENTS 

To characterize the SC properties of our wire samples, we 
have performed inductive ( a.c susceptibility) and resistive 
(critical current) measurements. 

A.c susceptibility measurements are rapid means of testing 
samples without the need of current leads. This method gives much 
information about the sample properties, but care must be taken in 
interpretation, especially in view of grain size, orientation 
distribution and weak interconnectivity of the powder10 . 

For these measurements, the excitation frequency was 41.3 Hz 
and real K' and imaginary K" parts of the susceptibility were 
obtained mainly for an a.c field amplitude of 0.63 mT. No d.c bias 
field was added and the phase sensitive detector was set on 
broadband to obtain the full voltage waveform. The values of K' 
and K" obtained were normalized to the physical section of the 
inner core of the wire by calibration with a niobium sample of 
known cross-section. 

Resistive measurements were made by the so-called four probe 
methods. Samples, 5 to 10 centimeter long, were measured at 77 K. 
Since it was very difficult to get good contacts directly on the 
wire, two kinds of samples were prepared : 
- C samples : in that case, closed samples were heat treated 
without contacts. After heat treatment, the matrix was mechani
cally polished in order to make the filament visible and to supply 
contacts for the current and voltage leads, 
- SO samples : in that case, the matrix was opened and contacts 
were made before the sintering treatment. 
Similar results were obtained in both cases, but since the 
brittleness of C samples led to a lack of reproducibility, we 
report in this paper the results obtained on SO samples only. 

RESULTS 

As-drawn wire. As almost all the "powder-in-tube" processed 
wires11,the YBCO based wires have no current carrying capacity in 
the as-drawn state, and it is necessary to sinter the powder to 
get a good electrical connectivity between grains. 
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However, even if the as-drawn wires do not carry any SC 
current, the intrinsic SC properties of the YBCO powder are not 
degraded in the fabrication process.The K' (T) curves of figure 4 
show that the Tc is the same before and after drawing, although 
the SC volume has decreased by a factor of about two. This 
decrease is due to the reduction of the powder grain size during 
drawing, and is related to the ratio between the penetration depth 
and the grain size 10 • 

Control of the WOC wire conception on wire samples. Some e 
samples with concentric copper and aluminum sheaths displayed 
cracks in these sheaths after the sintering treatments, probably 
due to the high pressure generated inside the wire.In that case, 
we observe a large decrease of the se volume probably due to the 
loss of oxygen by the se oxide ( figure 5 ). By increasing the 
thickness of the external copper tube in order to improve its 
mechanical resistance at high temperature, we succeeded in 
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suppressing cracks and maintaining the SC volume up to 550°C. At 
higher temperatures, reactions between barium oxide and YBCO, and 
oxidation of the aluminum sheath, became too important not to 
degrade YBCO properties. This result attested that no oxygen 
escaped from the wire, when the treatment was performed under 
vacuum. 

SC properties of treated samples. Figure 6 gives typical 
results of resistive and inductive measurements of treated SO WOC 

( a ) ( b ) 

Figure 7 : Metallographic aspects of treated WOC wires. 
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wires. Good conditions of sintering have been found to be the 
following : heating up to 925°C at l°C/mn, held at 925°C for one 
to two hours, and cooling down to room temperature at l°C/mn, all 
under oxygen. 

This leads to typical current carrying capacities of about 
500 Amp/cm2 ( 77 K, applied magnetic field: 0 T, E = l~v/cm ). 
A.c susceptibility measurements have also shown that this does not 
always corresponds to a high quality material, as the connectivity 
between grains remains poor. In certain cases, the critical current 
density was about 200 Amp/cm2, when the SC volume was as low as 
10% of the powder volume. This behaviour may be related to the 
poor quality of the powder sintering as shown in the following 
part. 

Metallographic aspects of treated WOC wires.Although the 
SEM views show good contacts between grains, large cracks are also 
evident in the SC filaments ( fig. 7a ). Indeed, these cracks are 
sufficiently large that they are also visible on optical micro
graph ( fig.7b ). Typically, these cracks are perpendicular to the 
current axis, and thus considerably reduce the real cross-section 
where the current may pass. Figure 7b shows also that there 
remains a large residual porosity, which also constitutes an 
obstacle to the current flow. 

DISCUSSION 

Although we have shown that inexpensive materials could be 
used as a matrix of SC oxide based wires, it appears that the 
original conception of the WOC wires leads to very different 
behaviours of the SC powder when the performances are about the 
same as those of Ag sheathed wires 3 or as those of sintered 
ceramics 12 . More particularly, it seems that satisfactory current 
carrying capacities may be obtained, even when the SC filament is 
dramatically porous or cracked. 
That raises questions regarding the real or effective cross 
section of the wire and of the real current carrying capacity of 
the powder. Since no texturization has so far been observed on our 
filaments, we have no simple explanation for our critical current 
results which are comparable to those obtained on sintered 
ceramics. Work is in progress in that field and we hope that 
reducing the defects will lead us to large improvements of the WOC 
wire performances. 
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INTRODUCTION 

Superconducting composite wires containing both the superconductor 
and a metal sheath are required for many applications. This design, used 
for industrial superconducting wires is desirable in order to stabilize the 
superconducting state minimizing local heating and energy dissipation 
induced by magnetic flux changes, to carry current in case of local break 
down of superconductivity and of course to provide mechanical and environ
mental protection. 

In the case of the new superconducting oxides, a powder-in-tube 
technique is considered because of the brittle material. However, this 
technique is complicated by a number of factors such as the control of 
oxygen stoichiometry changes during the sintering of powders, the aniso
tropy of YBa2C~07' the possible reactions with the matrix, etc ... 

Actually the best results are obtained bi drawing a silver tube 
packed with YBa2C~07 superconducting powder. 1, Nevertheless the use of 
silver is industrially impractical for two reasons : silver is too soft and 
too expensive. These considerations have led us to look for an original 
approach that could use an inexpensive, relatively non-oxidizable matrix 
which can be isolated from the superconductor by a non-reactive sheath. To 
achieve the manufacture of superconducting wires using YBa2C~07' we studied 
the following essential points : the behaviour of the superconductor in an 
enclosed atmosphere was tested by measurement of variation of stoichiometry 
and changes in the diamagnetic response as a function of thermal treatment. 
We have tried to synthetize the 123 compound by solid state reaction in a 
sealed tube and we have shown the feasibility of using reagents like Y2Cu20S 
and BaCu02. The reactivity of YBa2C~07 with different matrices and oxide 
sheaths was studied and the results obtained have been utilized in the 
manufacture of superconducting monofilamentary wires. 3 

BEHAVIOR OF THE YBa2Cu307 SUPERCONDUCTOR IN AN ENCLOSED ATMOSPHERE 

Before starting investigations on non-reactive and impermeable 
matrices, one of the crucial aspects of the work was to study YBa2C~07 
in a sealed tube because if the compound is damaged during the thermal 
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Table 1 . Heat treatment conditions of samples in sealed 
quartz tube. Samples were held at the temperature indica
ted for two hours. Oxygen stoichiometry of the different 
samples as a function of thermal treatment is indicated 

Sample Temperature (·C) oxygen 
of sintering stoichiometry 

starting powder - 6.95 
bars after sealing - 6.98 

a 700 6.98 
b 800 6.97 
c 900 6.94 
d 950 6.94 
e 950 6.64 

treatments of sintering and annealing in an enclosed atmosphere, we have to 
find another route to draw wires. We chose quartz tube to do the experiment 
because metallic tubes are oxidizable or permeable to gas and especially 
oxygen. 

Experimental 

YBa2C~07 powder was placed in a die body and pressed at 490 Mpa. The 
bars obtained (~ 12X2X1.5 mm3) were sealed in a quartz tube. The samples 
were heated (300·C/h) to different temperatures (see Table 1)., held at 
these temperatures for two hours, cooled (100·C/h) to 450·C and finally 
furnace cooled to room temperature after 5 hours at 450·C except for sample 
e which was quenched from 950·C by immersion of the quartz tube in water. 

Results 

One remarkable feature of YBa2C~Ox is that the oxygen stoichiometry 
varies over a large range and superconducting properties are rapidly af
fected when x moves away from 7. The oxygen content was determined by high 
resolution thermoba1ance measurements. Samples were slowly heated (60·C/h) 
in a flow of argon / hydrogen 10% with a simultaneous symmetrical thermo
analyser SETARAM TAG24. Under these conditions, only copper is reduced to 
the oxidation state O. The reduction of copper is complete at about 870·C. 
The global formulation of the reacted mixture can be written "YBa2C~03 5" 
and the weight loss corresponds to the loss of (x-3.5) atoms of oxygen: 
Table 1 summarizes the results obtained with the different samples (oxygen 
content of the starting powder and bars after pressing and sealing in 
quartz tube are given as reference). 

Oxygen content for each sample is quite similar to each other except 
the quenched sample. If we consider the estimated precision of the measure
ment (± 0.03) we can conclude that YBa2C~07 recovers the oxygen loss during 
thermal treatment at high temperature. The oxygen stoichiometry of the 
quenched sample seems to be higher than expected according Karpinski et 
a1.4 but this difference can be due to the fact that during quenching, the 
quartz tube limits the cooling speed and the compound may reabsorb a part 
of the oxygen. X-ray diffraction investigations were performed on the'dif
ferent samples. All of them, except sample e, exhibit the YBa2C~07 ortho
rhombic structure without impurities. Sample e shows a diffraction pattern 
(fig. 1) typical of the 123 phase in an orthorhombic form but with a signi
ficant loss of oxygen. These results show that YBa2C~07 is stable in a 
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Figure 1. X-ray diffraction pattern of sample e. 

confined atmosphere and even if we have a phase evolution at high tempera
ture, it is reversible. 

To complete the study of YBa2CU307 in sealed quartz tube, the dia
magnetism response of the samples was measured using a Quantum Design MPMS 
SQUID Magnetometer. Fig. 2 shows the curves obtained. The basic curve 
corresponding to the "as compacted" powder is in good agreement with the 
results reported by Dubots and CaveS. The grain size of the YBa2CU307 powder 
is irregular and ranges from less than 1 ~m to about 5 ~m. At low thermal 
treatment temperatures, the total flux screened out of the sample is not 
affected. The samples have not begun to sinter and the grains are not 
electromagnetically coupled. When the temperature of thermal treatment 
increases, the screened volume is more important but not as much as expec
ted. In order to link the magnetic observations to the microstructure of 
the sample, SEM studies were performed. Samples a and b do not exhibit 
sintering ; very small grains are still found and the grain size is not 
noticeably modified. Sample c is not significantly sintered but the very 
small grains have disappeared. A temperature of 950°C (sample d) is neces
sary to reach a beginning of significant sintering. SEM observations indi
cate that, even if we are not in optimal sintering conditions (heating rate 
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too rapid), the enclosed atmosphere is not favourable to grain growth and 
contact between grains. On the other hand, we do not observe any damage to 
the material in that, its properties seem to be preserved. 

In summary we have shown that YBa2C~07 may lose and recover its 
oxygen stoichiometry during heat treatment in sealed tube. The diamagnetic 
response of the samples are improved when the sintering temperature is 
above 900°C but not on a large scale. The study of the grain structure 
indicates that further research of sintering conditions should be done. 

SYNTHESIS OF THE 123 COMPOUND IN SEALED TUBES 

Superconducting wires using brittle materials have been made by the 
following process. For Chevrel phases, molybdenum and lead sulfur powders 
are drawn into wires and heat treatments produce to the superconducting 
phase. For Nb3Sn, wires are made from ductile metals, Nb and Cu-Sn bronze 
and a diffusionnal process is used to synthesize the superconducting Nb3Sn 
material. 

A similar approach was tried with YBa2C~07' However the problem is 
much more complicated due to the number of components of the ceramic, the 
secondary phases that can be formed and the need to control the oxygen 
level. Different ways were attempted in order to synthetize the 123 
compound. Syntheses were, first, tried in a copper tube and second, in a 
non-reactive, sealed quartz tube subsequently stainless steel tubes were 
also tested. 

Use of copper tube 

Prior to the start of this study, we tested the reactivity of the 
needed oxides for the "in tube" synthetis because most of the time, the 123 
compound is prepared by solid state reaction of CuO, Y203, BaC03 in air or 
oxygen or by using the nitrate precursor method. In our case, these prepa
rations are not suitable because of the gas release during synthesis. Hence 
BaC03 must be replaced by BaO and/or Ba02. Thus, mixtures of CuO, Y203 , BaO 
and/or Ba02 were fired at about 900°C in platinum crucibles in the ratio 
Cu : 3, Y : 1, Ba : 2. In all cases we obtained the 123 compound but we 
found that longer synthesis times were necessary. If Ba02 is used, as the 
source of barium, the pure 123 phase is obtained. On the other hand, if a 
mixture of BaO and Ba02 is used, one finds increasing evidence of the 
presence of secondary phases (by X-ray diffraction) as the ratio BaO/Ba02 
increases. This is probably due to the fact that commercially available BaO 
is never pure and it contains hydroxides and carbonate. We chose the fol
lowing two mixtures to carry out experiments in a copper tube : 

(1) 

(2) 

The first composition corresponds to a 07 stoichiometry and the second a 
08.5 stoichiometry in the case of a synthesis in sealed tube without reac
tion with the matrix. Fine powders of the mixtures were pressed in small 
copper tubes closed by cold pressing and fired at different times and 
temperatures. These experiments never led to the 123 compound. Secondary 
phases were always observed, mainly Y2BaCuOs ' BaCu02 and Cu20. We have also 
tried to use a copper tube with an oxidized interior wall but without suc
cess. A last attempt was carried out using a new mixture: 

(3) 

536 



www.manaraa.com

Table 2. Results obtained in sealed quartz tubes. The 
oxygen pressure was obtained by decomposition of silver 
oxide. The estimated pressure at 930°C is about 700 KPa. 
* 123 : YBa2C~Ox ; 211 : Y2BaCuOs ; 202 : Y2Cu20S' 
# we observe BaC03 because the X-ray diffraction analysis 
is done in air and the carbonatation of BaO is very rapid 

heat treatment X-ray diffraction 
mixture heating and temperature analysis* 

cooling rate and time 

(4) lOC/mn 930°C 36h 123 + 211 (:::: 50/50) 
+ ECuO 

(5) lOC/mn 930°C 30h 123 + E(CuO + 211) 

(5) + O2 lOC/mn 930°C 40h 211 + 202 + BaC03# 

pressure + CuO 

The idea was to use the matrix as a reactant but the experiment was 
unsuccessful. 

We conclude therefore that the use of copper tube for the in situ 
synthesis of YBa2C~07 material does not lend itself to the technique used 
with Nb3Sn. Another thing is that YBa2C~07 is very oxidizing, consequently 
the use of potentially reducting matrix is not desirable. This point will 
be reexamined next chapter. 

Note : a study similar to that with copper tubes was done with INOX 3l6L 
tubes. One problem with stainless steel is to close the tube by cold pres
sing and after unsuccessful attempts, we decided to put the stainless steel 
tube containing the powders up in the sealed quartz tube. The 123 compound 
had never been obtained starting from oxide or peroxide powders in this 
matrix. 

Use of sealed quartz tubes 

The main question after these poor results was of course is 
YBa2C~07 synthesis possible in a confined atmosphere? To find out, the 
following experimental procedure was used : platinum crucibles filled with 
mixed, ground starting reagents were introduced into a quartz tube, sealed 
in air and fired for similar times and conditions listed above but the 123 
phase was not obtained. 

A new approach was then considered. If we do not observe any 123 
compound formation it is probably due to the fact that the choice of the 
starting reagents was not appropriate. Two other mixtures were then tested: 

The main results are given in table 2. Numerous observations can be made. 
We have shown that the 123 compound can be synthesized in an enclosed 
atmosphere, nevertheless it is neither orthorhombic YBa2C~07 nor tetragonal 
YBa2C~06 but a new phase (see the X-ray diffraction pattern fig. 3). 
Similar phases have been reported6•7 but the synthesis method was completly 
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different. This 123 compound is found to have an oxygen content of about 
6.7, and is not superconducting. An interesting observation is that the 
sintering temperature is rather low. We notice that the synthesis does not 
occur with an oxygen pressure. 

The conclusion of this study is that a "draw and react" process does 
not appear to be feasible and, if a 123 compound can be formed by synthesis 
in an enclosed atmosphere, it will probably not be superconducting. 

REACTIVITY OF YBa2Cu307 WITH DIFFERENT POTENTIAL MATRIX AND OXIDE SHEATHS 

Since the "in-situ reaction" process does not appear to be applicable 
for the fabrication of 123 wires, the "powder in tube" method was consi
dered. The problem to be solved is to find a matrix which does not react 
with the superconducting compound, is sufficiently ductile to be drawn, is 
not oxidizable and is impermeable to oxygen, and of course is as inexpen
sive as possible for commercial applications. The first approach was car
ried out using Cu and CuNi. These two compounds are oxidizable but they are 
easy to draw and widely used in the fabrication of 4.2K superconducting 
wires. Subsequently we studied the use of stainless steel and silver. 

Reactivity with Copper 

The results obtained with copper and copper nickel alloy are quite 
similar so we will present only the results obtained with copper. To do the 
experiments, YBa2CU307 powder was pressed and introduced in copper tube 
closed by cold pressing. The samples, after thermal treatment were analysed 
by X-ray diffraction. Table 3 shows the results. YBa2CU307 quickly loses its 
oxygen and is destroyed when the temperature reaches 900·C. With CuNi, the 
destruction of YBa2CU307 is not as fast but occurs at the same temperature. 

Reactivity with Stainless Steel 

Thermal stability of YBa2CU307 is more important in this case. Secon
dary phases appear at 950·C (mainly Y2BaCuOs) but the material which ap-

L--.... __ L 
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Figure 3 . X-ray diffraction pattern of the 123 compound obtained in 
sealed quartz tube. 
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Table 3 . Behavior of YBa2C~07 in a copper tube 
as a function of temperature 

thermal treatment Results 

800°C lh tetragonal 123 
850°C lh tetragonal 123 
900°C lh tetragonal 123 + 211 
950°C lh 211 + CU20 + other phases 

peared to be pure tetragonal by X-ray diffraction, was shown by a Transmis
sion Electron Microscope study to have a non-negligible proportion (10 to 
15%) of modulated crystals characteristic of the superconducting material. 8 

Reactivity with Silver 

A complete study9 was done previously which shows that silver does not 
diffuse in the YBa2C~07 phase but that reaction may occur as a result of 
local deviation from stoichiometry of the 123 phase. 

These results with the different matrices suggest that the use of a 
protective sheath (coating) between the superconductor and matrix may be 
advantageous. Silver appears to be a good candidate for this purpose even 
if it has the serious drawbacks which we enumerated previously. The role of 
this sheath must be of two orders : to prevent contamination by the matrix 
and to supply the oxygen which could be absorbed by the matrix. Two oxides 
were considered: barium peroxide, which could supply oxygen at high tem
perature (>800°C) and silver oxide which decomposes at temperature below 
400°C. 

Reactivity with Ba02 and Ag20 

The following experimental procedure was used : little bars of 
YBaZC~07 material were embedded in an oxide sheath by isostatic pressure 
(300 MPa). The samples were introduced into a stainless steel tube and 
sealed in quartz tube. X-ray diffraction analysis, oxygen stoichiometry and 
diamagnetic percentage measurements at 4.2K were performed. Table 4 shows 
these results. We observe with Ba02 the appearance of secondary phases at 
temperatures as low as 800°C although, and maybe because of, the sintering 
seems to be better in comparison with the sintering of pure YBa2C~07 at 
800°C. However Ba02 does not supply oxygen and does not prevent oxygen loss 
of YBa2C~07. With silver oxide, no secondary phases appear, even at high 
temperature and in decomposing, silver oxide leaves a thin silver layer all 
around the superconductor and prevents its contact with the matrix. 

We must keep in mind that the results are a bit distorted because of 
the stainless steel which is not completly unoxidizable and at 800°C when 
Ba02 loses its oxygen, it may be taken up by the stainless steel. Silver 
oxide leads to a different behaviour and its use as a protective sheath may 
be feasible. 

One of the main problems which is the matrix, has been partly solved 
by using a non oxidizable aluminium copper alloy and superconducting mono
filamentary wires have been obtained. 3 
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Table 4 . Reactivity of YBa2C~07 with oxide sheath. The 
heating and cooling rates are 5°C/mn. ° : orthorhombic; T : tetragonal; 0 : other phases. 

oxide thermal treatment oxygen diamagnetism Xray 
sheath content % at 4.2K 

Ba02 600°C lh 6.95 49 ° Ba02 700°C lh 6.68 24 ° + T 
Ba02 800°C lh 6.30 2 T + 0 
Ag20 700°C lh 6.91 47 ° Ag20 800°C lh 6.77 24 ° Ag20 930°C lh 6.49 6 T 

CONCLUSION 

Chemical investigations of the systems superconductor / matrix and 
superconductor / oxide sheath / matrix in the manufacture of superconduc
ting wires have been studied. The following important results have been 
found : 

- YBa2C~07 may loose and recover its oxygen stoichiometry during 
thermal treatment in enclosed atmosphere. Its superconducting properties 
are not damaged. 

- The synthesis of YBa2C~07 in enclosed atmosphere is possible using 
Y2Cu20S and BaCu02 but the obtained compound is not the superconducting 
oxide and the synthesis does not occur under oxygen pressure. A "draw and 
react" route is not applicable for making wires of this compound. 

- A silver oxide sheath separating matrix and superconductor is found 
to preserve the superconductor and to supply oxygen loss. 
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SOME STUDIES OF Ag/YBa2 Cu30 7 SUPERCONDUCTING COMPOSlTE WIRE AND TAPE 

ABSTRACT 

Yao-xian Fu, Ying Pen, Yong-xiang Hu, Hong-chuan Yang, 
Yue Sun, Chun"si Zhang, Su-hui Hu 

Shanghai Institute of Metallurgy, Academia Sinica 
Shanghai 2000S0, China 

The Ag/YBCO superconducting composite wire has been fabricated by 
powder-in-tube technique. The samples of composite wire were heat-treated 
at 9lS o C for 4h, then quenched to SOOoC and held for 4h in flowing oxygen 
and followed by furnace cooling. The distribution of Ag and ° on cross 
section of Ag/YBCO superconducting composite wire and depth profile of Ag 
in surface of YBCO grain have been measured by AES. It was found that the 
Ag diffused into YBCO core and distributed in the region around grain 
boundary about 200R. 

The Ag/YBCO composite tape was heat-treated at 900 0 c for 24h. Then, 
the Ag sheath was dissolved with gilute ni~ric acid. After the etched 
YBCO core was heat-treated at 900 Cxlh+SOO Cx2h and followed by furnace 
cooling in flowing 02' the highest J c of 4,040A/cm2 (I~V/cm) was achieved. 

THE PREPARATION AND SUPERCONDUCTING CHARACTERISTICS OF Ag/YBa2Cu307 
COMPOSITE WIRE 

The Y-Ba-Cu-O oxide superconductor discovered 2 years ago showed 
excellent high Te (~90K) and Hc2 (SO-120T)1,2. The scientists ~n the 
world have a thirst for achieving the Y-Ba-Cu-O oxide superconducting 
composite wire or tape that could be used in liquid nitrogen conveniently. 
The different metal materials such as Cu, CuNi, Nb, stainless steel, Pt 
have been experienced as a jacket or diffusion barrier for fabricating 
superconducting YBa2Cu307 oxide composite wire. All of these metal 
materials were found to be corroded by YBa2Cu307 core. However, using Ag, 
Jin et al3 have successfully fabricated Ag/YBa2Cu307 superconducting 
composite wire. Afterwards some research groups have successively 
reported the processing technique and superconducting characteristics of 
the Ag/YBa2Cu307 composite wire or tape4 - 7 . 

The authors have made up of the Ag/YBa2Cu307 superconducting wire by 
the powder-in-tube technique. The sintered and pulverized YBa2Cu307 
powder was packed into a silver tube of dia. 10/7.Smm, and codrawn to 
the dia. of 0.S-2mm. 
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According to the results of neutron powder diffraction measurements 
of JorSenson et alB, the oxygen content x for samples of YBa2Cu30x is 6.3 
at 915 C, and 6.B at 500 0 C in flowing 100% 02. On the other hand, the 
solubility of oxygen in Ag increases along with the raising of temperature, 
therefore the exessive oxygen in Ag would release as the temperature of Ag 
decreases9 . If the sample of an Ag!YBa2Cu307 composite is fast cooled down 
to 500 0 C from sintered temperature 915 0 C, and kept at 500 0 C for several 
hours with furnace cooling, the YBa2Cu307 core may continuously absorb 
oxygen from Ag sheath or through Ag sheath from the circumference of flowing 
oxygen, then the x could reach a value >6.B. So we selected the heat-treat
ment condition of 915 0 C for 4h, then qu~nched to 500 0 C and held for 4h in 
flowing oxygen and followed by furnace cooling. 

The diamagnetism of the sample of the composite wire heat treated as 
above mentioned was obviously exhibited at 95K with AC susceptibility 
measurement. The zero resistance Tc was measured to be 89K by the standard 
four probe technique, and the four leads were contacted directively to the 
YBa2Cu307 core with indium. The critical current density J c (77K, OT) is 
145A!cm2 (l~v!cm) for the composite wire sample of dia. 2.2mm. 

THE DISTRIBUTION OF Ag AND 0 IN Ag!YBa 2Cu30 7 SUPERCONDUCTING COMPOSITE WIRE 

The knowledge of distribution of Ag and ° in Ag!YBa2Cu307 superconduct
ing composite wire, no doubt, is extremely significant for improving the 
fabrication process and increasing critical current density. Here we give 
the results about this. 

The JCXA-733 electronic microprobe (EP) and AMRAY-IOOB scanning micro
scopy (with TN-5400 EDS energy spectroscopy) were used for observing the 
topomicrography of cross section of sample and detecting the Ag in YBa2Cu307 
core. The distribution of Ag and ° elements on surface of cross section 
of composite wire was measured by LAS-2000 Auger electron spectroscopy 
(AES). 

In most cases here, the observing and measuring were performed after 
stripping theAg sheath of composite wire heat treated as mentioned in 
part 1, and then breaking the YBa2Cu307 core to eliminate the contamination 
from Ag tube. 

It was found, by EP line scanning, that a small amount of Ag existed 
on the fracture face and reduced gradually from the edge to center of the 
core. Almost no Ag could be detected by EDS when .its scanning region was 
on the center region of the YBa2Cu307 core, however a little Ag was detected 
while the scanning region of EDS covered the whole section of core. Pre
summably a small amount of Ag has diffused into core and stayed at the 
interface of core with Ag tube or in the grain boundary of YBa2Cu307. 
Therefore surface analysis was required for further investigation. 

A superconducting composite wire with diameter lmm was cut by a sharp 
blade, and then immediately put into UHV chamber of AES to measure the dis
tribution of Ag and ° on cross-section of composite wire. The SEM photo
graphy showed the typical intercrystalline fracture of the breaking face 
of the YBa2Cu307 core. 

The contimination of carbon was not found on the surface of sample as 
shown in Fig.l. The energy of primary electron beam of AES was 3 KeV, and 
the diameter of beam was about l~m. The Auger spectrum was taken at 14 
points on cross-section from the edge to center of the core in radial 
direction. The atomic concentration of Ag and ° was calculated from peak 
to peak height of AES (Fig.2). It was shown in Fig.2 that Ag diffused from 
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Fig. 1. The AES spectrum 
at three points. 

tube into YBa2Cu307 core, suddenly reducing at interface between Ag tube 
and core, and uniformly existing at fracture face of core with atomic com
position about 2%. The results given from the sample broken after stripping 
Ag tube was the same as Fig.2, implying there was no contamination of Ag 
during cutting the composite wire by sharp blade. The Ag depth p,rofi1e was 
performed by Ar+ ion sputtering on the cross-section of core as shown in 
Fig.3. Before sputtering, the composition of Ag was 2 at.%, sputtering for 
3 min. (about 100~ deep) reducing to 1.2 at.% and for 6 min. (about 200~ 
deep) no Ag was detected. Because of intercrysta1line fracture, the frac
ture face observed should be the grain boundary, the results here indicate 

Fig. 2. The distribution 
of Ag and ° in radial direc
tion of the cross-section 
of Ag/YBCO composite wire. 
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that the Ag only existed in the region around grain boundary about ZOO~ 
depth, forming a thin shell containing up to Z at.% Ag. 

As the Ag diffused and distributed along boundary into YBaZCu307 core, 
the difficulty to detect the Ag by EP or EDS is reasonable. The sampling 
depth was about 1-3~m for EP or EDS. The size of most YBaZCu307 grain is 
less than S~m. Assuming that the diameter of YBaZCu307 grain is about l~m, 
the average composition of Ag in the grain of YBaZCu307 is only about 0.01 
at.%, as the Ag exist in the region around boundary about ZOO~ deep. This 
is why EP and EDS was quite difficult to detect the Ag. When the scanning 
region of EDS covered the who.1e section of core, since the composition of 
Ag at the region near the edge of the core was relatively high, a small 
amount of Ag, therefore, could be detected. The results given by EP, which 
showed that there is a very small amount of Ag reducing from the edge to 
center of the core, is consistent with the results of AES. 

The distribution of ° on the cross-section of Ag/YBaZCu307 composite 
wire was measured too. It was shown in Fig.2 that the distribution of ° 
at cross section of the core is uniform. Presumably the oxygen transported 
from Ag tube through the shell containing up to Z% Ag and quite much ° sur
rounding the YBaZCu307 grain. It was found that Cu and Ba diffused into 
Ag tube and the composition around the interface between the core and the 
tube has deviated from the stoichiometry of 1-2-3. It would be necessary 
to do some further investigation of this phenomenon in the future. 

SUPERCONDUCTING CHARACTERISTICS OF YBaZCu307 WIRE OR TAPE ETCHED Ag SHEATH 

In order to make the YBaZCu307 core absorb the oxygen sufficiently 
from the ambient flowing oxygen, the sheath of Ag/YBaZCu307 composite wire 
of dia. I/O.7mm presintered at 880 0 C for 4h was dissolved by dilute nitric 
acid. Then the YBaZCu307 core wire of dia. 0.7mm was re-heat-treated at 
900 0 C for lh and SOOoC for Zh in flowing oxygen and with furnace cooling to 
room temperature. The four measuring leads were attached to the core wire 
using silver paste, and the cross section of the core wire was determined 
from SEM photograph. The critical current density J c is up to 88SA/cm2 
(l~m/cm) at 77K and OT. 

The composite wire was also cold rolled to tapes of O.I-O.ZSmm in 
thickness. Afterwards, the processing procedure for the tape is about the 
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Fig. 3. The depth profile of 
Ag at boundary of YBCO grain. 
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Fig. 4. Cross section after etching 
by nitric acid. 

same as that for the wire, but pre-sintered at 900 0 C for 24h. The zero 
resistance Tc of the core tape is 90.2K. The diamagnetism is obviously 
showed at 9lK on the AC susceptibility-temperature plot. The values of J c 
(77K, OT) varied considerably from sample to sample, generally ranged from 
800 to l,200A/cm2 . 

As the Ag sheath of Ag/YBa2Cu307 composite tape was etched off by 
emersing the tape in nitric acid, about lO~m depth of surface layer of 
YBa2Cu307 core was damaged by nitric acid as shown in Fig.4. The XRD re
sults showed that the etched layer was composed of Ba(N03)2, Y203, CuO, 
AgN03, Ag20, Ag and some YBa2Cu307 (Fig.S). In this case neither the 
Tc (R=O) nor J c could be measured by four probe technique over 77K. But a 
sharp diamagnetic shift was detected by AC susceptibility measurement, 
because there was still mainly the superconductive YBa2Cu307 orthorhombic 
phase inside the etched layer of the tape. After the etched sample was 
properly re-heat-treated in flowing oxygen, the structure uniformity of the 
sample was recovered, and it was composed of superconductive YBa2Cu307 
orthorhombic phase and some Ag as shown in the XRD pattern (Fig.6). 
Although the measured values are varied severely with samples, the corres
ponding higher critical current densities of the re-heat-treated samples 
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Fig. 6. XRD pattern for the re-heat
treated specimen. 
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than that of the un-etched composite tape were gained. One of them reaches 
the achieved highest J c (77K, OT) value of 4,040 A/cm2 at a tape thickness 
of 0.14mm. Yang et al lO have reported that certain Ag addition to 
YBaZCu307 superconductor could apparently improve its current carrying 
capacity, and the addition of Ag could make the YBaZCu307 grain become 
smaller and the content of C, which has been found at the grain boundary in 
the form of BaC03 and BaC211, decrease. Meanwhile we have observed that the 
Ag only existed in the region around YBaZCu307 grain boundary about 200R 
depth (see part Z of this paper). And it is well known that the solubility 
of oxygen in Ag increases intensely at elevated temperature. Presumbly the 
Ag at the grain boundary acts as a carrier of oxygen, and this oxygen could 
promote the formation of appropriate YBaZCu307 structure and the decomposi
tion of the barium carbonate and carbide along grain boundary, consequently 
it can purify the grain boundary and to constrain the effect of week link. 

CONCLUSION 

Among the various possible causes, besides the densification of the 
YBaZCu307 core after drawing and rolling, the authors would rather believe 
that the higher J c of YBaZCu307 core that the Ag sheath was etched in dilute 
nitric acid may be related to: 

(1) More perfect orthorhombic structure of YBaZCu307 through exposition 
of the surface of core to the flowing oxygen, and permeation of oxygen to 
each grain through the O-rich Ag shell coating the grains. 

(Z) The purification of grain boundary. 

(3) The improvement of electric contact between the silver paste and 
YBaZCu307 superconductor because of the presence of Ag soluted in the grain 
boundary and the presence of the metallic Ag in voids of the sample. 

REFERENCES 

1. M. K. Wu, J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. Meng, L. Gao, 
Z. H. Huang, Y. Q. Wang, and C. W. Chu, Phys. Rev. Lett. 58, 908 
(987) . 

z. Z. X. Zhao, L. Q. Chen, Q. S. Yang, Y. Z. Huang, G. H. Chen, R. M. Tang, 
G. R. Liu, C. G. Cui, D. Chen, L. Z. Wang, S. Q. Guo, S. L. Li, and 

546 



www.manaraa.com

3. S. 

4. o. 

5. M. 

6. Y. 

7. H. 

8. J. 

9. C. 

10. H. 

ll. K. 

J. Q. Bi, Ke Xue Tong Bao, 1~87, No.6, 412 (in Chinese). 
Jin, R. C. Sherwood, R. B. van Dover, T. H. Tiefel, and D. W. Johnson, 
Jr., Appl. Phys. Lett. 2l, 203 (1987). 
Kohno, Y. Ikeno, N. Sadakata, and K. Goto, Jpn. J. Appl. Phys., ~, 
L77 (1988). 
Okada, A. Okayama, T. Morimoto, T. Matsumoto, K. Aihara, and 
S. Matsuda, Jpn. J. Appl. Phys., ~, L185 (1988). 
X. Fu, Y. Peng, Y. X. Hu, H. C. Yang, W. Q. Liu, Y. Sun, P. Y. Liang, 
and S. H. Hu, Proc. Chinese Symp. of High Tc Superconductor, p.63, 
April, 1988, Baoji, Shanxi. 
Sekine, K. Inoue, H. Maeda, K. Numata, K. Mori, and H. Yamamoto, 
Appl. Phys. Lett. 52, 2261 (1988). 
D. Jorgenson, M. A. Beno, D. G. Hinks, L. Soderholm, K. J. Voling, 
R. L. Hittermen, J. D. Grace, Ivan K. Schuller, C. U. Segre, K. Zhang, 
and M. S. Kleefisch, Phys. Rev. B36, 3608 (1987). 
J. Smithells (Editor), Metals Reference Book, 5th ed. London, 
Butterorths, 1976, p.852. 
C. Yang, Y. Sun, M. Y. Wu, Y. X. Fu, Presented at MRS Spring Meeting, 
San Diego (1989). 
G. Wang, T. J. Zhang, P. X. Zhang, S. Q. Wang, L. Zhou, and 
H. L. Huang, High Tc Superconductor, Baoji, 1988, p.lOl. 

547 



www.manaraa.com

EFFECTS OF BENDING STRAIN ON THE CRITICAL CURRENT DENSITY IN SUPERCONDUCTING 

YBazCu30x MULTICORE WIRES 

ABSTRACT 

Jitsuo Chikaba 

Faculty of Engineering 
Kinki University 
Iizuka-shi, Japan 

Deterioration of the critical current density, Jc, as the result of 
bending strain is measured for silver-sheathed ceramic high Tc super
conducting wires. The multicore composite wires (3-85 cores) are fabricated 
by a conventional powder-in-tube method using YBaZCu30x compound. Results 
concerning ceramic core diameters, thermal stress, and bending strain are 
discussed, comparing the multicore wires with single core wires. The value 
of Jc in the multicore wires cannot reach a higher value than in the single 
core wire (Jc=1600A/cm 2 in zero magnetic field) because of cracks and ruptures 
in the sheath which are attributed to unequal stress between cores. Multi
core composite wires, however, have the advantage of suitable mechanical 
properties, especially flexibility due to good contact between the ceramic 
and the silver sheath. 

INTRODUCTION 

Concerning the practical use of ceramic high Tc superconductors, many 
problems associated with the improvement of the critical current density as 
well as mechanical fragilities have been accumulated. Experiments on 
coils fabricated from YBaZCu30x ceramic high Tc superconductor have been done 
and suggest that stabilization bi silver(Ag), used for a mandrell, is 
effective for quench protection. It is generally known that Ag-sheathed 
ceramic superconducting wires can be easily fabricated 2 by the powder-in-tube 
method. Although Ag is a suitable material in having a high solubility for 
oxygen, there is a problem with the considerable high cost for practical 
use. From this point of view, Sen et al. have proposed that AI(llOO grade) 
and stainless steel(304 grade) can be used as a substitute for the Ag sheath 
by adding a small amount of Ag 2 0 or Ag to the YBazCu30x powder. 3 The 
mechanical properties were improved as a result. The Ag doping appears to 
be an effective method for both decreasing coupling resistance between grains 
and for enhancement of grain growth. 4 It has been also reported that, since 
many cracks come into existence in the ceramic core owing to the difference 
of thermal expansion between the metal sheath and the core, the Jc of wire 
which is sintered after removing the metal sheath is improved. s 

Meanwhile, fine fibers were prepared by the spinning method6 ,7,B and 
the alginate method 9 to obtain further ductility. These methods have the 
advantage of manufacturing continuous long length wires of high tensile 
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Table 1. Final Dimensions of Ag-Sheathed Super conducting Wires 

Type o.d b.d 
( mm ) ( mm ) 

Single Core 2.0-0.3 

3 cores 1.0 0.64 

7 cores 1.86 1.07 

14 cores 1.71 1.14 

19 cores 0.68 0.39 

65 cores 0.83 0.51 

85 cores 0.84 0.49 

o.d outer diameter of the composite 
b.d bundle diameter of the core 
c.d core diameter 

c.d 
( j.Jm 

600-100 

250 

240 

100 

120 

44 

48 

wire 

example of a 
cross section 

strength. However, it is necessary to improve the Jc value. As the wire
rolling progresses towards smaller diameter in the usual powder-in-tube 
method, the Jc value is improved because of the increasing densificatiGn. 
Then, in order to further increase the densification, Ag-sheathed super
conducting tapes were fabricated by pressing after wire drawing. IO The 
results show that the Jc value is improved and also that distribution of the 
crystal orientation measured by neutron diffraction has an effect on the 
Jc value. 11 

This paper presents bending characteristics of Ag-sheathed super
conducting YBa2Cu30x multicore wires. Although the Jc value of the multi
core wires is smaller than that of the tape so far, it will be worth 
studying because of the good superconducting stabilization and mechanical 
properties. The relation between bending strain and Jc values for various 
types of multicore wires is discussed. 

EXPERIMENTAL ARRANGEMENT 

A starting mixture of Y203 (99.9%), BaC03 (99.9%) and CuO (99.9%) was 
calcined at 950°C for 5h in air and furnace cooled to room temperature at 
a rate of 80°C/h. The calcining was repeated four times. The Ag sheath 
( 6.0 mm o. d, 4.0 mm i. d ) was filled with powder which was well pulverized 
after calcining and then rolled cylindrically. To produce the multicore 
wires, the required number (3, 7, 14, 19, 65 and 85 cores) of single core 
wires were packed in the Ag sheath mentioned above and rolled or swaged 
again to the test diameters. After rolling or swaging, they were sintered 
at 910°C for 20h in an oxygen atmosphere and furnace cooled at a rate of 
60°C/h. The final dimensions of the sample wires and an illustration of 
the cross section are given in table 1. The measurements of critical 
temperature, Tc, and critical current density, Jc, were performed by a 
conventional four probe method where the sample length was 4 cm, the length 
between voltage terminals was 2 cm, and the Jc criterion was 0.1 j.JV/cm. 
The values of Jc were measured with various bending radii (R = 24cm - 1cm) 
and external magnetic flux densities, B, at 77K. 
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Fig. 1. Critical current densities vs. core diameters of the silver sheathed 
YBaZCu30x single core wire at 77K in zero external magnetic field 
(Tc = 85 K). 

RESULTS AND DISCUSSION 

Fig. 1 shows the relation between the value of Jc and the diameter of 
the YBaZCu30x single core wires at zero external magnetic field which were 
sampled during the wire rolling process. The value of Jc is improved as 
the wire diameter decreases. The core diameter dependence of Jc shows the 
same tendency as in the tape s~mple.lO It is difficult to make the wire 
smaller with a circular cross section because of cracks in both the sheath 
and core before sintering. Consequently, the value of Jc has reached 
1600 A/cm' (d=O.lZ mm) at zero external magnetic field by reinforcing the 
sheath (double sheathed) in the present work. 
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.Fig. Z. External magnetic field dependence of normalized Jc at 77K with 
single core, 7-core and l4-core composite wires. Jco denotes the 
Jc in zero external magnetic field. 
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The behavior of Jc vs. B in the single core and multicore samples is 
shown in Fig. 2, where the direction of the external magnetic field is 
perpendicular to the longitudinal direction of the wire sample. In spite 
of the improvement of Jc, where Jco denotes the critical current density 
in zero external magnetic field, in the single core samples, the abrupt 
decrease of Jc with B is almost the same degree in the normalized ordinate 
Jc/Jco, that is, the plot of the normalized Jc vs. B does not depend on the 
value of Jco. It can be assumed that this is a typical behaviour of the 
sintered sample which is mainly governed by weak links. On the other hand, 
the decrease of Jc with B becomes slower in the case of multicore wires. 

The deterioration of Jc in zero external magnetic field caused by 
subjecting the wire to repetition of thermal stress between room temperature 
and liquid nitrogen temperature is shown in Fig. 3. The value of Jc in the 
single core wire decreases abruptly with increasing repetition. It can be 
assumed that many cracks grow easily and absorb humidity because of low 
densification and porosity. While no deterioration of Jc can be observed 
for more than 15 repetitions in the multicore wire (85 cores) which is proof 
against wet and thermal fatigue. When the multicore wire was exposed to air 
and daylight at room temperature for more than one month, however, the Jc 
deterioration was about 10 %. 

To evaluate the flexibility of the composite wires as well as the 
electrical and mechanical coupling between superconducting grains, the value 
of Jc was measured under various bending radii (R=24cm - lcm) and external 
magnetic fiel-ds. Fig. 4 shows Jc/Jco vs. l/R for various types of the wires 
where Jco is the value of Jc for R = 00. It is found that when the curvature 
is less than about 0.05 cm-1 , the deterioration of Jc occurs abruptly and 
then the value of Jc is improved with increasing the numbers cores, namely, 
the degree of Jc deterioration by bending clearly depends on the core dia
meter. It has been reported that the Jc deterioration occurs at the curvature 
of about 1.2 cm-1 - 0.6 cm-1 in the composite wire with silver added. 3 
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Fig. 3. Effects of the thermal stress which is caused by the difference 
between room temperature and liquid nitrogen temperature on the 
normalized Jc with various numbers of cores. The value of Jco is 
the initial value of Jc at B=O T. 
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Fig. 4. Curvature dependence of normalized Jc at 77K. The value of Jco is 
the Jc without both the bending and external magnetic field. 
Jco=250 A/cm 2 for 85 cores, Jco=250 A/cm 2 for 19 cores, Jco=200 A/cm 2 

for 65 cores and Jco=200 A/cm 2 for 85 cores. 

The effect of bending strain, r/R, on the Jc is shown in Fig. 5, where 
r is a core or bundle radius and R is a bending radius, respectively. When 
the average radius per one core is used as the value of r, the plot of Jc/Jco 
vs. r/R in both the 85 core and 7 core wires is similar to the single core 
characteristics as shown in Fig. 6. The magnetic field dependence of these 
wires has been already shown in Fig. 2. On the other hand, using the bundle 
radius as the value of the r, the deterioration of Jc seems to be smaller 
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Fig. 5. Bending strain dependence of normalized Jc at 77K. 
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than in single core wires in spite of its thick diameter. This indicates 
that since the YBa2Cu30x grains contact well with the silver sheath , the 
characteristics of bending strain in multicore wires behave as in a fairly 
good composite wire with ductility. According to the work reported by 
Singh et al. 12 , fractures were observed at the value of 0.1 - 0.2% bending 
strain in the tape sample without silver addition. As compared with their 
results, the Jc deterior2tion is about 10 - 20% at the same bending strain 
(0.1 - 0.2%) without fractures in the multicore wire (85 cores). 

Since both tensile and compressive stress act on the wire in the case 
of bending, the wire does not fracture perfectly, but the deterioration of 
Jc progresses rapidly because of cracks mainly caused by tensile stress in 
the initial stage (l/R < 0.05 cm-1) and then gradually goes with breakage 
of the core texture by the compressive stress. It is found that there are 
more cracks in the part subjected to tensile stress than to compressive 
stress as shown by the optical microphotograph in Fig. 7. Cracks on the 
upper side of the microphotograph are due to tensile stress and the broken 
parts on the lower side are due to compressive stress. Cracks generated 
by tensile stress mostly influence the Jc deterioration. 

Fig. 7. Microphotograph of a longitudinal section of the 7-core composite 
wire after bending (R=lcm). 
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CONCLUSION 

The value of Jc in silver-sheathed YBa2Cu30x super conducting single 
core wire increases with reduction of core diameter. With further thinning 
in multicore composite wires, the value of Jc has been improved to some 
extent and then decreased sharply (down to Jc=200 A/cm') by about 40 wm core 
diameter, contrary to our expectation. However, it is clear that the ceramic 
multicore composite wire is sufficiently flexible for practical use in 
magnets. It is considered that, since the stress between single core wires 
is not uniform during rolling processes, the cross section of the sheaths 
do not remain circular, but cracks and ruptures occur easily. To improve 
the Jc value of the multicore wire, it is important that first, no crack 
generates in the sheath at all during rolling or swaging, secondly the 
grain size of the powder and sintering conditions should be controlled. 
Moreover, the generation of cracks is inevitable as the volume of the ceramic 
decreases with increasing densification during the sintering process and also 
because of the difference of thermal expansion coefficients between the 
silver sheath and the YBa2Cu30x core. It will be necessary to develop a 
malleable and tough material for the sheath which is stable at high tempera
ture as well as new fabrication methods for ceramic cores. 
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INTRODUCTION 

High-temperature superconductors offer the potential advantage of reduced refrigeration costs, 
leading to reconsideration of transmission-line applications. However, because the properties of high
temperature superconductors differ considerably from those oflow-temperature superconductors, we 
have begun with a preliminary design based on limited knowledge of the new materials. The result is a 
configuration that is quite different from the low-temperature superconducting transmission lines pre
viously designed and demonstrated. The primary emphasis of the design has been to consider materials 
other than the superconductOr itself, Le., the construction materials. In particular, the low-temperature 
strength and favorable dielectric properties of aramid fibers have been used. 

SUPERCONDUCTIVE TRANSMISSION LINE DESIGNS 

History and Design Choices 

Low-temperature superconducting transmission lines were considered by many investigators in 
the 1960s, and demonstrated and reported on in the 1970s and early 1980s. Cooling to liquid-nitrogen 
(LN2) temperature to reduce electrical resistance, although not superconductivity, was also consi
dered.l Key developments and demonstrations are noted in References 2-11. 

The various transmission line schemes chosen by investigators have been amazingly diverse. 
Some of the choices are alternating or direct current, high or low voltage (typically 60 to 138 kV), two
or three-phase alternating current, and flexible cable, a cable in a rigid conduit, or a rigid, bus-bar-like 
conductor. Other details such as whether wires or tapes are used, how the cooling fluid is carried, and 
material choice make for further differences. Figure 1 shows a diagram 12 of the design choices made 
by different low-temperature transmission-line teams. 

Utility Requirements 

Although technical feasibility of superconducting transmission lines has been demonstrated many 
times, there are no commercial applications. There are two key reasons: Since the technology became 
available, demand for transmission lines has dropped, owing to the slow growth of utilities together 
with an increase in dispersed cogeneration sources. Also, opportunities that were both economically 
and operationally attractive have been lacking. 

Superconducting transmission lines are more expensive to build and operate than long-distance 
high-voltage dc lines in rural areas. For shorter distances, especially in and near urban areas, supercon
ducting lines become attractive at high capacities where on-line performance requirements are very high. 
In these situations, the utilities would prefer to have multiple, lower-capacity lines. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1: MATERIALPROPERTIES 

Low- High-
Tempemture Temperature 

Property Nb-Ti * 1-2-3 Materialt 
Critical current density (Je) 1.5 x 109 2 x 106 (A/m2) 
Density (kg/m3) 6.2 x 1()3 1.6 x 1()3 
Specific heat (J/kg-K) 0.89 -102 
Thennal conductivity (W/m-K)13 0.05 3 
Nonnal resistance (lJ!l-cm) 0.2 3-15 

Critical strain (%) 0.5, tough 0.05, brittle 

* At4.2K t At77K 

We hav~ focused our design on the shorter urban application, and on compatibility with existing 
utility practices and preferences. 

DIFFERENCES BETWEEN IDGH- AND LOW-TEMPERATURE 
DESIGN CONSIDERATIONS 

Property Differences 

Examples of properties of a low-temperature and a high-temperature superconductor are listed in 
Table 1. Very different properties are the result of operating at different temperatures as well as very 
different materials. The properties are at the respective opemting tempemtures. 

The different properties shown in Table 1 inevitably lead to different configumtions through 
considerations of stability of operation and other considemtions in transmission line design. 

Stability 

Superconducting components have usually taken the fonn of fine filaments of superconducting 
material imbedded in a metal matrix, or a ribbon attached to or imbedded within another piece of metal. 
The reason has been to stabilize the superconductor, i.e., to prevent it from going nonnal in response 
to a disturbance such as a movement, a change in current, or an externally imposed magnetic field. 
Unfortunately, the specific heat of metals is vanishing near absolute zero, so that even a small amount 
of heat can cause an increase in tempemture, triggering instability. 

Since the new superconductors are ceramic and function at high temperature, the specific heat is 
not vanishing. The question is what fonn the superconductors should take. The "stability parameter" 
for static stability is given by 

110 Jc2a2 
'-"---"-- C (T c - To) < 3 

2y 
where /l{) is the penneability offree space, Jc is the critical current density, a is the radius, ris the 

density, C is the specific heat, Tc is the critical temperature, and To is the opemting tempemture. 4 If 
we assume a difference between critical tempemture and operating temperature of2.3 K in both cases, 
the radius to give stability is 115 11m for the niobium compound and 0.47 m for the new materials. 
Finely divided fibers are not necessary; bus-bar configumtions can be used. 

Dynamic Stability and Graceful Failure 

The concern is the dissipation of energy in the transmission line if some portion goes nonnal, as 
when a refrigeration system fails. When a low-temperature superconductor goes nonnal, relatively low 
electrical resistance is encountered, particularly if the superconductor is imbedded in an electrically con
ducting metal. The adjacent metal pennits the current to bypass nonnal parts of the superconductor or 
to shunt to parallel superconducting filaments with low resistance. It is desirable to diSSipate the energy 
slowly so that heat can be removed, dynamically stabilizing the superconductor. The new supercon
ductors, however, jump to relatively high values of resistance. Catastrophic, rather than graceful, 
failure of bus-bar construction in (Jur design is expected. Further consideration of shunts or parallel 
paths is desired. 
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Shielding 

The superconducting transmission lines demonstrated to date have all used a coaxial arrangement 
of conductors, i.e.,the power-carrying superconductor is shielded by a second superconductor. A cur
rent is induced in the shielding that cancels the magnetic field outside the shield and eliminates the 
inductive loss associated with ac transmission lines. This also prevents cables from being attracted or 
repelled from each other, which could give rise to mechanical losses as a result of movement. As has 
been noted, the zero external field makes it possible to locate the cables close to one another, reducing 
trenching costs.S The zero external field could also be an advantage, especially in urban areas, if the 
concern over transmission line fields 15 proves valid. The coaxial design only applies to superconduct
ing lines where the current can flow in the shield without resistive loss; it has not been used with cryo
resistive lines (i.e., reduced in temperature to lower resistance). 

A coaxial design is considerably more difficult to achieve with ceramic materials because of 
required high-temperature sintering. An insulating layer that can tolerate the high temperatures and will 
shrink with the superconductor is required. The ceramic superconductors are finished by firing at 
900°C, a temperature incompatible with most materials that one would consider for spacers. Although 
it is possible to imagine green material being wound into appropriate shapes, it is difficult to imagine 
materials of construction compatible with the firing. Joining poses further difficulties. Both the inner 
conductor and the shield must be joined at every connection. Because of these difficulties, our design 
does not use coaxial shielding. 

The question is whether shielding is necessary: Near absolute zero, shielding is essential. Losses 
add heat at the low temperatures that is expensive to remove. and a small loss cantrigger a thermal run
away. Such problems do not apply to high-temperature superconductors. Thus, although we would 
like to have a coaxial superconductor for electrical reasons, it is not a necessity. 

Insulation 

Vacuum with superinsulation is preferred at helium temperatures because the refrigeration costs are 
so high. At LN2 temperature, the cost of refrigeration is greatly reduced, but the difficulty of main
taining a vacuum increases because there is less cryopumping. We believe vacuum insulation is still 
preferable, but the choice is not nearly so clear. 

Construction Features 

The rigid ceramic material suggests a pipeline-like construction. Although one might prefer a 
flexible cable and housing, assembly from rigid components is not the hurdle one might imagine. 

Aramids are the choice of construction materials because of their combination of high strength and 
low thermal conductivity.16-19 Figure 2 illustrates the relative relationship between strength and con
ductivity for various materials and how the relationship changes as the temperature is reduced (arrows). 
The solid lines show construction value in terms of constant heat lost through the a support of given 
strength. Aramids also show good electrical insulating properties,20-21 which is a desired feature of 
transmission line internals. In addition to good functional properties, the aramids can easily be fabrica
ted into a variety of shapes 22 They can be made in paper form with various thicknesses and porosity. 
The composite can be filled to make a wall that will hold a vacuum. 

CHOICES 

The first application of superconducting transmission lines is most likely to be underground lines 
moving power in an urban area for distances of perhaps 20 miles. Such distances imply compatibility 
with the existing distribution system; converting ac to dc and back again is not desired. Direct current 
has lower superconducting transmission losses (losses are only on transients) but requires conversion 
equipment to mate with existing distribution equipment. Three-phase ac is the choice of convenience, 
but has inductive and other cyclic losses not yet well defined in the high-critical-temperature materials. 

We have chosen a three-phase system of 12 MY A operating at 20 kV. Our choice of voltage is 
somewhat arbitrary, but consistent with lines of 20-mile length. Higher voltage was selected because 
high-current densities characteristic oflow-temperature superconductors are not expected. Wolskyet 
al.23 suggest that current densities of at least 2000 kNcm2 are necessary for a superconducting trans
mission line. These values seem to be determined by comparison with underground power cables and 
demonstration cryogenic lines rather than through a design study. In any case, the desired value is far 
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higher than the 200 to 300 Ncm2 usually obtained on high-temperature superconductors, or the 2000 
to 3000 Ncm2 that researchers consider excellent in laboratory samples. We do not believe the high 
value24 quoted by Wolsky should be taken as the sign of the end of the superconducting transmission 
line concept. The relatively low superconducting current density simply means that lower capacities and 
higher voltages will be required. 

PHYSICAL DESIGN AND MATERIALS 

Description and Rationale 

Liquid Carrier Tube, Conductor, Spacers-The current is carried in three solid conductors, a little 
over 1 cm in diameter. (We have assumed solid rods, but thin-fllm-coated carriers, or maybe bundles 
of fIlaments could also be used.) These current carriers are relatively rigid. The conductors are confi
gured as rods that twist in a long-wavelength spiral so that the rods are constantly changing place with 
respect to the vertical along the transmission line, as shown in Figure 3. The primary purpose of the 
twist is to accommodate thermal changes with little strain. The conductors are individually insulated by 
Nomex® paper and carried in the three lobes of a porous Nomex® tube. The tube contains a flow of 
liquid nitrogen (LN2) that completely fills the tube interior, surrounding the conductors and saturating 
the insulation. Nitrogen that vaporizes passes through the porous tube wall to an outer annulus, which 
is the passageway for flowing nitrogen gas. The inner porous tube is suspended within this tube by 
occasional spacers to the outer wall. 

The Nomex® tube serves several functions: The first is to support the conductors during 
operation, but also during transportation from manufacture to the field site. The second is to separate 
the liquid from the gas. Two-phase flow typically has a larger pressure drop than single-phase flow, 
and it is to be avoided for that reason alone. One also would like to have the conductors in a liquid bath 
to increase the heat transfer coefficient and to increase the electrical breakdown resistance. 

The attractive (and repulsive) forces between conductors are a factor to be considered. The attract
ion (or repulsion) between conductors is expressed by 

F 
L = 

where F/L is the force per unit length, ~ is the permeability of free space, ia and ib are the currents on 
conductors a and b, and d is the separation distance. A preliminary look shows that the attractive 
(repulsive) forces will be on the order of 0.1 N/m. Extensive structural materials will not be required. 
Support spacing for the conductors will have to be considered carefully to avoid resonance. 

Outer Vessel-The outer vessel (Figure 4) is a part of the protection and insulation package. This 
outer double-wall-construction tube comes in sections of convenient shipping lengths (6-meter lengths 
normally, but lengths up to 15 m are possible). The sections of the outer wall telescope at the joints. 
The inner surface, adjacent to the flowing nitrogen gas, is made of filled Nomex® pressboard, or 
epoxy-Kevlar® composite. The outer shell could be plain steel for structural purposes, but stainless 
steel is chosen because the environment could be corrosive. The space between is permanently evacu
ated (maintained by a getter) and insulated with superinsulation consisting of layers of aluminized 
Mylar®. We chose superinsulation with aluminized Mylar® to keep the diameter small. 

The outer vessel is the size of an 8-inch, Schedule-20 pipe. The pressure in the pipe is slightly 
higher than atmospheric. The slight pressurization of the vessel will prevent ingestion of condensable 
gases (water vapor and carbon dioxide). Absolutely tight seals between the nitrogen annulus and the 
atmosphere are not a requirement. 

Cooling-A two-phase cooling system is used, in which liquid nitrogen will be evaporated to the 
gas phase, thereby exploiting the latent heat of vaporization The Nomex® tube accomplishes the phase 
separation. The liquid would flow inside the tube and evaporate through the tube to the outer annulus. 
Preliminary tests show that the concept is feasible. Refrigeration stations could be spaced at intervals of 
10 km or greater. The liquid and vapor have been shown flowing in the same direction to reduce pres
sure differences across the Nomex® tube, but that is not necessary. 

The heat removal requirement is expected to be much less than 600 W /km. This was the value of 
the Brookhaven line,8-1O and it was about one-third due to heat leak with the rest due to electrical losses 
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related to design, voltage, and current. The Los Alamos linell had 250 W/km-almost all heat leak: 
because the line was dc. We expect the heat leak: in our design to be considerably less than either of 
these because the diameter of the line is only about one-third that of the Brookhaven design. The elec
tricallosses will also be much less. Some electrical losses are proportional to voltage (dielectric) and 
others are proportional to current squared (losses resulting from flux development and decay). We 
expect the electrical losses at our reduced voltages and currents to be less than one-tenth of those repor
ted by Brookhaven. The total heat removal requirement is expected to be around 200 W/km. Never
theless, we have used the 600-W /km value for our calculations, considering the unknowns with the 
new superconductors. 

The expected gas, velocity is alx?ut 0.06 mls per kilometer or a reasonable 6 mls at the end of 
10 kIn. The pressure drop and viscous heating are negligible. Similar conclusions apply to the liquid. 

Method oj Assembly 

The inner tube with the three conductors is shipped in sections to protect the conductors during 
shipping. The new section is brought up to the end of the most recently placed section, within one 
meter of the final location. The conductors are pulled out of the cloverleaf tube, and the diagonal flats 
of the superconductor are mated and secured by a clamp, as shown in Figure 5. The clamp has a high 
coefficient ofthennal expansion and will tighten as the assembly is cooled. The connections between 
the conductors are then insulated, and the cloverleaf tube is slid to mate with the adjoining tube and 
glued. Spacers are then placed and attached to the cloverleaf tube and the double wall tube is then slid 
in place and mated to the previous section. A welded and bolted design for connecting the double-wall 
tube is shown in Figure 6. 

Bends are somewhat more complex and will require special sections of all components. The 
construction method is similar to the one described above. 

COMMENTS 

Several features of the design require further investigation in the laboratory. For example, the 
connection of the conductors needs to be verified, as does the phase separation design involving a 
structure of porous Nomex®. Further design and component examination are also justified. 
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The lead added BiSrCaCuO thin film of high-Tc phase has 
been successfully prepared by using rf-magnetron sputtering 
and post annealing process. The content of lead in the thin 
film was easily decreased during the ordinary annealing proc
ess. In order to minimize the decrease of lead, the Pb-doped 
BSCCO thin film was placed on the bulk ceramics and annealed 
for over 170 hours at 855°C in air. As the result, the con
tent of Pb was almost unchanged and the film showed supercon
ducting transition at 104 K. 

INTRODUCTION 

After the discovery of high-Tc OXlae superconductor of 
BiSrCaCuO(BSCCO) compound by Maedal , many groups have made 
great many efforts to obtain the high-Tc single phase of the 
Bi system. Tarascon et al. 2 showed that BSCCO included at 
least three superconducting phases: the high-Tc phase (ideal 
composition was Bi2Sr2Ca2Cu3010) with Tc=110 K, the low-Tc 
phase (Bi2Sr2Ca1Cu208) with Tc=80 K, and the semiconducting 
phase(Bi2Sr2CuO~) with Tc=20 K. The low-Tc phase was quite 
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stable and can be easily formed. However the high-Tc phase is 
difficult to form. In order to assist forming the high-Tc 
phase, Pb was added by substituting a portion of Bi 3 4 and/or 
it was synthesized in low oxygen pressures 

It is important to prepare the BSCCO thin film with the 
high-Tc phase for many applications as well as fundamental 
studies. In the case of the BSCCO thin film, heat treatment 
caused Pb decrease in the BSCCO film 6 • Hakuraku et al. 7 

succeeded in forming the high-Tc phase of BSCCO thin film by 
using dc-magnetron sputtering and post annealing process. 
However the metal compositions of their virgin film was Bi 
and Pb rich compared with the ideal composition of BSCCO 
high-Tc phase. Because these elements were gradually released 
during annealing, the annealing conditions were restricted by 
annealing time and annealing temperature. 

The purpose of this study was to find a relatively easy 
method and conditions for producing the BSCCO thin film with 
the high-Tc phase by keeping the metal contents unchanged 
during annealing. 

EXPERIMENTAL 

A Pb-doped BSCCO thin film was deposited by a conven
tional rf-magnetron sputtering system with a single target. 
The target was prepared by mixing powders of Bi 20 3 ,SrC03 , 
CaC03' CuO and metal Pb powder then being heated for 10 
hours at 840°C. The target composition was: 
Bi:Pb:Sr:Ca:Cu=2.1:0.7:2:2.1:3.0. 

The polished MgO(100) single crystal was used as a sub
strate. Four substrates were located 5 cm above the target. 
The substrate temperature was elevated to 500°C during sput
tering. Incident rf-power was fixed at 200 Wand a mixed gas 
of oxygen(1x10- 2 Torr) and argon(Sx10- 2 Torr) was used for a 
sputtering gas. Film thickness was about 1 ~m. Under these 
conditions, reproducibility of the film composition was very 
good (within 8 %1. The metal contents in a thin film was 
measured by the method of an inductive coupled plasma atomic 
emission spectroscopy(ICPAES). The accuracy of this method 
was within 5 %. 

The resistance of the film was measured by the ordinary 
four-probe method. The electrodes were connected on the film 
surface with silver paste. The distance between potential 
leads was about 2 mm. The crystalline structure was deter
mined by the X-ray diffraction analysis(Cu Ka radiation). 

RESULTS and DISCUSSIONS 

The long time annealing process was needed to obtain a 
BSCCO ceramics with the high-Tc phase as shown by Nobumasa et 
also In the case of a ceramics composition ratio of the 
metals including Pb element remained constant during synthe
sis. However in the case of the Pb-doped thin film, Pb con
tent in the film was easily decreased during heat-treatment. 
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Fig. 1. Resistance of thin film 
as a function of anneal
ing temperature. The re
sistance was measured at 
300 K. 

To confirm the annealing conditions, deposited films 
were heat-treated in air for 1 hour. The typical metal compo
sition ratio of virgin film was: 
Bi:Pb:Sr:Ca:Cu=1.33:0.60:1.98:2.00:3.15. Before annealing, 
crystalline structure of the film was almost amorphous. The 
annealing temperature was changed from 700 to 860°C. Figure 
shows the resistance measured at room temperature as a func
tion of annealing temperature. 

In the case of relative low annealing temperature(below 
750°C), any resistance change due to superconductive transi
tion was not observed above 10 K. 

In the case of high annealing temperature(750-850°C), 
the temperature dependence of the film's resistance became 
metallic and superconductive transition was observed at a
round 60 K. The critical temperature(Tc) gradually increased 
as annealing temperature increased. The crystalline structure 
of the low-Tc phase was observed by X-ray diffraction meas
urement. The high-Tc phase could not be formed in this an
nealing condition. 

In the case of annealing temperature more that 860°C, 
the thin film melted down and resistance of the film became 
extremely large. 

To obtain the high-Tc phase, the Pb added BSCCO thin 
film was annealed for 50 hours at 855°C. Two annealing 
methods were tried. One was an ordinary annealing method. The 
film surface was continuously exposed to air(referred to as 
Case-1 hereafter). Another was one in which the film was 

567 



www.manaraa.com

located on the bulk ceramics. In this case the film surface 
contacted with a BSCCO pellet(Case-2). The composition ratio 
of the base pellet was the same as those of the virgin film. 
Detailed experimental procedure was published elsewhere 9 • 

As shown in Fig. 2, the composition ratios of the two 
films and base bulk were measured before and after annealing. 
The atomic ratios of Sr/Ca and Bi/Ca of the Case-1 film were 
slightly decreased from the virgin film. But the ratio of 
Pb/Ca was drastically decreased, almost to zero. On the other 
hand, the atomic ratios of Bi/Ca and Pb/Ca of the film an
nealed in Case 2 were almost unchanged. It is clear that the 
reduction of the Pb and Bi elements in the film did not take 
place under the Case-2 annealing conditions. The composition 
ratios of the based bulk were also measured. The atomic 
ratios of Cu/Ca and Sr/Ca were slightly increased by the 
annealing process. However, the Pb/Ca ratio was almost con
stant. This result indicates that some release of Ca and Pb 
from the based bulk must take place during annealing. The Pb 
atom might migrate from the based bulk to the film. 

The X-ray diffraction analysis was performed for these 
two films, and obtained results are shown in Fig. 3. Diffrac
tion lines due to the low-Tc phase were observed, but those 
of the high-Tc were not observed. This result indicates that 
the metal elements such as Bi and Pb in the Pb-doped film 
were easily released, and this reduction makes it difficult 
to form the high-Tc phase. On the other hand, the X-ra~ 
diffraction lines due to high- and low-Tc mixture phase were 
observed for the film annealed in Case 2. The intensity ratio 
of the X-ray diffraction lines due to the <002>«002>H/<002>L) 
was about 4/1. This radio was consistent with the volume 
fraction of the high-and low-Tc phases measured by SQUID. 
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The temperature dependence of the resistance was meas
ured in temperature range between 10 and 300 K for both 
annealed films. The resistivity of the Case-1 film at 300 K 
was about 20 m~cm, and it increased as the temperature de
creased and showed maximum resistance at near 75 K. There was 
no resistance change due to high-Tc phase near 100 K. 
The resistance was rapidly decreased at around 75 K due to 
the low-Tc phase, but it was not disappeared above 10 K. 

The resistivity of the Case-2 film was also measured and 
was 3 m~cm at 300 K. It showed metallic characteristics and 

X=3hr 
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Fig. 4. Resistance changed as a function 
of temperature. Annealing was 
conducted at 855°C in air. 
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was decreased as temperature was decreased. The resistance 
began to drop rapidly at 110 K with zero resistance at 90 K. 
Although the existence of the high-Tc phase was clearly 
observed by X-ray diffraction measurement, the transition 
width was nearly 20 K. The reason of this broad transition is 
not clear. 

Next the effects due to annealing-duration were examined 
for the Case 2 films as shown in figure 4. When the annealing 
time was three hours, two step transition was observed; 100 K 
due to high-Tc phase and 60 K due to low-Tc phase. 

As the annealing time was longer, the Tc increased. The 
Tco become 104 K at the annealing time of 170 hours. However 
both low- and high-Tc phases were observed by X-ray diffrac
tion measurement. Studies of the influence of atomic composi
tion ratios of the virgin film on the formation the high-Tc 
single phase are in progress. 

The susceptibility of the film was measured by a SQUID 
for this low-and high-Tc mixed phase film with Tc=104 K. The 
external magnetic field was fixed to 100 Oe. As shown in Fig. 
5, the susceptibility of the film began to change at 110 K, 
and gradually increased as the temperature decreased. Below 
60 K, the susceptibility due to low-Tc phase was observed. 
However in this temperature region, it was extremely noisy. 
The surface morphology of the film was observed by a SEfJ!. The 
large and flat plate-like crystalline grains were observed. 
This morphology was very similar to the bulk ceramics with 
high-Tc single phase. Above results show that the domains of 
the high-Tc phase was large and tightly contacted each other. 
On the contrary, the crystalline domains of the low-Tc phase 
was small and dispersed in several places. So that trapped 
flux in the low-Tc area easily moved. 

The film with Tc=1 04 K was re-annealed at 850°C for one 
hour in pure oxygen atmosphere. In this case the film surface 
was exposed for pure oxygen gas. After the heat-treatment, X
ray diffraction analysis was conducted. As shown in Fig. 6, 

570 

• -. 1 

>
~ 

-.2 

- -.3 
-' 
co j"' 

;::: -.4 
~ :. .. ... /. 
~ _ .. 5 ; .... 0:: ....... ::.:;.:.:.;.: -
Cf) : •• ' .. 

-.6~--~--~--~--~--~--~--~--~ 
a 20 40 60 80 100 120 140 160 

TEMPERATURE ( K ) 

Fig. 5. Susceptibility change measured 
by SQUID for the BSCCO thin film 
wi th Tc=104 K. 



www.manaraa.com

5000 --~~~-. 

CJ) 

"' 0 

:::. 
4000 

0 
D 
a. 

N 

3000 '" 0 
>-' 
f-
en 
2 
W 
f-
i'!; 2000 

1000 
CJ) 

-? 

00 

Fig. 6. X-ray diffraction 
film. Diffraction 
phase and Ca2Pb04 

CJ) 

CJ) '" 0 
0 

'" 
~ -

N 

R 119 860C 100hrsi 855C 1hr 

CJ) 

0' 
;; 
0 

0 
:J 
0 

0 
CJ> 
::; 

o 
CJ> 
::; 

CJ) 

N 
~ 

0 

:::. 

CJ) 

'" 
~ -

CJ) 

<0 

0 

e 

pattern of the re-annealed 
lines due to semiconducting 
were observed. 

the high-and low-Tc phases were diminished and diffraction 
lines due to apparent semiconducting phase and Ca2Pb04 were 
observed. This result indicated that the high-Tc phase was 
not stable, since Ca and Pb atoms in the high-Tc phase would 
react each other and became Ca2Pb04. Since Ca atoms in the 
high-Tc phase were removed, the high-Tc phase was changed to 
semiconducting phase. 

CONCLUSIONS 

We have succeeded to prepare the Pb added BSCCO thin 
film with high-Tc phase by using rf-magnetron sputtering 
method and followed proper post annealing process. To real
ized the high-Tc phase of the lead added BSCCO thin film, we 
annealed the film on the bulk ceramics for over 170 hours at 
around 850°C in air. Obtained results are summarized as 
follows. 

1) Long-time annealing was needed to obtain the high-Tc 
phase of BSCCO thin film. It is noted that the atomic compo
sition ratios of the Pb-doped BSCCO thin film were almost 
kept constant during annealing in which the film surface 
contacted with the bulk surface. The film prepared by this 
process showed a superconducting transition at 104 K. However 
the film was a mixture of the high- and low-Tc phases, and 
the intensity ratio of the X-ray diffraction lines due to the 
(002) was about 4/1. 

2) Simple annealing method reduced Pb in the film drastical
ly. This reduction of the Pb made the formation of the high
Tc phase difficult. 

3) The high-Tc phase of BiPbSrCaCuO was not stable for re
annealing at 850°C. 
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The post anneal was investigated for amorphous (Bi,Pb)2Sr2Ca2Cu]Ox 
films deposited on (100) planes of MgO at about 400°C. The films were 
annealed in a closed Pt crucible together with a sintered bulk including 
Pb to supply enough constituent metal atoms in vapor. Also the film 
surface was covered by a MgO plate to suppress a change of the film 
composition during anneal. The film which contained the high-Tc phase 
above 70 % was obtained and the maximum Tc of zero resistance attained 
up 105 K. The results obtained revealed that the addition of Pb and/or 
the reduced pressure of oxygen were effective to promote the growth of 
the high-Tc phase under the conditions ensuring the stoichiometry during 
anneal. 

INTRODUCTION 

An oxide superconductor of Bi system discovered by Maeda et al. l 

has attracted a large interest because it reveals a high Tc above 110 K 
or characteristic crystallographic dynamics at the time of syntheses. 
There were found several crystal phases in the Bi system corresponding 
to the composition, Bi2Sr2CanCun+10x (n=0,1,2,],4)2. So it is very 
difficult to isolate the phase with n=2, which is called as a high-Tc 
phase. Takano et al) reported that a small amount of Pb of about 10 % 
to the Bi concentration effectively stabilize the high-Tc phase, though 
strict conditions for sintering are needed. Furthermore, Kawai et alf 
suggested that the high-Tc phase can be obtained with comparatively ease 
at reduced pressure of oxygen. 

The purposes of this work are to investigate the feasibility of the 
previous methods for the synthesis of the high-Tc phase in thin films 
and at the same time to develop heat treatment techniques peculiar to 
thin films. Concretely the atmosphere of the heat treatment was changed 
and optimized for amorphous thin films deposited on MgO substrates at 
about 400°C. The specimen film was annealed in a closed Pt crucible 
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Fig. 1. Three types of anneal methods investigated in this work. 

together with a bulk to supply enough constituent atoms in vapor. And 
also the film surface was covered by a MgO plate in order to suppress a 
change of the film composition during high temperature anneal. The 
maximum Tc of zero resistance of the annealed film attained 105 K. 
These experiments revealed that the addition of Pb and/or the reduced 
pressure of oxygen were quite available to promote the growth of the 
high-Tc phase also in a thin film process. Details of annealling 
condi tions and properties of the obtained films will be stated in the 
following. 

EXPERIMENTAL METHOD 

Different several types of reactive sputtering: a conventional 
diode, a magnetron, and a facing targets sputtering5 were adopted to 
prepare specimen films in order to grasp essential parameters being 
independent on a sputtering apparatus. The targets used were sintered 
powder or disks which were made by calcine at 820°C for 24 hrs and 
firing at 860°C for 24 hrs from mixed powder. The composition of the 
target was adjusted peculiarly for each the sputtering method to obtain 
the stoichiometry, (Bi,Pb)2Sr2Ca2Cu30. The exact value of the film 
composi ti~n was BiO•9PbO.2Sr 1.0Ca1.1 CU1.6~x' according to the experiment 
of a bulk. The change of the concentration of copper after deposition 
was about 20 % in the case of a diode or a magnetron sputtering, and 
less than 10 % in the case of a facing targets sputtering. A substrate 
used was a (100) plane of a single-crystal MgO. Typical sputtering 
conditions were as following: discharge power PD of 50 W, pressure of 
argon PAri oxygen P02 of 1.5 mTorr/1.5 mTorr, deposition rate RD of 
about 2.5 nm/min in the magnetron sputtering, and PD of 100 W, PAr7P02 
of 1.5 mTorr/1.5 mTorr, RD of about 1.0 nm/min for the facing targets 
sputtering. 
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Fig. 2. Crystal phases observed in as-sputtered BiPbSrCaCuO films as a 
function of substrate temperature Ts. The concentration of Pb 
in the films changes corresponding to Ts. 
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Typical methods of anneal investigated are schematically 
illustrated in Fig.1. Newly invented methods were tried to ensure 
enough metallic vapor during high temperature anneal, not only the case 
in a conventional open system (type A). One method was anneal in a 
closed Pt crucible together with the specimen films and a sintered 
bulk. The weight of the bulk was about 2 g and its composition was 
BiO.9PbO.2Sr1 OCa1.1Cu1.70x (type B). The specimen films including with 
and without ~b were investigated. In another method, the film surface 
was simply covered by a MgO plate to suppress a change of the film 
composition during anneal (type C). The anneal was done in a furnace 
heated by infrared rays. The temerature was raised in the rate of 60 

°C/min and cooled down in the rate of 5°C/min. The atmosphere was a 
mixture gas of oxygen and nitrogen. The partial pressure of oxygen was 
1,1/5and1/13atm. 

The films composition was analized by Ion Coupled Plasma 
spectroscopy. The structure and the morphology of the film were 
observed by reflected x-ray diffraction (XRD) method and secondary 
electron microscope (SEM), respectively. The electric resistivity was 
measured by a four probe method. 

RESULTS AND DISCUSSION 

As-deposited Films 

The crystal phases observed in the films deposited on MgO at 
substrate temperature Ts are summarized in Fig.2. At the comparatively 
low Ts, the composition of the film was controlled with good 
reproducibility, though the concentration of copper increased as PAr+P02 
increasing. The composition of all the specimen films was adjusted to 
approximately the stoichiometry of the high-Tc phase by changing the 
composition of the target. However, the concentration of Pb in the film 
decreased as Ts increasing in the range above 500°C, as being shown in 
Fig.2. So it is difficult to discuss the detail with respects to the 
effect of addition of Pb in the as-deposited films on hot substrates. 

The cystal structure of the film at Ts of 400°C was amorphous. The 
XRD pattern of the film is shown in Fig.3. The phase with n=1, which is 
called as a low-Tc (2212) phase appeared in the wide range of Ts above 
550°C. On the contrary, the high-Tc (2223) phase was grown in a strict 
range of Ts from about 700°C to 750°C. At the higher Ts, the phases 
observed were very complexed: a semiconducting (2202) phase with n=O or 
the phases with n=1 and 3, strongly depending on each the sputtering 
method. Superconductivity of all the films were not so good and the 
maximum Tc of zero resistivity was at most about 50 K. 

Post Annealed Films 

Open system 

In the conventional open system, the amorphous films were annealed. 
The mixture phase with the low-Tc phase and the semiconducting phase 
appeared in the film which was deposited without Pb. On the contrary, 
the growth of the high-Tc phase took place in the film including Pb 
which was annealed in the oxygen atmosphere of 1/13 atm. The film 
annealed in the oxygen pressure of 1 or 1/5 atm. revealed only the low
Tc phase. Typical XRD patterns of the films are shown in Fig. 3. The 
reduced pressure of oxygen was effective to get the high-Tc phase as 
pointed out in the bulk process. A preferential growth of c-axis 
perpendicular to the film plane was observed. 
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Fig. 3. Typical XRD patterns of the as-depos~ted BiPbSrCaCuO film on 
MgO (100) at 400°C (a), the annealed film in P02 of 1/5 atm. at 
860°C for 1 hr (b), and the annealed film in P02 of 1/13 atm. 
at 860°C for 1 hr (c). 

In Fig. 4 the volumetric fraction of the high-Tc phase estimated 
from theXRD peak ratio are shown as a function of anneal temperature. 
Though there was the scatter of the data caused by the difference of the 
composition of the specimen films, the promoted growth of the high-Tc 
phase was observed at temperature of about 850°C in the oxygen 
atmosphere of 1/13 atm. 

The typical p-T curves of the films annealed in the different 
three atmosphere are shown in Fig.5. The conduction of the film became 
more metallic as the oxygen pressure decreasing. The resistivity drop 
around 115 K became large corresponding to the growth of the high Tc 
phase. It was confirmed from these results that both the addition of Pb 
and the reduced pressure of oxygen are effective to promote the growth 
of the high-Tc phase. Its growth rate was, however, not still enough 
probably because the stoichiometry was not strictly satisfied. 

Fig. 4. 
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Fig. 5. Temperature dependence of resistivity for the films annealed in 
P02 of 1/5 atm. at 880°C for 1 hr (a), P02 of 1/5 atm. at 
860°C for 1 hr (b), and P02 of 1/13 atm. at 860°C for 1 hr (c). 

Closed system 

The closed system was effective to ensure the desired metallic 
vapor during anneal. Typical XRD patterns are shown in Fig.6. The 
volumetric fraction of the high-Tc phase which was observed in the film 
annealed in the Pt crucible is shown as a function of anneal temperature 
Ta in Fig.7. The film which was deposited with Pb showed the growth of 
the high-Tc phase even in the comparatively low Ta. In the range of 
temperature above 850°C, the high-Tc phase transformed into the low-Tc 

Fig. 6. 
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Typical XRD patterns of the film without Pb annealed at 850~C 
for 15 hrs (a), the film with Pb at 835°C for 15 hrs (b) by the 
type B, and the film with Pb annealed at 848°C for 0.5 hr by 
the type C (c). 
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Fig. 7. The change of X-ray peak ratio of the high-Tc phase in the 
films with and without Pb by the anneal type of B and the 
film with Pb by the anneal type C as a function of Ta. 

phase. For the film without Pb, the higher Ta resulted in much growth 
of the high-Tc phase untill the meltdown of the film took place. The 
high-Tc phase was more stable for a long time anneal in the film 
deposited with Pb, while the high-Tc phase was destructed by the anneal 
for about 20 hrs in the films without Pb. 

Before and after the anneal the composition of the film did not 
change except of Pb. The amount of Pb in the annealed film was 
constant, about 0.2 to that of Sr whether the film was deposited with Pb 
or not. Incidentally the crystalline films deposited on hot substrates 
were not hardly affected by the anneal type B. It is concluded that the 
Pb atoms which come in and out during the process of the crystalization 
from the amorphous phase take an important role for growth and 
stabilization of the high-Tc phase. 

The specimen film, on which a MgO plate was covered, was annealed 
by the type C at the reduced pressure of oxygen. The XRD pattern of the 

Fig. 8. 
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film is shown in ~ig.6. The volumeric fraction of the high-Tc phase 
observed in the films are also shown in Fig.7, as compared with the 
resul ts by the previous anneal method. The high volumeric fraction of 
above 70 % was obtained at Ta of about 850°C for a short time less than 
1 hr. 

The typical p-T curves of the films annealed in the closed system 
are shown in Fig.8. All the films revealed good metallic conduction 
with the resistivity at room temperature of about 1.3 m Ocm and the 
resistivity ratio of about 2. The maximum Tc of zero resistivity 
attained up about 105 K and the transition width was about 10 K. 

The surface morphology of the annealed film generally was like a 
scale, though the surface of the as-deposited film was very smooth. 
Such the structure may be caused from a partial melt during anneal. 
From considering the results of XRD and SEM, it was concluded that the 
ab plane was grown parallel to the film plane in the process of 
crystallization. The crystal growth with the anisotropy is favorable to 
improve the electric conductivity in the film plane and enables to 
achieve a high critical current density Jc. 

SUMMARY 

The specimen films were prepared by reactive sputtering. The 
relationship between substrate temperature and crystal phases was 
investigated. The high-Tc phase was grown at the very stricted range of 
Ts of 700°C ~ 750°C, while the low-Tc phase was easily obtained in the 
wide range of Ts above 550°C. The post anneal conditions were examined 
to promote and stabilize the growth of the high-Tc phase. It was found 
that the addition of Pb and/or the reduced pressure of oxygen were 
effective when the change of the composition of the film was suppressed 
as possible during anneal. As a result, the film which contained the 
high-Tc phase above 70 % was prepared, and it revealed the maximum Tc of 
about 105 K. 
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ABSTRACT 

Recently, we have shown that highly oriented microstructure was 
achieved by introducing intermediate repressing on bulk sample by powder 
method. The sintering has been done with the procedure of sintering of 
the pellet, re-cold-pressing(i.e. uniaxial compaction at room temperature) 
during the interrupted sintering and then resintering. We have also shown 
that the intermediate repressing accelerate the atomic diffusion rate, 
consequently, the growth rate of the high-T phase. By this method it 
becomes very easy to get almost single high~T phase by short sintering 
duration. However, in the higher fields above D.1 T J decreases rapidly 
though those in the lower field were much improved bey introducing this 
method. We studied the effects of Ag addition to the Bi system for the 
high Tc phase growth rate and superconducting characteristics on the bulk 
samples prepared by the powder method combined with the intermediate 
pressing process. It was found that the J c decreases with the appearance 
of Ag rich phase, in particular, excess amount of Ag degrades the layer 
continuity of the high T phase though slight improvement in the growth 
rate of high T phase wascobserved. 

c 

INTRODUCTION 

The high l superconductor in the Bi-Sr-Ca-Cu-O (BSCCO) system found 
by Maeda et al ~ has been received considerable attention as this system 
shows the much higher T than the boiling temperature of liquid nitrogen 
and may realize the pntctical applications at this temperature. In the 
BSCCO system, however, the superconductor has at least two phases with 
different transition temperatures: T - 80 K (low T phase) and 110 K 
(high T phase). In addition, as theC low T phase is apt to occupy a 
large v8l ume portion of the sample it was difficult to make a high T 
single phase superconductor and attain zero resistance temperature of ovef 
100 K. Though there were people who showed the f_\fectiveness of Pb to 
increase the volume fraction of the high T phase ,we must have waited 
for the study of optimization of the nonrinal composition and the heat 
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treatment condition including the atmosphere of §eguced oxygen partial 
pressure to get high T single phase BSCCO system.' Nevertheless these 
advances in getting hi~h Tc single phase, the transport currrent density, 
J at 77 K and in ° T has made poor progress and remained as the lower J 
tRan that of YBa2 Cu307_y . c 

Recently, we reported that the J of the (Bi,Pb)SCCO bulk sample can 
be improved by intermediate pressirfg between the sintering. 7-9 This 
intermediate pressing process, not only enhances the growth rate of the 
high T phase but improve electromagnetic characteristic as well with 
formini a compacted layered crystal structure. 

In this paper, we shall show the effects of Ag addition for T and 
J together with sample morphology on the (Bi,Pb)SCCO system. l~t is 
r~ported that the high T phase is produced by the partial mel ting. We 
expected an expansion 5f the temperature region forming the high T 
phase, an improvement in J in magnetic fields by doping Ag and th~ 
stabilization of the supercon~uctor by good thermal conductance of Ag. 

EXPERIMENTAL 

Powder reagents of Bi20 3 , PbO, SrC03.' CaCO , CuO and AgO were mixed 
and ground with a cationic proport~on of Bi:Pb:Sr:Ca:Cu:Ag = 
0.S:0.2:1:1.1:1.6:(x=0 - 2). The mixture was calcined in silver boal at 
1023 K for 36 ksec in air. The compound thus obtained was thoroughly 
ground and pressed into a disk form of 20 mm in diameter and abgut 1 mm in 
thickness at room temperature under the pressure of S x 10 Pa. The 
samples sintered at 110S K for 432 ksec, cooled to room temperature and 
re-pressed under the same pressure, then sintered again at same 
temperature for 72 ksec and cooled in the furnace to room temperature. 
All sintering were carried out in the atmosphere of Ar : O2 = 12:1. 
Fractured cross section of the sample was observed by scanning electron 
microscopy (SEM), back-scattered electron image (BEl) was also observed on 
the polished cross section. X-ray diffraction analysis of CuK~ radiation 
was performed on the bulk and powder samples. Critical temperature, T 
were measured on bar-shaped specimens cut from the sintered disk using ~ 
four point probe technique in zero field and 0. S T generated by water
cooled copper/iron (Cu/Fe) magnet. The specimen temperature was measured 
by calibrated Pt film resister. Critical current I was measured on 
bridge-shaped specimens at 77.3 K using CufFe magnet ~nd at 4.2 K using 
superconducting magnet. J was calculated by dividing I with the cross-
sectional area of the specfmen. c 

RESULTS AND DISCUSSION 

Figure 1 shows SEM image of the samples of x=O, 0.4, 2 together with 
Ag map taken for the sample of x=2. The SEI (top) were taken on the 
fractured cross section and BEl (bottom) were on the polished cross 
section. Layered structure consisting of plate-like grains are observed 
not only in the surface region but also in the middle position of 
thickness in SEI pictures of Ag added samples up to x=2. 

In the sample, x=O, at least three phase are recognized by BEl; high 
T layers (dark gray) are separated by Bi rich lamina (bright gray) in 
p~rallel and black islands are scattered among them. It is reported that 
the bright gray phase composition corresponds to the mixture of 
(Bi,Pb)2Sr2CuO and the low 9' phase, and that the black phase 
corresponds toY (Ca ,Sr) 3CuS OS. c On the other hand, in the Ag added 
samples, There exists an otHer phase, Ag rich phase. This phase is shown 
by label A in the pictures of BEl. This phase corresponds to the white 

582 



www.manaraa.com

Fig. 1. SEI (top) and BEI (bottom) pictures for the fractured (SEI) and 
polished (BEI) cross section of the bulk sample 
BiO RPbO 2Sr1Cal 1Cul nAg ° (x~0,0.4,2) sintered at 1108 K 
for'432 ksec, presseu'theR §intered again at 1108 K for 72 ksec. 
Sintering were performed under the atmosphere of reduced oxygen 
partial pressure; Ar:02~12:1. All pictures were taken on the 
middle position in thickness. Label A shows the Ag rich phase 
corresponds to white area on the Ag map. 

area on the Ag map and increases with the amount of Ag addition, while the 
phase so-called Bi rich phase decrease. However, as the non 
superconducting phase dose not become flat by only single intermediate 
pressing, the continuity of the high Tc phase degrades remarkably by the 
Ag amount of x>l. 

i~-'" 

5., 20 30 LOS., 20 30 LO 

28 (d~\l) 

Fig. 2. X-ray spectra .of powder sample (left) and bulk sample (right) of 
~iO 8PbO.2SrlCal.JCul.6AgxO prepared by the same way as those 
In Plg. 1. In tIle Dulk sari;ple, spectra were taken on the surface 
of the sintered disk. 
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Figure 2 shows XRD patterns. The XRD patterns for powder sample 
(left) shows that the peak from the low Tc phase becomes weak by Ag 
addition. On the other hand, one peak (29 = 38 deg) becomes remarkably 
strong with the increase of Ag addition. The (002) reflection of low T 
phase (28=5.8 deg) disappears by Ag addition of x=0.4-1 in the sample~ 
prepared with intermediate repressing. The required resintering duration, 
in the sample x=l, to reduce the low T phase untill this peak almost 
disapp§ar is less than half of Ag free s~mples as reported in a previous 
paper. The high T phase crystals, in the Ag added sample, are layered 
even though coexistibg nonsuperconducting phase are not flattened as can 
be observed in the pictures of Fig. 1. In such case, it seems as if the 
bulk sample is almost consisting of the crystals of the superconducting 
High T phase as shown in Fig. 2 (right). In fact the nonsuperconducting 
phasesc coexist in the disk surface as well. But note that ~he relative 
intensity of the (002) reflection of the high T phase increases with the 
amount of Ag addition. c 

The magnetic susceptibility x·versus temperature curve measured for 
the bulk sample shows single sharp transition. The transition curve 
shifts to the lower side from 108 K (x=O) to 104 K (x=2) with the increase 
of Ag addition but the sharpness remains almost the same. However, the 
transition curve measured by resistive method changes the shape by the Ag 
addi tion. Fig. 3 s~ows R-T curves measured with the current density of 
the order of 1 rnA/cm. In the sample x=O, the resistance reaches zero « 
o .1JlV) at 109 K in zero magnetic field with the tail scarcely recognized. 
The addition of Ag degrades this sharpness in the transition by causing 
tail throughout one third of the transition region and lower the zero 
resistance temperature down to 101 K independent of Ag amount. In the 
applied magnetic field, 0.8 T, the tailing occupies considerable 
resistance change of the transi tlon and broadened in temperature width. 
The broadening takes place on more large scale in the Ag added samples 
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Fig. 3. Resistance-Temperature curves measured in the magnetic fields 0 
and 0.8 T by four prove method. 
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Fig. 4. H - J curves measured at 77.3 K. J were measured in 
fieldJ=- parallel to the pressed plane '5f the sample. 

static 

than that of Ag free samples at least the region x ~O. 4. Though the zero 
resistance temperatures of the samples x=0.4 and 2 are approximately same 
in zero field, that of x=2 is more lower in the field 0.8 T corresponding 
to the result of x'-T curves measured in the alternative magnetic field of 
1.7 G (peak to peak). The resistance change with temperature is measured 
in two different field direction, one is perpendicular to the pressed 
plane and the other is parallel. In both case current flows 
perpendicular to the field. Broadenings are caused more greatly in the 
former case independent of Ag addition. Magnetic field induced broadening 
is activated by the Ag addition. Furthermore the broadening is not simple 
one but accompanies curve shift to the lower temperature side. This shift 
becomes significantly with the increase of Ag addition as observed in the 
Fig. 3. This suggests that the addition of Ag to the Bi system may have a 
possibility to provide vol tex pinning centers though excess Ag degrades 
the continuity of the high Tc phase. 

Critical current density, J was not improved in this study. Those 
of Ag added samples are lower th~n that of Ag free sample as shown in Fig. 
4. The J c measured at 77.3 K show rapid decrease above the fields 0.2 T. 
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Fig. 5. H - J curves measured at 4.2 K in static fields parallel to the 
c 

pressed plane of the sample. 
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It is more apparent in the sample x=2 and no improvement is observed in 
pinning characteristic. All sample shows small hysteresis around 0.01 T 
and relatively large one at zero field. J c measurement at 4.2 K was also 
performed but as there was sample damage we got H-J curve only for the 
samples x=0.4 and 1. Those are shown in Fig 5. Both show same field 
depegdencZ' The sample showing higher J is of x=l and the J at 15 T is 9 
x 10 A/m. The volume fraction of thi§ sample of high T pEase is larger 
than that of x=0.4. c 

In conclusion, the Ag added Bi system prepared by intermediate 
pressing and resintering method shows large magnetic field induced 
broadening in resistive transition. Ag addition lowers T and J. Ag 
addition slightly enhances the growth rate of the high T p*ase thoSgh the 
excess Ag degrades the continuity of the high T phase. c 

c 
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INTRODUCTION 

The discovery of hig2-T oxide supercon~uctors, especially of the 
Ba2YCu30, Bi-Sr-Ca-Cu-O a~d Tl-Ba-Ca-Cu-O compounds, which show 
superconJuctivity above liquid nitrogen temperature, has had great impact 
not only basic physics but also on the field of superconductor 
application. The appli.cation of a compound superconductor to a 
super conducting magnet requires the winding of tape or wire conductors 
with sufficient flexibility into a solenoid. Among the various 
superconducting compounds having intrinsic brittleness, Nb 3Sn and V3Ga 
compounds with Ais structure have been successfully fabricated into a tape 
or wire form by the so-called 'bronze process' which utilizes the solid 
state reaction. The oxide high-T superconductors are also intrinsically 
brittle, and special techniques mfist be developed for making tape or wire 
conductors. The studies on stress dependence of the high-T oxide 
superconductors are also practical interest, because the su~erconductor 
must withstand various stresses caused by coil winding, Lorentz force etc. 
Standard ceramic processes of mixing powders and organic formulations are 
applicable for preparing of high-T ~x!de superconductor tape or wire, as 
demonstrated for Ba YCu 0 7 compoun8.' However, these tapes or wires 
became6rather brittte aiter the final sintering process. In a previous 
paper, we reported that the combination of the processes of doctor blade 
casting, cold rolling and sintering is effective for the densification of 
the tape, and hence to improve the flexibility of the tape as well as 
superconducting properties. In this paper, we report some results on the 
effects of processing conditions on microstructure and properties. 
Preliminary results of bending test are also presented here. 

EXPERIMENTALS 

The appropriate amounts of Bi203 , Pb30~, SrC03 , CaC03 and CuO powders 
were mixed in the molecular ratio of Bia 7Pb2 lSrCaCu l SO , calcined at 
sorrC for ISh and heat treated at S4soC for 1 Orr to form h!gh-T phase of 
the Bi-Sr-Ca-Cu-O system. This was milled into a fine powder for 
subsequent processing. Organic formulation consisting of solvent 
(trichloroehylene), binder (polyvinyl butyral) and dispersant 
(sorditantrioleate) was then added and again milled together. The 
resulting slurry was cast under a doctor blade into a 12smm-wide and 

Advances in Cryogenic Engineering (Malerials), VoL 36 
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100-ISOpm-thick green tape on the carrier sheet (polyethylene 
terephthalate). Ribbon samples, typically 3mm in width and 100mm in 
length, were cut from the tape and heat treated at SOO°C for lh to 
decompose the organic formulation. The ribbon was then subjected to the 
various combinations of rollings and sinterings. The rolling was done by 
sandwiching the ribbon between stainless steel sheets and rolling them 
together. A small reduction of total cross section area results in an 
effective densification of the oxide ribbon, the thickness of the ribbon 
being reduced to 30-40%. 

The superconducting transition temperature T was measured by 
employing a standard four-probe resistive method. c Current and voltage 
lead wires were attached to the surface of the tapes using ultrasonic 
solder. The temperature was measured by an Fe-0.07at%Au-chromel 
thermocouple. The critical current I of the tape was also measured 
resistively in liquid nitrogen(77K). c I was defined as the current which 
induced IpV across a 10mm length of theCtape and critical current density 
J was calculated by dividing I by the cross sectional area. The 
effect of bending strain on I ~as measured by using two fulcrums and one 

c 
push rod. 

RESULTS AND DISCUSSIONS 

Although the initial ribbon composed of unsintered powder mixed with 
organic binder has good flexibility, the ribbon becomes extremely porous 
and brittle after the preheat treatment at 500°C due to the evaporation 
of the organic binder. However, the rolling and subsequent sintering 
greatly improves the packing of the grains. The den3ity of the ribbon 
processed by adding rolling proce3s is about S.8g/cm , which is almost 
twice of the value of about 3g/cm for the tape processed without rolling. 
The observation by optical and scanning electron microgra phs shows that 
the rolling produces an alignment of plate-like g7ains parallel to the 
ribbon surface as observed for the pellet sample. Figure 1 shows a 
scanning electron micrograph on the fractured surface after the rolling 
and sintering at 84S"C for 4h. The grain alignment i.s also confirmed by 
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Fig. 1 Scanning electron micrograph on the fractured surface 
after the rolling and sintering at 84SoC for 4h for 
the doctor-blade processed Bi(Pb)-Sr-Ca-Cu-O tape. 
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Fig. 2 X-ray diffraction patterns from the surface of 
Bi(Pb)-Sr-Ca-Cu-O tape after the one time combination 
of rolling and sintering and after the 10 times 
repetition of this combination. 

the x-ray diffraction data from the surface of the sample, in which the 
dominant peaks are identified as (00£) reflection of the high-T 
phase(llOK) indicating strong texturing of c-axis pependicular ~o the tape 
surface. In the x-ray diffraction some of the peaks of the low-T 
phase(80K) are observed, however they can be decreased by the re~etitions 
of the rollings and sinterings as shown i.n Fig. 2. However, small peaks 
of nonsuperconducting phases, e.g., CaZPb04 and Ca-Sr-Cu-O, still exist. 
It should be possible to increase the J of the sample if these 
nonsuperconducting imprurity phases areceliminated by altering the 
composition and heat treatment conditions. 

Fig. 3 
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J variation as a function of heat treatment time at 845 C 
after the rolling process. Prior to the cold rolling, 
the tapes were subjected to heat treatment with two different 
times of 24h(series 1) and 2h(series 2) at 845 C. 
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Such a structural change by adding rolling process can result in an 
improvement of superconducting properties. The tape procZssed without 
rolling has a T of 97K and a poor J of less than 10A/cm at 77K and OT. 
However, by theCad~ition of the rolltng process, T above lOOK and J in 
excess of 1000A/cm were easily obtained. Figure S shows the J variation 
as a function of heat treatment time at 845 C after the cold rolling 
process. Prior to the cold rolling, tapes were subjected to the heat 
treatment at 845°C with two different time 24h(series 1) and 2h(series 2). 
The J of tapes of both series' increases with heat treatment time 
reaching a peak and then decreases. The initial increase in J is due to 
the healing of damage from the sample deformation and the sint~ring of 
high-T grains that have been brought into contact with this deformation. 
DuringCthis early stage, the continuity of the high-T phase and its 
volume fraction increase. The peak occurs at 4h for ~eries 1 and 30h for 
series 2. At this stage, total time at 845 Q C prior and after rolling heat 
treatment are 28h and 32h for series 1 and 2, respectively. 

Figure 4 shows the T variation of the tapes of series 2 for two 
different probing current~ The T continues to increase with heat 

c 
treatment time when measured by a ImA probing current, while the T 
determined using a 100mA probing current has a similar shape and p~ak 
position as its J curve in Fig. 3. This shows there is a loss of 
continuity betweeg high-T regions at prolonged heat treatment time, 
eventhough the intrinsic T does not degrade. This is probably caused by 
the decomposition of the htgh-T phase at grain boundary region. 

c 

Figure 5 shows the effect of applied bending strain on I of the 
sample cold rolled and sintered at 845°C for 4h. The bendin~ strain was 
estimated by assuming that the sample deforms into a circular arc passing 
through the points A and B. The I was normalized by the value obtained 
at zero strain(I ). The tape cancbe bent up to the value of bending 
strain" 0812%, SRich is much larger than that of YBa 2Cu30 7 reported by 
Jin et al. This means the tape with thickness of 40}lm can be bent into a 
diameter of less than.v40mm(Fig. 6). The I_ is almost constant up to the 
bending strain "-10.11% and then small drop i~ observed in the last 0.01% up 
to fracture. It should be noted that the strain in Fig. 5 might be 
underestimated. Elastic deformation theory predicts that the strain at 
midway between A and B is larger than that determined in this experiment. 
However, the fracture strain is still smaller compared to that of the 
metallic Nb3Sn compound superconductors. 

Fig. 4 
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T variation as a function of heat treatment time for the 
t~pe of series 2 in Fig. 3. The measurement was done by two 
different probing currents of 100mA and lmA. 
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Fig. 5 Effect of applied bending strain for the doctor-blade processed 
BiCPb)-Sr-Ca-Cu-O tape. The bending strain was estimated by 
assuming that the sample deforms into a circular arc. 

The bending of the tape occurs elastically and the elastic behaviour 
seems to be maintained up to failure. The fracture strain in the elastic 
regime for these brittle materials is affected by various metallographic 
features such as intergranular bonding and porosity as well as the 
presence of cracks and surface flaws. The additi.on of the rolling process 
is considered to improve the packing density, intergranular bonding and 
surface condition. 

CONCLUSIONS 

Flexible tapes of high-T BiCPb)-Sr-Ca-Cu-O superconductor were 
successfully fabricated by th~ combination of doctor blading and rolling 
processes. A zero-resistance state was aChiZved as high as l07K. The 
highest J obtained so far is about ZOOOA/cm at 77K and and in zero 
magnetic ~iled. The tape has sufficient flexibility to be bent into a 
small diameter corresponding to the bore diameter of small superconducting 

Fig. 6 Doctor-blade processed BiCPb)-Sr-Ca-Cu-O tape bent on a 38mm 
diameter cylinder. 
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magnet without breakage and degradation of J. The process is very 
promising for the fabrication of the tape co~ductors for future 
application in superconducting coils. Further optimization of fabrication 
processes, such as the heat treatment conditions and attempts at 
scaling-up production, is now in progress. 
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ABSTRACT 

Bi-(Pb)-Sr-Ca-Cu-O superconductor was fabricated into tapes 
without a sheath and into multifilamentary tapes with a Ag 
sheath. These specimens were prepared by combination and repeti
tion of cold pressing or cold rolling and sintering. In these 
specimens, the c axis tended to align well. Measurements of 
magnetization and critical current density, J , in magnetic 
fields up to 23T were made. The magnetizatioR measurement re
vealed that, at 4.2K, these tape specimens had excellent J -H 
characteristics while, at 77K, the flux pinning force in tRe 
tape specimens was reduced to almost zero above 0.3T due to 
thermal activation, i.e., flux creep. In the resisti¥e J ~eas
urement at 4.2K these2tape specimens showed J of ~10 A/8m 
at 18T, and 7000 A/cm at 23T. The J -H curv~s for some of 
these specimens showed a slight peak ~ffect. The J 's scarcely 
depended on H at 20-30T. These results indicate th~t the Bi
{Pb)-Sr-Ca-Cu-O tapes could be used, for example, for the 
innermost coil of an extremely high-field superconducting magnet 
at 4.2K in the near future. 

INTRODUCTION 

The Bi-Sr-Ca-Cu-O system material (BSCCO) shows a very 
high T (critical temperature, ~107K) and included neither rare 
earth ~lements nor poisonous elements. 1 This indicates that 
this material should be the most promising candidate for prac
tical use among the oxide superconductors. Recently, the forma
tion of the single high-T phase of this material has been made 
possible by partial substItution of Bi by Pb in the Bi-Sr-Ca-
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2-6 cu-o system. Therefore, development of wire (or tape) 
fabrication processes, study of the magnetic behavior, and 
improvement of critical current density, J , in magnetic fields 
are most important subjects for applicatioR research on this 
material. 

In this study, tapes of Bi-(Pb)-Sr-Ca-Cu-O superconductor 
(BPSCCO) with a Cu sheath were fabricated and sintered after 
the Cu sheath was removed. BPSCCO multifilamentary tapes with 
a Ag sheath were also fabricated. They were sintered with the 
Ag sheath attached. Magnetization measurements were made at 
various temperatures and J was measured in magnetic fields 
up to 23T in order to stud~ the J -H characteristics and the 
flux pinning mechanism of this material. 

EXPERIMENTAL PROCEDURE 

The BPSCCO powder prepared by a co-precipitation method 
was packed in a metal (CU and Ag) tube of 10 mm o.d. (outer 
diameter) and 6.7 mm i.d. (inner diameter), and was cold worked 
into a wire of 2.S mm o.d. (Cu sheath) and 0.7 mm o.d. (Ag 
sheath). The 2.S mm o.d. (Cu sheath) wire was then rolled into 
a tape 4mm x 1.S mm in size. The nominal cation ratio for 
this power was Bi:Pb:Sr:Ca:Cu=0.8:0.8:1.0:1.4. (Here, this 
compositon is indicated by composition (i». We used this nominal 
ratio following ref S. We also used a slightly different cation 
ratio of Bi:Pb:Sr:Ca:Cu=0.92:0.17:1.0S:1.12:1.S (composition 
(ii», according to ref 6. Composition (ii), however, was 
attempted only for the tapes with a Cu sheath. These powders 
were calcined at 800°C for 14h in air before packing. 

For fabrication of a multifilamentary w~re, 46 pieces were 
cut from the monofilamentary Ag-sheath wire of 0.7 mm o.d., 
packed into a Ag tube of 7.S mm o.d. and S mm i.d., and cold 
worked into a tape of 1.8 mm x 0.16 mm. 

The tapes from which the Cu sheath was removed with nitric 
acid after cold working were cut into short samples. They were 
sintered at 820-8S0°C for 20-100h in a mixed gas (Ar:02 = 12:1) 
and then they were pressed and sintered again under the same 
conditions as outlined for the first sintering at 820-8S0°C 
for 20-S0h in air, cold worked and sintered again under the 
same conditions as outlined for the first sintering. 

In order to study the effect of impurity element addition 
on the flux pinning mechanism at 77K, BPSCCO pellet samples, 
to which Ag particles 1p.m in diameter were added, were also 
prepared. 

The transition temperature, T , was measured both by the 
standard induction method and the ~esistive method. The 
temperature was measured by a AU-Fe/chromel thermocouple. 
X-ray diffraction analysis was performed on these specimens. 
The magnetization measurements were performed with a vibrating 
sample magnetometer in magnetic fields up to 8T at various 
temperatures. Rectangular specimens O.S x 3 x 4 mm were cut 
from the sintered tape. Resistive J measurements were also 
made on these specimens at 4.2K in m~gnetic fields up to 30T 
with a hybrid magnet at Tohoku University. 
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RESULTS AND DISCUSSION 

Figure 1 shows an X-ray diffraction pattern for the BPSCCO 
tape specimen which has been sintered at 845°C for 36h, pressed, 
and sintered again at 845°C for 36h. In Fig.1, an X-ray diffrac
tion pattern for the powder specimen into which the tape specimen 
has been ground is also shown. Comparison of these patterns 
indicates that the process in which pressing and sintering are 
repeated produces strong orientation of the 7c axis in the tape 
specimen. We reported in our earlier paper that the weak link 
problem has been almost solved by the effect of strong 
orientation. 

T measurements showed that the tape specimens without 
the sh~ath and the multi filamentary tape specimens with a Ag 
sheath have T values of 10SK and 102K, respectively. c 

Figure 2 shows magnetization versus magnetic field (M-H) 
curves (a) at 4.2K and (b) at 77K for the BPSCCO tape specimen. 
At 4.2K, the width of the hysteresis in the M-H curve was broad 
and it was not dependent on the magnetic field, as shown in 
Fig. 2 (a). This means that J at 4.2K produced by flux pinning 
is sufficiently high and is not dependent on magnetic field. 
At 77K, however the width of the hysteresis became almost zero 
above O.3T. This indicates that the mechanism of flux pinning 
does not work above O.3T at 77K. This clear difference between 
the hysteresis at 77K and that at 4.2K is considered to result 
from the thermal activation of fluxoids, i.e., flux creep. 

According to the theory of flux creep, the relaxation of 
the magnetization dM/d(1nt) is as follows, 

dM/d(1nt) = (d.J /30)(kT/U o ) c 

powder 

Fig. 1. X-ray diffraction patterns for the BPSCCO 
tape specimen and for the powder specimen 
into which the tape specimen has been 
ground (composition (ii». 

( 1 ) 
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where d, k, T and Uo are the dimension of the sample, Boltzmann 
constant, temperature and the flux pinning potential, 
respectively. 

Figure 3 shows the relaxation of the normalized magnetiza
tion at various temperatures. In Fig. 3, magnetization decays 
almost linearly with lnt, indicating that this decay of the 
magnetization is caused by flux creep. At 4.2K, the relaxation 
of the magnetization was not observable. Figure 3 shows that 
the relaxation rate at 2DK is much smaller than that at SDK 
or that at 6DK. We obtained the pinning potential Uo with the 
results shown in Fig. 3 using formula (1). Uo values at 2DK, 
SDK and 6DK were D.D4eV, O.DS4eV and O.DS4eV, respectively. 
It is noteworthy that Uo was almost constant in this tempe§ature 
range. This result contradicts the theory of flux melting. 
It is reported in ref 8 that the flux line lattice, FLL, becomes 

2.100 

1.500 

(al 
0.900 

:; o.aoo e 
.!!! 
:I: 

-o.aoo 

-0.900 

-1.500 

-2.100 

-90 

0.070 

(b) 
0.050 

0.030 

:; 
e 0.010 
.!!. 
:I: 

-0.010 

-0.030 

-0.050 

-0.070 

-15 

\: ~----v---

-70 -50 -ao -10 

H(kOel 

:' 
/. 

_-__ ....:::<1 

-10 -5 

,. 
:! 

o 
H(kOel 

10 30 

5 

4.2K 

50 70 90 

77K 

10 15 

Fig. 2. Magnetization versus magnetic field curves at (a) 4.2K 
and (b) at 77K for the same BPSCCO tape specimen as 
shown in Fig. 1. 
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Fig. 3. The relaxation of the normalized magnetization 
at various temperatures. 

irregular as in an amorphous material at a temperature of T 
(T = 40K in the BSCCO system). If flux melting really oc~urs 
atma temperature around 40K, Uo should undergo a sudden transition 
also. In our results, however, such a sudden change in Uo was 
not observed. At any rate, Uo must be enhanced by doping or 
otherwise producing stronger pinning centers in order to prevent 
flux creep. 

Figure 4 shows concentration maps of Ag and Bi for the 
pellet samples to which 3 wt% Ag particles have been added. 
Figure 4 shows that Ag particles have not reacted with the BPSCCO 
matrix. The Bi concentration map in Fig. 4 shows that, in addi
tion to the Ag particles, the BPSCCO matrix includes inhomo
geneous (non-superconducting) regions which are Bi poor. We 
expected these non-superconducting regions, i.e., Ag particles 
and Bi-poor regions, to work as flux pinning centers. The result 
of the magnetization measurement at 77K, however, was totally 
negative. The magnetization curve for the BPSCCO pellet to 
which Ag particles had been added indicated no sign of improve
ment in the flux pinning force. There could be three reasons 
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Fig. 4. Concentration maps of Ag and Bi for the pellet samples 
to which 3 wt% Ag particles have been added 
(composition (ii». 
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Fig. 5. A magnetization versus magnetic field curve at 77K 
for the BPSCCO pellet to ,vhich 1 wt% Al203 has been 
added. 

for these negative results at 77K. First, the added ~g particles 
might be too coarse. According to the Kramer's theory the flux 
pinning force, f O' between one fluxoid and one pinning center 
becomes a maximum when the size of the pinning center is compar
able to the coherence length~. In Fig. 4, the size of both 
the Ag particles and the Bi-poor regions are of the order of 
l~m. Their size must be ~100 times smaller in order to produce 
the maximum foe Second, the flux melt may really occur below 
77K, although our experimental data on U argue against flux 
melting. Third, the weak link problem mgy still remain and 
cause a degradation in U. Further investigation will be needed 
on the problem of flux c~eep at 77K for the BPSCCO material. 
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Fig. 6. A magnetization versus magnetic field curve at 60K 
for the 46-filament BPSCCO tape. 
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Fig. 7. A cross section of the 46-filament BPSCCO tape which 
has been cold worked, sintered, cold worked and then 
sintered. 

Figure 5 shows a magnetization versus magnetic field curve 
at 77K for a BPSCCO pellet to which 1 wt%Al 20 3 particles has 
been added after the formation of the high T phase. In 
Fig. 5, a width to the hysteresis loop seems £0 have appeared. 
However, Al 20d tends to react with the BPSCCO matrix and to 
degrade Tc an J c • 

Figure 6 shows a magnetization versus magnetic field curve 
at 60K for the BPSCCO multifilamentary tape. In Fig. 6, the 
solid line and dotted line show the magnetization curves swept 
at 2T/min and O.2T/min, respectively. This result indicates 
that flux creep occurs in the multifilamentary tape in the same 
manner as in the pellets and monofilamentary tapes. 

Fig. 8. 
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J -H curves measured at 4.2K for the BPSCCO tape 
sBecimens by a resistive method in magnetic fields 
up to 30T. (1): the non-sheath tape and (2): the Ag
sheath monofilamentary tape. 
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Figure 7 shows a cross section of the 46-filament BPSCCO 
tape which has been cold worked, sintered, cold worked ,gain 
and then sintered. We have shown in our earlier paper that 
the BPSCCO multifilamentary wires or tapes with a Ag sheath 
can be easily fabricated into any length and size by applying 
intermediate anneals at 150°C every time the areal reduction 
ratio becomes 10. 

Figure 8 shows a J -H curve measured at 4.2 K for the BPSCCO 
tape specimens by a staRdard resistive method in magnetic fields 
up to 30T using the hybrid magnet of Tohoku University. In 
Fig. 8, specimen (1) is the non-sheath tape specimen sintered 
at 845°C for 36h, cold pressed and sintered again at 845°C for 
36h. Specimen (2) is the monofilamentary tape (with Ag sheath) 
sintered at 840°C for 36h, cold worked with a flat roll and 
sintered again at 840°C for 36h. Specimen (1) was measured 
with a brass shunt for protection from heating. It is note
worthy that the J values of both specimens are almost constant 
in the range of mggnetic field from 20T to 30T. This tendency 
in the J -H curve over 20T is quite a contrast to that of the 
conventi8nal intermetallic superconductors. In general, J 
of the intermetallic compound superconductors decreases vefy 
rapidly above 20T. On the other hand, the upper critical field, 
H 2' of the BPSCCO is -100T at 4.2K when the magnetic field 
i~ applied parallel to the a-b plane, and so, this material 
is considered to have excellent J -H characteristics up to 
80T-100T. c 

Figure 9 shows J -H curves measured at 4.2K for the BPSCCO 
mono- and multifilame5tary tape specimens by a standard resis
tive method in magnetic fields up to 23T using the hybrid magnet 
at Tohoku University. In Fig. 9, specimen (a) is the non-sheath 
tape sintered at 845°C for 36h, cold pressed and sintered again 
at 845°C for 36h. Specimen (b) is the non-sheath tape for which 
cold pressing and sintering have been repeated twice after the 

I I I I 

10' I-

I I I I 
8 12 16 20 24 

H (T) 

Fig. 9. Jc-H curves measured at 4.2K for the BPSCO mono- and 
multi-filamentary tape specimens by a resistive method 
in magnetic fields up to 23T. (a) and (b)are the non
sheath tape, and (c) the 46-filament tape. 
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first sintering, and specimen (c) is the multifilamentary tape 
sintered at 840°C for 36h, cold rolled and sintered again at 
840°C for 36h4 In 2pecimens (a) and 3 (b), 2the J values are 
as high as 10 A/cm at 18T and 7x10 A/cm at 23T, respectively. 
The J -H curve of specimen (b) shows a slight peak effect. 
curvec(c) shows that the J of multifilamentary tape is also 
independent of magnetic fi~ld at high fields. 

Results of Fig. 8 and Fig. 9 indicate that the BPSCCO 
superconducting tapes have potential for practical use in 
extremely high magnetic fields at 4.2K. For example, they could 
be used as the innermost coil of a superconducting magnet of 
25T or so in the near future. Although the J of 7000 A/cm2 
is not yet high enough, practical use will be80me possible if 
this value is doubled by optimizing such conditions as compo
sition, fabrication process, sintering, grain size and so on. 

CONCLUSIONS 

Bi-(Pb)-Sr-Ca-Cu-O superconductor was fabricated into (a) 
tapes without a sheath and (b) mono- and multifilamentary tapes 
with a Ag sheath. In these specimens, the c axis tended to align 
well. Measurements of magnetization and J in magnetic fields 
up to 30T were made. The magnetization megsurement revealed 
that, at 4.2K, these tape specimens had excellent J -H 
characteristics while at 77K flux pinning in the taSe specimens 
was reduced to almost zero due to flux creep. In the resistive 
J measurement ai 4.2K! the tape specimenl with~ut a sheath 
shows a J of 10 A/cm at 18 T, and 7x10 A/cm at 23T. The 
mono and ffiul~ifila2entary tape spec~mens ~ith a Ag sheath shows 
J 's of 5x10 A/cm at 30T and 2x10 A/cm at 23T, respectively. 
Ig both the tapes without a sheath and the ones with a Ag sheath, 
the J values scarcely depended on the magnetic field from 20T 
to 30~. These results indicate that the BPSCCO tapes could be 
practically used in magnetic fields near 30T, or in higher 
fields, if the present J values are doubled by optimizing such 
conditions as compositiog, fabrication process, sintering, grain 
size and so on. The BPSCCO tapes could be used, for example, 
for the innermost coils of an extremely high-field superconduct
ing magnet in the near future. 
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SUPERCONDUCTING PROPERTIES OF Bi-Pb-Sr-Ca-Cu-O SYSTEM 

ABSTRACT 

M. Wakata, S. Miyashita, S. Kinouchi, T. O;:rama, 
K. Yoshizaki 

Materials & Electronic Devices Lab. 
Mitsubishi Electric Corp. 
Sagamihara, Kanagawa 229, Japan 

S. Yokoyama, K. Shimohata, and T. Yamada 

Central Research Lab., Mitsubishi Electric Corp. 
Amagasaki, Hyogo 661, Japan 

The c-axis oriented Bi-Pb-Sr-Ca-Cu-O samples have been prepared by 
sintering and several times of pressing and re-sintering procedure. The 
repeat of pressing and sintering improved the critical current density as 
a functi~n of the field (B), Jc(B). It is found that Jc(B) is given by 
Jc(O)(B/B )-a at low magnetic tields (a few mT < B < several 10mT) and by 
JOexp(-B/BO) at high fields (0.05T < B <several T) at 77K. ~ the 
pressing and sintering procedure, the fitting parameters of B , BO and J O 
are increased and the power index of a is decreased. The field dl.rection 
dependence of those parameters is also sf own. The V-I characteristics up 
to a current density much higher than 10 x J c have been measured by using 
a pulsed cur~t. lt is found that the intra-grain J c is at least higher 
than 2.3 x 10 A/cm at 77K and zero external field and the resistance in 
the weak link regions is decreased as decreasing the temperature. The 
latter fact is consistent with our proposal that the weak link regions are 
not any insulators but a superconductor. 

INTRODUCTION 

In Bi-Sr-Ca-Cu-O system, 1 there exist two superconducting phases with 
the critical temperature (Tc) of 110K (2223 phase) and 80K (2212 ~~se) 
and a semiconducting or superconducting phase with Tc of about 8K' (2201 
phase). Lead doping is e~fective to synthesize 22~36phase and to obtain 
Tc(P=O) higher than 100K. In our previous study,' another super
conducting transition at 40 to 60K is found in the temperature dependence 
of the susceptibility for Pb-free samples. We call it a-1 phase. The 
structure can not be detected by X-ray diffraction analysis (XD) and the 
Tc depends on the nominal composition and the sintering condition. By Pb 
doping the transition due to a-1 phase disappears. However, another 
transition at about 95K appears (a-2 phase). Similar to a-1 phase the 
structure can not be detected by XD and the Tc depends on the nominal 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
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Table 1. The prepa.ration procedure of the samples 

Series No. Process No. Process 

0 Sintered at 84SoC for 60hr 
1 Process 1-0 + P + Process 1-0 
2 Process 1-1 + P + Process 1-0 

0 Sintered at 84SoC for 30hr 
2 1 Process 2-0 + P + Process 2-0 

2 Process 2-1 + P + Process 2-0 

P Pressed at 2,000kgf/cm2 

composition and the sintering condition. In our recent study, it is found 
that the Tc is varied from 80 to 110K. The transition point (onset) and 
the width strongly depend on the magnetic field. Furthermore, such a 
transition can not be observed for the powder obtained by grinding 
sintered samples. 

In oxide superconductors, it is well known that critical current 
densities (Jc ) for the sintered materials are restricted by weak links. 
In Bi-Pb-Sr-Ca-Cu-O system we have proposed that a-2 phase should be 
responsible for the weak links. Recently, it has been reported that 
several times of pressing and r~intering are effective to increase J c and 
to improve the field dependence. Such procedure enhances the crystal 
preferred orientation and then the density of the sample because each 
grain has a plate like shape and the surface is perpendicular to the 
c-axis. It is interesting to know how the weak links are affected by the 
preferred orientation and/or densification of the samples. 

In this study, we have prepa.red oriented samples with various Jc'S 
and measured the field dependence of the J c in order to investigate how 
the behavior due to the weak links is changed by improving the J c and how 
it depends on the field direction. The voltage-current (V-I) characteris
tics up to much higher current region have been also measured by using a 
pulsed current in order to estimate the intra-grain current density and 
the temperature and the field dependence of the resistance in weak link 
regions. 

SAMPLE PREPARATION 

The raw materials are Bi203' PbO, SrCD3, CaCD3 and CUO powders with a 
purity of 4N and a mean diameter of a few)lID. The nominal compositions 
are Bi1 6Pb 4Sr2Ca3Cu4~Y (Sample A) and BiPb 2SrCaCu20y ~mple B). These 
powders· were mlxed by nall milling, pressed at SOOkgrrcm , calcined at 
7S0°C for 12hr in air and ~ound by shaking milling. The obtained powders 
were pressed at 1,000kgf/cm , sintered at 84SoC for 120hr in air and re
ground by shaking milling. The scanning electron microscopic observation 
and X-ray diffraction analysis revealed that the obtained powder pa.rticles 
had plate like shapes and the surface of the pl~tes was pa.rpendicular to 
c-axis. The powders are pressed at 1,000kgf/cm into bar shaped pellets 
wi th 2mm in width, O.S to 1 mm in thickness and 20mm in length. Subsequent 
two series of processes are shown in Tabel 1, where the sintering is 
performed in air and every pressing procedure is done by using the same 
dies. The sample name is indicated as the nominal composition (A or B)
series number (1 or 2)-process number (0, 1 or 2). 
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Table 2. The properties of the samples with series No. 1 

Sample No. A-1-0 A-1-1 A-1-2 B-1-0 B-1-1 B-1-2 

T?(p=O) K 104.7 106.5 106.6 102.7 105.0 105.7 
P Tcon ) mQ,an 1.76 0.870 0.828 0.909 0.543 0.525 
T (X") K 103.2 105.0 105.5 101.9 104.7 104.9 
J~(O) A/an2 351 807 789 257 620 741 

EXPERIMENTAL RESULTS 

Samples with the series number 1 were used for the measurements of 
the temperature dependence of the resistivity and susceptibility, and the 
Jc in high field range up to 0.4T. The critical currents were determined 
bY 1J.lV/cm criterion. Table 2 shows the summary of the data of the Tc 
(p=O), the resistivity at Tcon, p(Tcon), the temperature at which the 
imaginary part of the susceptibility is maximum at the field of 0.020e, 
Tc(X") and the Jc at 17K and zero externel field, Jc(O). As shown in this 
table the repeat of pressing and sintering increases Tc(P=O), TC(X") and 
Jc(O) and decreases p(Tcon). 

Figure 1 shows the field dependence of the J c normalized by the 
Jc(O), where P.S. means the pressed surface of the sample. As shown in 
this figure almost all the data in higher field than 0.05T are followed by 
the relation: 

(1) 

The calculated parameters, BO and J O are summarized in Table 3. The 
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Fig. 1 The Jc-B properties at high fields for the samples with series No.1. 
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Table 3. The fitting parameters of the Jc-B properties for the samples 
(0.05T < B < 0.4T) wi th series No.1. 

B II P.s. B..l.. P.S. 

Sample No. JO (A/cm2 ) BO (T) J O (A/cm2 ) BO (T) 

A-1-0 22.3 ± 0.6 0.36 ± 0.02 22.8 ± 2.8 0.118 ± 0.007 
A-1-1 181 ± 3 0.46 ± 0.01 164 ± 1 0.138 ± 0.001 
A-1-2 210 ± 16 0.50 ± 0.06 212 ± 2 0.141 ± 0.007 
B-1-0 18.0 ± 0.5 0.30 ± 0.01 14.8 ± 1.3 0.102 ± 0.006 
B-1-1 125.7 ± 0.1 0.451 ± 0.001 117 ± 3 0.132 ± 0.002 
B-1-2 131 ± 5 0.525 ± 0.004 135 ± 3 0.141.± 0.002 

characteristic fields of BO are 0.30 to 0.53T in the field parallel to the 
P.S., which are more than 3 times of those in the field perpendicular to 
the P.S.. By the repeat of pressing and sintering BO is increased by 40 
(20) % for the sample A and by 75 (38) % for the sample B in the field 
parallel (perpendicular) to P.S., respectively. On the other hand, J O is 
almost independent of the direction of the field. However, the value is 
increased about 10 times by the repeat of pressing and sintering. In this 
analysis we used the data up to 0.4T. But it is confirmed that the 
relation (1) holds at least up to a few T. 

As shown in Fig. 1, the improvement of the field dependence of J c by 
the repeat of pressing and sintering is remarkable, especially in the 
field lower than 0.05T. Then the Jc'S in lower field have been measured 
for samples with the series number 2. The Jc-B curves have a hysterysis, 
that is to say, the Jc'S measured in the decreased field are higher than 
those in the increasing field. The value of the hysterysis is initially 
increased as decreasing field, then decreased and finally turned into a 
minus value. Figure 2 shows the results measured when the field is 
increased. The data in the field parallel to P.S. are measured and then 
those perpendicular to P.S. are measured after the sample is warmed up to 
the temperature higher than the Tc except the samples A-2-1 and B-2-1. 
These log-log plots of the Jc-B curves are linear in the field higher than 
a few mT, so that the data have been analyzed by the following function: 
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Fig. 2 The Jc-B properties at low fields for the samples with series No.2. 
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Table 4. The fitting parameters of the Jc-B properties of the samples 
with series No.2. (1mT < B < 3umT) 

B II P.S. B~ P.S. 

Sample No. a B* J (O~ a B* J (O~ 
(mT) (Alan ) (mT) (Alan ) 

A-2-0 1.02 ± 0.04 1.22 383 1.26 ± 0.05# 1.12# 360# 
A-2-1 0.68 ± 0.02 2.47 696 0.76 ± 0.02 1.57 694 
A-2-2 0.74 ± 0.09 3.14 983 0.74 ± 0.04 2.07 967 
B-2-0 0.92 ± 0.02 0.98 307 1.04 ± 0.02# 0.90# 251# 
B-2-1 0.63 .± 0.03 1.09 485 0.80 ± 0.02 0.97 489 
B-2-2 0.67 ± 0.01 1.57 614 0.84 ± 0.02 1.23 621 

# : include residual magnetization. 

The calculated parameters, a and B*, are shown in Table 4 with the data of 
Jc(O). In this case the characteristic field, B has order of 1mT and 
depends on the field direction. However, such dependence is smaller than 
that of BO. The value of B is increased by pressing and sintering. On 
the other hand the power index, a has a tendency to be decreased by such 
procedure. The dependence on the field direction is also small. 

Ekin et al.8 have reported that the V-I curves for sintered Y-Ba-Cu-o 
samples are linear in a current range higher than those critical currents, 
however, the resistivities are much lower than those normal state resisti
vities. We have also observed the similar phenomena, so measured the V-I 
characteristics up to m~c~origher current range and found two-step transi-
tion as shown in Fig. 3. ' In this figure we interpret that P1 is the 
resistivity when only the weak link regions are in normal state and J c2 is 
the critical current density when the superconductivity in the high Jc 
regions begins to be broken. 

'" bJJ 

.5 o 
:> Icl/Jcl 

EE/J=Pn _ 

Ic21 J c2 

1/// 
t 

E/J = PI 

Current: 1 1 Current Density: J 

Fig. 3 Typical V-I characteristics for a poly-crystalline oxide 
superconductor. 
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Fig. 4 The temperature and field dependence of PI for the sample A-1-1. 
The field is parallel (a) and perpendicu ar (b) to the P.S. 

In order to estimate the J c2 in Bi-Pb-Sr-Ca-Cu-O system we have been 
trying measurements by using a pulsed current to avoid the heat generated 
mainly on current contacts. Unfortunately, we have obtained the data only 
for the non-oriented and porous samples with the density less than a half 
of the theoretical yalue. The J c2 at 17K and zero external field was more 
than 2.3 x 10 A/em. Therefore, it can be estimated that the attainable 
J c in Bi-Pb-Sr-Ca-Cu-O system is the same order as that in Y-Ba-Cu-O 
system at 77K and zero external field or much higher. 

In this paper we report on the temperature and the field dependence 
of the P1 for the sample A-1-1. The half width of a pulsed current 
was 0.1 msec. The temperature was controlled by changing the pressure of 
liquid nitrogen. The results are shown in Fig. 4, where p (100K) is the 
normal state resisti vi ty at 100K, which is obtained by the f}inear extrapo
lation of the temperature dependence of the resistivity at higher tempera
ture than Tc(onset). In this figure it is clear that P1 is almost indepen
dent of the direction of the field, increasing slightly as the field in
creases, and decreasing monotonically as the temperature decreases. These 
facts are consistent with our suggestion that the weak link regions are 
not insulators but superconductors (a-2 phase). 

DISCUSSION 

It becomes clear that sintered samples have at least two kinqs of the 
Jc-B characteristics in Bi-Pb-Sr-Ca-Cu-O system. One is at the low fields 
(L.F.) from a few mT to several 10mT and described by a power law as shown 
in the equation (2). The other is at the high fields (H.F.) from about 
O.OST to several T and described by a exponential function as shown in the 
equation (1). The question is what kinds of mechanisms determine such J c -
B characteristics. 

Peterson and Ekin11 have reported that the Jc'S for sintered Y(Ho)
Ba-Cu-O fit well with B-3/ 2 at L.F. «1 OmT). They assumed the weak links 
to be Josephson type junctions and analyzed the field dependence of the J c 
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Fig. 5 The temperature and field dependence of the susceptibility for a 
typical oriented sample. 

as follows: If the junction is a37~rcular disk, it is given by the Airy 
diffraction pattern, varies as B- apart from the oscillation. If the 
junction is rectan~, it ~s given by the generalized Fraunhofer 
pattern, varies as B- to B- , depending on the field direction. In our 
results at L.F. in Bi-Pb-Sr-Ca-Cu-O system as shown in Table 4, the power 
index, a, depends on the sample and the field direction, and varies from 
1.26 to 0.63. Therefore, such field dependence can not be determined by 
any Joshephson junctions. 

In order to discuss our results we have to consider the self field 
and the magnetic properties in weak link regions. In F samples the self 
field is about 1mT for,the current density of 300A/cm. Therefore, the 
characteristic field, B is similar to the self field for the current 
density of Jc(O). It is possible that the Jc'S at lower. field than 1mT do 
not fit with the relation (2) because the eftect of the self field is 
strong only in that field range. 

The P1' which can be interpreted to be the resistivity when only weak 
link regions are in normal state, is decreased as decreasing the tempera
ture. Therefore, it can be concluded that the weak link regions are not 
any insulators. It is consistent with our proposal that the weak link 
regions are a superconductor (a-2 phase). Then the field dependence of 
a-2 phase is important. to discusslthe field dependence of Jg. Figure 5 
shows the temperature and field dependence of the suscepti ility for a 
typical oriented sample. Two superconducting transitions are clearly 
seen, which are due to 2223 phase and a-2 phase. The ratio of the change 
of the susceptibility due to 2223 phase depends on the field direction, 
but the field at which the superconductivity of a-2 phase is broken does 
hOt and is about 25mT at 77K. This field is in an intermediate range 
between L.F. and H.F.. This fact suggests that the field dependence of 
the J Q in L.F. reflects the superconducting properties of a-2 phase and 
that ln H.F. is determined by S-N-S junctions. However, further investi
gations are needed to make it clear, for example, the temperature depen
dence of the J c (B) . 

<nICLUSIONS 

By using superconducting powders of which particles have plate-like 
shape, the c-axis oriented Bi-Pb-Sr-Ca-Cu-O samples have been prepared by 
sintering and 0, 1 and 2 times of pressing and re-sintering procedure. The 
repeat of pressing and sintering improved J c and the field dependence. 
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It is found that J (B) is given by Jc(O)(B/B*)-a at low fields (a few 
mT < B < several mT) an8by JOexp(-B/BO) at higp fields (0.05T < B < 
several T) at 77K. The fitting parameters of B , BO and J O are increased 
and the power index of a is decreased by the pressing and sintering. The 
a(B/ /P.S.), which is varied from 1.02 to 0.63, is a little bit smaller 
than the a(BtP.S.), which is varied from 1.26 to 0.74. The characteris
tic field,*B (B//P.S.), which is varied from 0.98 to 3.14 mT, is higher 
than the B (BJ..P.S.), which is varied from 0.9 to 2.07 mT. Another 
characteristic field, BO(B/ /P.S.), which is varied from 0.3 to 0.525 T, is 
much higher than the BO (B .lP.S.), which is varied from 0.102 to 0.141 T. 
By pressing and sintering J Q is increased by 10 times, however, it is 
almost independent of the f~eld directi~ 

In this system J c is limi tted by the weak links which are not any 
insulators but may be a superconductor (a-2 phase). The Tc depends on the 
nominal composition and the sintering condition and varies from 80 to 
110K. It is very sensitive to the external magnetic field. In this 
experiment the superconductivity is broken by a field of about 25mT at 
77K. Therefore, the Jc(B) at low fields should be reflected by the super
conducting properties of a-2 phase. Furthermore, it is estimated that the 
Jc(B) at high fields is limited by the weak links of S-N-S type. Further 
investigations are needed to make it clear, for example, the temperature 
dependence of the Jc-B characteristics. 

In this study it is found that the crystal preferred orientation and 
densification is effective to suppress the effect of weak links and to 
improve the Jc-B characteristics in Bi-Pb-Sr-ca-Cu-O system. If the weak 
link~ can ~ removed by further densification, the J c much higher than 2.3 
x 10 A/ cm should be achieved at 77K and zero external field. 
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Noble metal buffer layers and substrates for Bi2Sr2CaCu208 
(BSCCO) films were investigated using bulk ceramic processing 
and thin film techniques. Highly oriented, superconducting 
BSCCO films were fabricated on polycrystalline Ag substrates and 
on Ag/MgO and Ag/YSZ structures. Such films could not be 
produced on Au or Pt substrates under any annealing conditions. 
In addition, superconducting BSCCO films could not be produced 
on Ag/A1203, Ag/Si02/Si, or Ag/(Haynes 230 alloy) structures 
using high annealing temperatures (870°C). However, oriented, 
although poorly connected, superconducting BSCCO films were 
fabricated on Ag/A1203 structures by using lower annealing 
temperatures (820°C). Once lower processing temperatures are 
optimized, Ag may be usable as a buffer layer for BSCCO films. 

INTRODUCTION 

There are many potential applications for thin films of 
high temperature oxide superconductors. However, many of these 
applications require specific substrates. For example, 
interconnect applications require substrates such as silicon, 
gallium arsenide, or other materials, such as silicides, 
insulators, and metals, that are compatible with these 
semiconductor materials. Similarly, strip line resonator 
applications require substrates, such as sapphire (A1 20 3), that 
exhibit low loss at microwave frequencies (10 GHz), and RF 
cavity applications require structural materials, such as steel 
or other alloys, that can be fabricated into complicated forms. 

Currently, the choice of substrates for high temperature 
oxide superconductors, and therefore their applications, have 
been severely limited by the reactive nature of these materials. 
For example, while Bi-Sr-Ca-Cu-O (BSCCO) superconductor films 
have been successfully fabricated on SrTi03, MgO, and yttria
stabilized zirconia (YSZ) substrates. 1 ,2 BSCCO films have been 
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found to react with A1203, Si, and Si02 sUbstrates. 1 ,3 Clearly, 
buffer layers that are compatible with both BSCCO films and 
these technologically important substrates must be identified. 
To date, most of the work on buffer layers has focused on 
insulating materials such as Zr02, SrTi03, and MgO. 3 ,4,S However, 
applications such as interconnects will require conducting 
buffer layers, and some work has begun on metallic materials. 6,7 

This investigation focused on the use of noble metals, such 
as silver, gold, and platinum, as substrates and buffer layers 
for BSCCO films. The chemical compatibility of the noble metals 
with BSCCO was determined using two methods. Bulk studies were 
conducted using noble metal and BSCCO powders that were pressed 
into pellets and then sintered. 8 Thin film studies were 
conducted by fabricating BSCCO films on noble metal substrates. 
In both studies, x-ray diffraction and magnetic susceptibility 
measurements were used to evaluate the samples. In addition, 
the effectiveness of noble metal buffer layers between BSCCO 
films and a variety of substrates was investigated by 
fabricating and annealing BSCCO/Ag/substrate structures. X-ray 
diffraction and resistive transport measurements were used to 
evaluate the BSCCO films in these multilayer structures. 

These studies indicated that only Ag is promising as either 
a substrate or a buffer layer for BSCCO films. Preliminary 
results, which are in agreement with those of other researchers,6 
showed that both Au and Pt react with BSCCO. Consequently, only 
studies involving Ag will be presented in this paper. Highly 
oriented superconducting BSCCO films were fabricated on 
polycrystalline Ag substrates and on Ag/MgO and Ag/YSZ 
structures. However, it was not possible to fabricate such 
films on Ag/A1203, Ag/Si02, or Ag/(Haynes 230 alloy). In these 
cases, the Ag layer failed to protect the BSCCO films from the 
underlying substrate. The mechanism by which the Ag allowed the 
BSCCO film to react with the underlying substrate is currently 
under investigation. 

Amorphous BSCCO films approximately 0.75 ~m thick were 
deposited by triode magnetron sputtering from three metal 
targets, in the presence of oxygen, onto room temperature 
substrates. A more detailed discussion of the sputtering system 
has been presented in an earlier publication. 1 All films had a 
composition near Bi2Sr2CaCu20x. After deposition, the amorphous 
BSCCO films were annealed in a tube furnace with a flowing 
mixture of oxygen and argon. Because the processing window for 
forming the superconducting 2212 phase is quite large, several 
combinations of anneal temperature and anneal ambient were used 
to obtain this desired phase. In general, lower oxygen partial 
pressures require lower anneal temperatures, while higher oxygen 
partial pressures require higher anneal temperatures. 2 

In this study, two types of noble metal structures were 
used: 1) polycrystalline Ag foils (0.25 rom); and 2) 
polycrystalline Ag films deposited on a variety of substrates. 
Prior to deposition, some of the foils were annealed in 100% Ar 
at temperatures between 700°C and 900°C for 1 hour. The purpose 
of this pre-anneal was to remove any dissolved gases and any 
impurities that become volatile at high temperatures. The Ag 
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Figure 1. X-ray diffraction pattern for a BSCCO film on a 
polycrystalline Ag substrate. The 2212 phase in the 
BSCCO film is highly oriented, as indicated by the 
(0,0,10): (1,1,0) ratio of 6. 

buffer layers were deposited by electron beam evaporation onto 
non-reactive substrates, including (100) MgO and (100) YSZ, and 
reactive substrates, including Al203, Si02/(100)Si, and 
polycrystalline Haynes 230, which is a nickel-based alloy.9 Both 
the BSCCO/substrate and BSCCO/Ag/substrate structures were then 
annealed under a variety of conditions in order to "investigate 
the effects of temperature and oxygen partial pressure on the 
phase formation and morphology of these multilayer structures. 

Nobl.e Metal. Substrates: Highly oriented, 
polycrystalline superconducting BSCCO films were fabricated on 
polycrystalline Ag substrates. Figure 1, which presents the x
ray diffraction pattern for a BSCCO/Ag sample that was annealed 
at 870°C for 30 minutes in 20% 02/80% Ar, shows that the BSCCO 
film contains only the 2212 phase, most of which is oriented 
with the c-axis normal to the plane of the film. The degree of 
orientation was evaluated in terms of the ratio of the (0,0,10) 
peak to the (1,1,0) peak of the 2212 phase. For a randomly 
oriented 2212 sample, the (0,0,10): (1,1,0) ratio is 0.22.10 For 
the sample in figure 1, the ratio is 6, indicating a very high 
degree of preferential orientation. Figure 2, which presents 
the magnetic susceptibility data for the same sample, indicates 
that the onset temperature of the superconducting transition is 
80 K, but that the transition is somewhat broad. Thus, 
polycrystalline Ag shows a great deal of promise as a substrate 
for superconducting BSCCO films. 

However, as shown in figure 3a, BSCCO films on Ag 
substrates exhibit unusual morphologies. Although the amorphous 
BSCCO films are smooth, the annealed BSCCO films develop hollow 
bubbles, approximately 10 ~m to 20 ~m in diameter, which are 
covered with platelet grains that are characteristic of the 2212 
phase. These bubbles formed on all BSCCO/Ag samples that were 
annealed at 870°C, regardless of the previous thermal histories 
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Figure 2. Magnetic susceptiblity data for a BSCCO film on a 
polycrystalline Ag substrate showing a superconducting 
transition with an onset temperature of 80 K. The 
sample was cooled in zero field and warmed in a 50 G 
field. 

of those samples. The formation of these bubbles also appeared 
to be independent of the oxygen partial pressure during the 
anneal. In contrast, lower temperature anneals (820°C) produced 
smooth BSCCO films. However, these films exhibited less 
preferential orientation and degraded superconducting 
properties. From these observations, it was concluded that the 
bubbles were caused by the volatilization of impurities in the 
Ag foils. Based on ~his conclusion, Ag foils were pre-annealed 
in order to outgas any volatile impurities. 

When a BSCCO film on a pre-annealed Ag substrate was 
annealed at 870°C for 30 minutes in 20% 02/80% Ar, the resulting 
morphology was significantly different. Although the film was 
not completely smooth, figure 3b shows that the film contained 
only small, partially formed bubbles, instead of the large, 
fully formed bubbles that are evident in figure 3a. In 
addition, x-ray diffraction showed that the film in figure 3b is 

10 Ilm 

(a) (b) 

Figure 3. SEM micrographs of BSCCO films on Ag substrates that 
were annealed at 870°C for 30 minutes in 20% 02/80% 
Ar. a) The BSCCO film on unannealed Ag contains 
large, fully formed bubbles that are covered with 
platelet grains of 2212. b) The BSCCO film on pre
annealed Ag contains only small, partially formed 
bubbles. 
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Figure 4. X-ray diffraction pattern for a BSCCO film on a Ag/MgO 
structure. The 2212 phase in the BSCCO film is highly 
oriented, as indicated by the (0,0,10): (1,1,0) ratio 
of 21. 

more highly oriented than the film in figure 3a. Specifically, 
the film on the pre-annealed substrate exhibited a 
(0,0,10): (1,1,0) ratio of 12, while the film on the unannealed 
substrate exhibited a ratio of 6. This almost two-fold increase 
in the degree of preferential orientation is most probably 
caused by the difference in the morphology of the two films. 
Magnetic susceptibility measurements showed that both samples 
had essentially the same superconducting properties, with onset 
t'emperatures of 80 K. If impurities are indeed responsible for 
the formation of these bubbles, it is expected that the use of 
purer Ag will allow the fabrication of smooth, highly oriented, 
superconducting BSCCO films on polycrystalline metal substrates. 
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Figure 5. Resistance vs. temperature curve for a BSCCO film on 
an Ag/MgO structure. The superconducting transition, 
which is similar to that of a BSCCO film on MgO, has 
an onset of 85 K and a Tc(R=O) of 65 K 
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Noble Metal Buffer Layers on Substrates: Highly 
oriented, superconducting BSCCO films were fabricated on both 
Ag/MgO and Ag/YSZ structures. Figure 4 presents the x-ray 
diffraction pattern for a BSCCO/Ag/MgO sample that was annealed 
at 870°C for 30 minutes in 20% 02/80% Ar. As expected, the x-ray 
diffract.ion pattern indicates that the Ag did not react with the 
BSCCO film and that the film was highly oriented, with a 
(0,0,10): (1,1,0) ratio of 21. The superconducting properties of 
this sample were measured using a standard four point probe 
technique. As shown in figure 5, this BSCCO/Ag/MgO sample 
exhibits a superconducting onset temperature of 85 K and a 
Tc(R=O) of 64 K. In comparison, a BSCCO/MgO sample that was 
annealed under identical conditions exhibited an onset 
temperature of 72 K and a Tc(R=O) of 65 K. The low onset 
temperature of the control sample and the wide transitions of 
both samples are probably due to the fact that the composition 
of these films was slightly off stoichiometry. Nevertheless, 
polycrystalline Ag underlayers were not detrimental to the 
superconducting properties of BSCCO films on these substrates. 

It was much more difficult to fabricate superconducting 
BSCCO films on Ag/(reactive substrate) structures. Initially, 
several reactive substrates, including A1203, Si02/Si, and Haynes 
230 alloy, were investigated. Because the results indicated 
that the Ag buffer layer was not acting effectively on any of 
these substrates, only one substrate, A1203, was investigated in 
depth. Figure 6 compares the morphologies of two BSCCO/Ag/A1203 
structures .that had 0.5 ~m thick buffer layers. The first 
sample was annealed at 870°C for 30 minutes in 20% 02/80% Ar. As 
shown in figure 6a, the Ag "balled up," allowing the BSCCO film 
to react with the exposed A1203 substrate. Energy dispersive x
ray analysis (EDX) was used to determine that the "balls" are 
pure Ag. This morphology was observed for all samples that were 
annealed at 870°C, regardless of the oxygen partial pressure 
during the anneal. Although thicker Ag layers (2.0 ~m) did not 

(a) (b) 

Figure 6. SEM micrographs of annealed BSCCO/Ag/A1203 structures. 
a) 870°C anneal: The Ag layer "balled" up and the 
BSCCO film reacted with the underlying substrate. 
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"ball up" during 870°C anneals, they did not prevent the BSCCO. 
films from reacting with the underlying Al203 substrates. X-ray 
diffraction indicated that none of these samples contained the 
2212 phase. 

In contrast, lower anneal temperatures significantly 
improved the performance of the Ag buffer layer. Figure 6b 
shows that, when a BSCCO/Ag/A1203 sample was annealed at 820°C 
for 30 minutes in 2% 02/98% Ar, the Ag layer did not "ball up" 
during this anneal. Moreover, the microstructure of the BSCCO 
film is characteristic of the early stages of the 2212 phase 
formation, before secondary grain growth occurs. X-ray 
diffraction showed that the 2212 phase is present in the film, 
and that it is slightly oriented with a (0,0,10): (1,1,0) ratio 
of 1.5. However, the sample has a superconducting transition 
with an onset temperature of 65K and a Tc(R=O) of 10 K. Samples 
that were annealed at 820°C in higher oxygen partial pressures 
(10% 02) exhibited similar morphologies and properties. These 
results indicate that, for these annealing conditions, the Ag 
buffer layer protected the BSCCO film from the A1203 substrate. 
However, it did not allow a BSCCO film with well connected and 
highly oriented 2212 grains to form. 

In summary, the performance of the Ag buffer layer in 
BSCCO/Ag/substrate structures is affected by the choice of 
substrate and the anneal.temperature. Although the morphology 
of the Ag layer was affected by the Ag thickness, the overall 
performance was not. Because it is possible to fabricate highly 
oriented superconducting BSCCO films on Ag substrates, these 
results suggest that Ag/substrate interactions, rather than 
BSCCO/Ag interactions determine the effectiveness of the Ag 
buffer layer. The mechanism by which theAg layer fails to 
protect the BSCCO film from the underlying substrate is not yet 
known. Possibilities include hillock formation and 
agglomeration in the Ag layer11 and rapid diffusion between the 
BSCCO film and the substrate, probably along grain boundaries in 
the Ag layer. 

CONCLUSIONS 

The use of noble metal buffer layers and substrates for 
Bi2Sr2CaCu20a (BSCCO) films was investigated. Thin film 
techniques were used to evaluate Ag, Au, and Pt substrates for 
BSCCO films. Superconducting BSCCO films could not be fabrica
ted on either Au or Pt substrates. In contrast, highly oriented 
superconducting BSCCO films were fabricated on polycrystalline 
Ag substrates. However, the exsolution of gaseous species or 
the volatilization of impurities from the Ag substrates resulted 
in the formation of bubbles in the BSCCO films. It is expected 
that superconducting BSCCO films that are both highly oriented 
and "bubble-free" can be fabricated using purer Ag substrates. 

Highly oriented, superconducting BSCCO films were also 
produced on Ag/MgO and Ag/YSZ structures. However, it was not 
possible to fabricate superconducting BSCCO films on Ag/Al203, 
Ag/Si02/Si, or Ag/(Haynes 230 alloy) structures using the same 
high temperature annealing conditions. In each case, the Ag 
became discontinuous and the BSCCO film reacted with the 
underlying substrate. At lower annealing temperatures, the Ag 
was more effective as a buffer layer between BSCCO and Al203. 
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This suggests that, as in situ fabrication techniques are used 
to lower the processing temperatures required to form supercon
ducting BSCCO films, Ag is likely to be an effective conducting 
buffer layer for many technologically useful substrates. 
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ABSTRACT - We have measured the tunneling spectra of some high temperature 
superconducting crystal break junctions at 4 K. The samples were thin 
plates of Bi2SrCa2Cu20s compound. The tunneling spectra (conductance 
versus voltage) were not typical of BCS superconductor tunneling 
electrodes. The spectra of higher-resistance break-junction settings (R > 
1 MD) show a tunneling gap on top of a linearly increasing conductance 
background signal. "Harmonic" dip features in the spectra of lower 
resistance break junction settings (R < 1 MD) indicated tunneling between 
multiple particles in the vicinity of the primary (highest resistance) 
contact of the junction. The dips occurred at about the same current but 
shifted in voltage when the resistance of the break junction was 
continuously adjusted to new settings. 

Several laboratories have fabricated tunnel junctions having high
temperature superconducting electrodes. The collected data show some 
correlation among I-V characteristics,1-3 but there are still 
inconsistencies between ostensibly similar tunnel junctions. Gap features 
in the tunneling current-voltage (I-V) characteristics and Josephson weak 
links have been observed for several types of junctions. The precise size 
of the tunneling gap and the IcR products of weak links, however, depend 
not only on electrode materials, but on the method used to fabricate the 
junction. This paper is part of a systematic study to determine the causes 
of the inconsistencies in tunneling I-V curves of high temperature 
superconductor junctions. We think that some data variability stems from 
uncertain material quality. Tunneling measurements are very sensitive to 

t Contribution of the National Institute of Standards and Technology, not 
subject to copyright. 
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the superconducting properties within a superconducting coherence length of 
the surface of the tunnel junction electrodes. This fact combined with 
estimated coherence lengths of less than 2 nm for high temperature 
superconducting copper oxides,4 implies that the crystallinity and 
stoichiometry of the compounds should be maintained very near the tunnel 
barrier interfaces. We propose, then, that tunnel junction structures 
consisting of two pristine single crystal electrodes separated by a 
"vacuum" barrier, or an epitaxial trilayer with two thin films separated by 
an inert barrier, will be required to obtain "good" tunneling data for high 
temperature superconducting materials. Freshly cleaved crystal surfaces 
used as tunneling electrodes in a single-crystal break junction, for 
example, may provide consistent data representative of the intrinsic bulk 
superconducting properties of the crystal. 

The tunneling data presented in this paper are for some single-crystal 
Bi 2SrCa2Cu20s break junctions. Previous results for single-crystal 
HoBa2CuS0 7 _6 and T1 2CaBa2Cu207 break junctions are reported in references 5 
and 6, respectively. The tunneling data for the HoBa2CuS0 7 _6 crystal break 
junctions were inconclusive. Only weak tunneling gaps were observed in the 
I-V curves and low-resistance contacts were normal. The results for 
T12CaBa2Cu207 break junctions, on the other hand, showed clear tunneling 
gaps and low-resistance contacts were superconducting. 

The crystals of Bi 2SrCa2Cu20s were grown from a nonstoichiometric melt 
of Bi2.sSrCa2Cu20s. The excessive Bi 20s was intended as a crystal growth 
flux. Powders of SrCOs , CaCOs , and CuO were ground together to form the 
starting mixture. The mixture was then sintered in air at 800°C for 15 min 
and then at 950°C for 4.5 h. The reacted powder was mixed with Bi 20s and 
ground again. This mixture was then melted in a heated alumina crucible at 
900°C for 5 h. The melt was cooled slowly at l°C/h to 200°C in air. 

Fig. 1. SEM micrograph of crystal plates removed from the Bi 2SrCa2Cu20s 
melt. These crystals are typical of the ones used for break junction 
tunneling measurements. They are thin mica-like sheets approximately 50 ~m 
thick. 
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Fig. 2. The ac susceptibility of Bi2SrCa2Cu20s crystal mass as a function 
of temperature. 

We used the break junction method7 to generate a mechanically 
adjustable tunnel junction within the fracture of the crystals. Each 
crystal was mounted between two glass plates fastened to the surface of a 
glass beam. The crystal was subsequently fractured by bending the beam. 
Precise control of the bending force allowed us to establish a tunneling 
contact within the freshly exposed surfaces of the fracture. The junctions 
could be continuously adjusted from an open contact (R > 100 MO) to point 
contact. The crystals were broken in liquid helium at 4 K to minimize 
contamination of the fractured surfaces serving as the electrodes of the 
tunnel junction. Figure 1 is a scanning electron microscope (SEM) 
micrograph of the type of Bi 2 SrCa2 Cu20s crystals used in our experiment. 
The larger flakes (approximately lxlxO.Ol mm3 ) were removed from the mica
like mass of the preparation melt with tweezers. The crystals were then 
fastened to the break junction substrate with epoxy. Silver contacts were 
painted to the corners of the crystals for electrical contact. Contact 
resistances were typically around 10 o. 

The ac susceptibility measurement of a melt chunk indicated that the 
onset temperature for superconductivity was 110 K (see Fig. 2). The 
transition has a large diamagnetic signal starting at 90 K. The mid-point 
of the transition was at 80 K. The fraction of the 110 K phase estimated 
from the susceptibility data was 1%. 

The ac resistance of the crystals was measured during the initial 
cooling of the break junction apparatus. The results are shown in figure 
3. The mid-point resistive transitions occurred at 110 K with the onset of 
the transitions beginning above 120 K. At 100 K the resistance of the 
sample fell below the detection limit of the measurement of 10 ~O. The 
broad resistive transitions and the 110 K onset evident in the 
susceptibility data indicate that the crystals may be multiphased 
containing intergrowths with a distribution of transition temperatures. 
Multiple phase intergrowth has been observed previously in the Bi an Tl 
based superconducting CuO compounds. s 

The I-V curves and the corresponding dynamic conductance as a function 
of voltage (G-V) were me.asured simultaneously using the circuit described 
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10 

TEMPERATURE (K) 

Fig. 3. Resistance versus temperature for a BizSrCazCuzOs crystal in the 
break junction apparatus before fracture. 

in Ref. 9. A 137 Hz, 1 mV modulation signal was used in the conductance 
measurement. Figure 4 shows the I-V and G-V curves of a Bi 2 SrCazCu 2 0s 
break junction at 4 K. Conductance peaks are located at ± 63 mV. The 
difference between these numbers should be roughly equivalent to 4n/e, were 
n is defined to be the BCS energy gap of the electrode surfaces. Thus we 
conclude tha·t n = 31.5 ± 1 meV for this junction setting. Other settings 
of this junction resulted in smaller tunneling gaps or gapless I-V curves. 
At lower-resistance settings of the junctions the G-V curves showed sharp 
dips in a linearly rising conductance with increasing voltage. Figure 5 
shows the I-V and G-V curves for two lower-resistance settings of a 
BizSrCazCuzOs break junction. The junction resistance increases as shown 
in figures 5a and 5b, when the break junction substrate is continuously 
flexed to open the tunneling contact. The G-V curves show a generally 
increasing conductance with increasing voltage similar to the higher-
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resistance settings of the junctions. Also, there are sharp dips in the G
V curves that sometimes occur at what appear to be harmonic voltage 
intervals. Similar tunneling spectra of Bi-based CuO superconductors have 
been reported by other authors.l0,11 A key aspect of our results is that 
the location of the dips in the tunneling spectra are correlated to the 
current levels. As the junction is mechanically adjusted to continuously 
increase its nominal resistance, the dip voltages continuously shift 
upwards. In contrast, the dip currents remain relatively constant. Also, 
the currents where dips occur are different for different crystals. We 
conclude that this "switching" phenomenon is not intrinsic to the compound 
but characteristic of the individual break junctions. The dips are 
probably associated with multiple critical current levels specific to the 
local structure of the break junction sample in the vicinity of the 
tunneling contact. Apparently the break junction consists of a series of 
weak links or Josephson junctions. Similar switching has been observed in 
break junctions of polycrystalline YBa2Cu307_0.12 This is not surprising 
due to the weak link nature of the polycrystalline high Tc samples. It is 
surprising, however, that switching is observed in the single crystal 
Bi2SrCa2Cu20s break junctions. Perhaps breaking the crystals results in a 
complicated fracture with multiple tunneling contacts. Or perhaps the 
crystals tested here have a lamellar structure with interleaving or 
syntactic superconductor-insulator layers. 

A lower resistance setting of the Bi 2SrCa2Cu20 s break junction 
discussed above (see Fig. 5) resulted in the data shown in Fig. 6. A zero 
bias conductance peak revealing the presence of a weak supercurrent is 
evident in the G-V curve. This is further evidence that the material is 
superconducting in the vicinity of the tunneling contact of the break 
junction. 

In conclusion, we have observed tunneling gaps in Bi2SrCa2Cu208 
crystal break junctions. The tunneling gaps are clearly visible in the G-V 
tunneling spectra for junctions with nominal resistances above 1 MO. For 
lower resistance settings of the junctions the sharp dips in the G-V curves 
occur at given critical current levels. The dip features shift to higher 
biases as the resistance of the break junction is increased. We speculate 
that the dips in the G-V curves are a result of a network of weak links in 
the vicinity of a primary tunneling contact. As the resistance of the 
primary contact increases the dips move out to higher voltages. We think, 
therefore, that it is important to make tunneling gap measurements at 
higher break junction resistances for these crystals. This insures that 
the gap will not be obscured by the anomalous dip features in the G-V 
curves. High resistance contacts also imply that tunneling is limited to a 
small area, thus improving the chances of probing a single phase of the 
compound. 
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GROWTH OF LARGE (La1_xsrx)2cuo4 SINGLE CRYSTALS 

AND REDUCTION OF OXYGEN DEFICIT 

S. N. Barilo, A. P. Ges', S. A. Guretskii, 
D. I. Zhigunov, A. A. Ignatenko, I. D. Lomako, 
A. M. Luginets, and V. N. Shambalev 

Institute of Solid State and Semiconductor Physics 
Belorussian Academy of Sciences 
Minsk, BSSR 

INTRODUCTION 

(La 1 _ Sr )2Cu04 quasiternary compounds possess a number 
of unique Bhygical properties related to structural, magnetic, 
metal-dielectric and superconducting phase transitions. The 
problem of single crystal growth of these cuprates is very 
important for their comprehensive study. Its solution is 
complicated by incongruent melting and by the fact that all 
the materials of the technological equipment are heavily corroded 
by the fluxes. Lanthanum-strontium cuprates are grown from 
the lithium 9~3ate or sodium borate fluxes or stoichiometric 
copper oxide • The disadvantage of the borate solvents is 
the incorportion of impurity i9ns into the growing crystals, 
for instance, up to 8 at. % Li. The use of superstoichiometric 
CuO as a solvent excludes the incorporation of the impurities 
into the single crystals, although the decompositon of cupric 
oxide at elevated temperatures hampers the formation of single 
crystals with stoichiometric oxygen. The best results have 
recently been reported on the technique of slow pulli~g of seeds 
from the surface of the superstoichiometric flux-melt. 

EXPERIMENTS 

In this work we employed the technique of growth of a 
limited number of seeds on a platinum crystal holder in the 
dynamic regime. Cupric oxide or Li 4B20 S was used as a solvent. 
In both the systems of flux melts tfie lanthanum-strontium 
cuprates crystallize only at high concentrations of the crystal
forming oxides (more than 40 wt. %), which prevents their super
cooling. The width of the metastable range was l-l.SoC. With 
a view to limiting the number of seeds, a special crystal holder 
was designed and the minimum rate of temperature reduction was 
1-2°C/24 hrs. A small width of the metastable range specifies 
the following requirements on the crystal holder: 
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1. To avoid the formation of parasite crystals the rod 
of the crystal holder should be overheated with respect 
to the flux melt. 

2. The crystal-forming surface, on the contrary, should 
be overcooled and washed regularly and uniformly by 
the flux-melt stirring. 

3. The crystal holder should stir the solution intensively 
for a long time, i.e. its construction should be suffi
ciently rigid. 

4. The crystal-forming surface should be convenient enough 
for removing the as-grown crystals. 

The supercooling of the seeding surface was achieved by 
placing the crystal holder into the coolest range of flux melt 
near the axis of the cylinder platinum crucible with a pos i tive 
radial temperature gradient. The dynamical regime ensured 
intensive washing of the crystals by the flux melt during growth. 

High-quality bulk La2cuo4_o crystals (Fig. 1) were synthe
sized in the following way. The flux melt was homogenized at 
temperatures 15-30°C higher than the saturation temperature, 
and thereafter rapidly cooled to temperatures 1-2°C higher than 
that of spontaneous crystallization. Then the temperature was 
lowered at a rate of 1-2°C/24 hrs, with the flux melt mass being 
500-1500 g. In this case the initially nucleated crystals on 
the crystal-forming platinum surface attracted the maximum of 
crystal-forming oxides, thus minimizing the possibility of 
formation of parasite centers of crystallization. The number 
of these centers and the final size of the as-grown crystals 
are determined by the accuracy of the temperature adjustment, 
the quality of the initial reagents and the nucleation surface, 
the temperature and concentration gradients in the flux melt, 
the rate of temperature decrease and, finally, by the total 
duration of the process. 

While growing lanthanum cuprates substituted by Sr from 
both solvent systems, some additional difficulties arose due 
to the increasing viscosity of the 1lux melts and large 
distribution coefficients of the Sr + in them. Thus, for the 
(La 17 Srx)2Cu04_o -Li 4B20 5 system this coefficient varies from 
10 wd~h x<O.05 to 4 wltfi x> 0.05, while the formation of single 
crystals with x>0.08 is extremely difficult because of sharp 
deterioration of flux-melt properties and precipitation of the 
accompanying phase of lanthanum borate, LaB03 • The attempted 
reduction of the flux-melt viscosity through the introduction 
of excess Li 20 resulted in the appearance of single crystals 

Fig. 1. Single crystals of La 2Cu0 4_o 
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Table 1 • Flux-melt composition, technological parameters and 
distribution coefficient K for single crystal growth 

Sam- Flux compositon, mol % Cooling rate, 
ple, La 20 3 SrO CuO 
No. 

Li 20 B20 3 °C/24hrs K 

1 17.7 4.6 19.4 38.9 19.4 0 4.8 
2 1 4.1 6.3 16.2 42.9 21 .1 40 5.0 
3 17.5 5.6 19.2 38.5 19.2 1 .2 4.6 
4 17.5 3.4 19.7 39.3 1 9.7 0 4.7 
5 1 4.1 6.3 16.2 42.9 21 .1 8 5.0 
6 13.2 11 .3 18.9 37.7 18.9 0 2.6 
7 1 3.0 87.00 0 
8 13.5 1 .5 85.0 1 5.5 
9 13.4 2.9 83.7 5.4 

10 12.6 4.2 83.2 4.6 

of lanthanum-strontium cuprate-platinate with a body-centered 
cubic structure and elevated concentrations of lanthanum and 
platinum which had not been observed earlier. The study of 
chemical composition and kinetic properties of single crystals 
are underway. 

For the stoichiometric CuO flux the Sr distribution 
coefficient was approximately 5. Some flux-melt compositions 
and growth parameters for various experimental runs are listed 
in Table 1. It is essential to note that the corrosion of 
platinum equipment increased with increasing Sr excess in the 
flux melt and wire increasing rate of stirring. Accordingly, 
the growth regime was chosen depending on the requirements 
imposed by size and quality of single crystals. 

ANALYSIS OF CHEMICAL COMPOSITION AND STRUCTURE 

Due to the very large coefficient of the Sr distribution 
and imperfection of the (La 1 _ Sr )7CU04_0 single crystals for 
oxygen qualitative estimationxofXtneir chemical composition 
as a function of the Sr excess, the growth temperature range, 
and quenching temperature of the samples was made by X-ray 
fluorescence analysis. A polycrystalline superconducting 
La 1 8SrO 2Cu04 pellet was used as a reference. Since the Sr 
concentatlon In the samples is not large, the change of its 
concentration insignificantly influenced the mass coefficient 
of absorption~. Therefore the Sr(Ka ) line intensity, 
normalized to the intensities of the peaks of copper and 
la~thanum, in the first approximation, is proportional to the 
Sr + concentration in the samples and in the reference. 

The results are summarized in Table 2. Qualitative 
estimation of the chemical composition of the as-grown single 
crystals was performed by neutron activation analysis. The 
results are presented in Table 3, from which stability of the 
elemental compositon of the samples irrespective of the qu3nching 
conditions of the samples is evident. In this case the La + 
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Sample, 
No. 

1 
2 
3 
4 
5 
6 
8 
9 

10 

Table 2. Single crystals La 2 _x Sr cu04 _ X-ray 
fluorescent analysls da£a 

Ratio of peaks area 3 
Sr/Cu Sr/La, 10-

0.79 
0.76 
1 • 1 7 
0.46 
0.72 
1 .94 
0.30 
0.60 
0.87 

4.3 
3.3 
5.3 
2.6 
3.4 

12.0 
3.2 
6. 1 
6.6 

Sr2 concentration, X 
for SrCu for Sr/La 

0.057 
0.055 
0.084 
0.033 
0.052 
0.140 
0.025 
0.050 
0.070 

0.066 
0.051 
0.081 
0.040 
0.052 
0.180 
0.032 
0.060 
0.067 

concentration exceeds by 0.5-0.6 wt. % that estimated. The 
oxygen concentration in the samples was determined by subtraction 
of the lanthanum and copper mass from the total mass. 

The oxygen concentration in most cases is lower than the 
stoichiometric one and varies greatly depending on which part 
(near the surface or bulk) of the crystal was analysed. The 
most homogenous crystals with respect to oxygen are those grown 
at minimum cooling rates (about 1°C/24 hrs) and quenched from 
750°C. To improve the analysis conditions for Sr and pt, the 
samples were irradiated in cadmium containers. The analysis 
data are summarized in Table 4. These samples are distinguished 
by a lower Sr distribution coefficient compared to those grown 
from the CuO solvent, however, they indicate the presence of 
platinum in their compositon. The source of the latter is corro
sion of the platinum incorporates, as Pt02 in copper vacancies 
of the crystal lattice. This is confirmea in particular by 
analysis of the crystals of the new cuprate-platinate phase, 
in which the platium concentration appreciably exceeds that 
of copper. The tentative composition of these crystals can be 
expressed by the general formula La 2_xSrxpt 1_ Cu 07_z. In the 
single crystals of lanthanum strontlum cuprat~ g¥own from the 
solution of superstoichiometric copper oxide no paltinum has 
been detected within the limits of the analysis. The crystal 
structure of the (La 1_ Sr )2Cu04_6 single crystals was examined 
by X-ray diffraction (eU Ra -radiation). The pyramid-like 
La 2Cuo 4 _o single crystals were faceted in the rhombic indication 
by the [1111 and [0011 planes. The incorporation of strontium 
into the crystal affected the morphology: the growth rate along 
the [0011 direction was reduced and the samples were plate-like. 
The single crystals of the lanthanum-strontium cuprate-platinate 
phase exhibited well-developed faces (001), (110) and (101) 
peculiar to the body-centered cubic lattice (a=l 2.299 5{ ) • 

The dependence of the quantity and size of the La 2cu04 _ o 
crystals on both the rate of temperature reduction durlng growth 
and on quenching temperture has been found. It has been revealed 
that an increase of the quenching temperature from 400 to 
1150°C leads to the formation of small crystals characterized 
by dense structure and good quality. Large La2 Cuo 4 _ o crystals 
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Table 3. La 2Cu0 4 _ single crystal neutron activation 
analysls data vs. quenching temperature, T , 
of sample 7 q 

Experimental concentra- Calculated concentra-
tion of the element, wt. % tion of the elem~~t (for 

T °c stoichiometric ° ), wt.% q' 

La Cu ° La Cu ° 
1150 71 .5 14.8 14.3 69.8 14.4 15.8 

750 75.2 17.0 7.8 68.7 16.2 15.8 
400 69.1 14.3 16.4 69.7 14.5 15.8 

are formed at low quenching temperatures (-400°C), w~th deterio
ration in the quality of the grown crystals being connected 
both with nonuniform distribution of oxygen (or mixed-valency 
copper) in the crystal and changes of the rhombic lattice para
meters over a wide range (a=5.345-5.335R, b=5.396-5.380R , 
c=13.130R). After thermal treatment of the samples in fluwing 
oxygen at 750°C for 72 hrs, a noticeable decrease in the peak 
widths has been observed (3 fold) and a good separation 
(Ka l , K a Z ) for the lines (333). Obiervation of crystals with 
a small amount of strontium has shown the parameters a and c 
of the rhombic lattice to increase slightly due to the small 
coefficient of the Sr distribution (ao =5.353 R, a 1 =5.364 R , 
c o =123.145R ,C 1=13.174R). 

THERMAL TREATMENT 

The as-grown single crystals are characterized by oxygen 
deficiency that reduces structure-sensitive materi~l properties, 
for instance the electrical resistance rises to 10 ohm. The 
filling of vacancies in the anion sublattice of the oxide mater
ial, in accordance with the thermodynamics of equilibrium proc
esses, is possible at fixed temperature through changing 

Table 4. Neutron activation analysis data for single 
crystals of (La 1_ Sr )2Cuo4_o grown from 
lithium borate ana cUpric oXlde as solvent 

Sample, Solvent Concentration of the element, wt. % 

No. La Cu Sr Pt ° 1 Li 4B20 5 62.5 15.2 2.0 0.7 19.6 

4 Li 4B20 5 62.0 14.3 0.4 1 .7 21 .6 

6 Li 4B20 5 60.7 13.9 1 • 7 2.2 21 .8 

7 CuO 71 .4 12.3 0.09 16.3 

8 CuO 73.7 12.0 0.6 0.09 13.7 

9 CuO 68.7 1 3.7 0.9 0.09 1 6.7 

10 CuO 72.5 13.6 0.8 0.09 1 3 • 1 
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the chemical potential of oxygen in the atmosphere. Since the 
oxygen saturation process of single crystal (La l _ Sr )2Cu04_o 
is primarily specified by_~~e oXY2T~ di~fusion co&fftclent which 
is small (no more than 10 - 10 cm / s) at temperatures 
of solid phase reactions, the intensification of the process 
is only possible when the partial oxygen pressure increases 
exponentially. One of the promising means of increasing the 
chemical potential of oxygen at the single crystal interface 
is the forced oxygen transport technique under constant electric 
field at the superionic conductor-oxygen containing material 
boundary. We employed the open system 

with inert porous platinum elect~odes which were placed in a 
heating chamber with P 2 = 2.110 Pa. The heating was carried 
out at temperatues fro~ 100 to 800°C, the density of the curren1 
passing through the system varied over the range 0.01-12 mA/cm • 
After a certain period of relaxation the samples were quenched 
in air. Next, the samples were examined in an X-ray diffracto
meter and their electrical resistance was measured. 

It has been established that the optimal temperature, at 
which the reaction is most intensive, is 550°C. That corresponds 
to the temperature of crystal structure transformation. 

Increasing the current density caused a decrease of 
electrical resistance of the single crystals. In this case 
the reaction time was reduced as compared to that of the initial 
exposure (60 minutes) due to the oxygen supersaturation of the 
crystal surface resulting from the prolonged thermal treatment 
and the decay of the solid phase fo 2ming a porous structure. 
At a current density of 1.5-2 mA/cm and an exposure time of 
20 minutes, the ma1erial became a semiconductor with a resistance 
on the 02der of 10 ohm. Increasing the current density to 
5 mAl cm brought about a decrease of electrical resistance 
by an order of magnitute. However, appreciable anisotropy of 
electrical resistance persists along different directions in 
the crystal irrespective of the arrangement of the solid electro
lytes relative to the single crystal during the reaction. 
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INFLUENCE OF DOPING BY MICROAMOUNT TECHNETIUM ON SUPERCONDUCTIVITY 

AND MECHANICAL PROPERTY FOR THALLIUM SYSTEM* 

INTRODUCTION 

R.S. Wang, H.M. Lee and P. Nar 

Department of Chemical Engineering, Tianjin University 
Tianjin 300072, P.R. China 

On the base of the Tl-system high Tc superconductor[1-2], a new 
Tl-Tc-Ba-Ca-Cu-O system, which has good mechanical and electromagnetic 
properties and fine chemical stability, has been developed by doping 
with microamount of technetium (Tc) in the exploration of increasing 
superconductive transition temperature. 

EXPERIMENTAL 

A typical procedure for preparing the samples is the following. 
Appropriate amount of high purity (99.99%) T1203' Ba02' CaO, CuO and 
microamount of TC207 were weighed stoichiometrically, ground and 
thoroughly mixed in an agate mortar. The well-mixed oxides were calcined 
at 880°C in air for 8h, then reground and pressed into pellets with 
a diameter of l2mm and a thickness of 2mm. The pellets wrapped with 
gold foils were put in a sealed quartz tube containing 1 atmosphere 
of 02' It's much better to put the pellets on the inert samples prepared 
previously to avoid inducing impurities, referring to Fig .1. The tube 

was then put into a tube furnace, which had been heated to 880°C, and 
was sintered for 10 minutes. The samples were then cooled by furnace 
colling to room temperature. 

The preparation of powder has also used the chemical method. The 
oxides powder prepared by citric acid complexa.tion evaporating method 
has homogeneous composition and granularity, good reaction activity, 
high purity. This can avoid inducing impurity element Si, which has 
an adverse effect on the superconductive property of the material, 
in grinding process. 

* Project sponsored by the National Natural Science Foundation of China. 
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quartz tube with 1 atm. of 02 

Au f oil inert sample prepared previously 

Fig.l Experimental arrangment for reaction of TI-Tc-Ba-Ca-Cu-O system 

RESULTS AND DICUSSIONS 

The result of resistance versus temperature curve is shown in 
Fig. 2. The resistance of the sample prepared by the chemical method 
has po'Sitive relation above l44K, namely dp/dT>O, and a great descent 
at 138K, but it trials a tail to reach zero resistance until l2lK. 
This forebodes a possible extraordinary phenomenon of superconductive 
behaviour at about l38K. 

Superconductivity persisted 
placed in air for five months, 
retained in a sample boiled in 
exposed in air for two weeks. 
behaviour. 

in some samples after having been 
and superconductivity at 96K still 

boiling water for two hours and then 
This showed a fine antihydrolysis 

By measurement, we note that doping with microamount of Tc makes 
the superconductor improve its mechanical properties obviously. When 
molar ratio of Tc to TI is 0.002, its microhardness is increased by 
6.2 times, while doping has only a little influence on the zero 
resistance. We think, therefore, that doping of Tc plays an important 
role in improving the mechanical properties and the chemical stability. 
By doping experiments of some microamount elements, we can derive some 
information about the micromechanism of the superconductivity[3]. 

Some peculiar electromagnetic properties due to doping with Tc 
have been observed in this material. 
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Fig.3 I-V characteristic curve of a sample at 77K under zero field 

The I-V characteristic curve shows a clear hysteresis, and the 
critical current and resistivity are obviously related to the variation 
process of the applied magnetic field and the measuring current, 
referring to Fig.3. Some authors explained the hysteresis by the capture 
of weak links among grain superconductors to the magnetic flux. This 
explanation implies that the hysteresis is connected with the 
superconductivity of grains. We have measured the I-V characteristic 
curve at room temperature (303K) under zero field, noting the existence 
of the hysteresis, referring to Fig.4. It shows that maybe the 
explanation above isn't all-round enough, or there are probably some 
superconductive evidences at a higher temperature. 

In a word, Tl-system samples prepared by doping with microamount 
of technetium have such advantages as high Tc, good mechanical and 
electromagnetic properties and fine chemical stability. We think that 
doping wi th technetium makes the sample improve its mechanical 
properties, and doping with Tc is probably the essential reason of 
the peculiar electromagnetic properties. Futher study to this new 
material is still in progress. 
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Fig.4 I-V characteristic curve of a sample at room 
temperature (303K) under zero field 
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Pb2YO.SCaO.SSr2Cu30S+x SUPERCONDUCTING CERAMICS 

FROM GLASS CRYSTALLIZATION 

ABSTRACT 

Haixing Zheng and J.D.Mackenzie 
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Pb2YO.SCaO.SSr2Cu30y forms a glass. The glass transition 

temperature and the first crystallization temperature of the glass are 

344°C and 3S7oC, respectively. The density of the glass is 6.3146 g/cm3 • 

Heat treatments of the glass in air do not produce Pb2CaO.SYO.SSr2Cu30y 

superconducting phase at all temperatures, but heat treatments of the 

glass in argon yield the Pb2CaO.SYO.SSr2Cu30y phase starting at 430oC. 

After being heat treated at 6600 C for S hours in argon, the sample is 

superconducting with an onset T of SO K. 
c 

INTRODUCTION 

Since high-transition-temperature superconducting La-Ba-Cu-O 

ceramics were reported1 , a series of new high-Tc super conducting 

ceramics were discovered, which included: RBa2Cu307_x (R = Y, Rare 

Earth)2, Y2Ba4Cu~0 3, Bi-Ca-Sr-Cu-O (Bi2Sr2Cu06 , Bi2CaSr2Cu20S and 

Bi2Ca2Sr2Cu3010) ,~, Tl-Ca-Sr-Cu-O (T12Ba2Cu06 , T12CaBa2Cu20S' 

T12Ca2Ba2Cu3010)6,7 and Bi-K-Ba-OS systems. At the end of last year, 

superconductivity in the Pb-Sr-R-Cu-O system was reported for 

Pb2Sr2RCu30S+x (R is a lanthanide or a mixture of Ln+Sr or Ca) with an 

onset Tc around 77 K9,lO. The preparation conditions for this new family 

of compounds were more strict: direct synthesis by the reaction of the 

component metal oxides or carbonates in air or oxygen at < 9000 C is not 

possible. Successful synthesis was achieved by the reaction of PbO with 

prereacted (Sr,Ca,R) oxide precursors in N2 (1% 02)9. Also the 

super conducting transition of the polycrystalline samples was broad: 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Tc(onset) = 79 K and Tc(zero) 
T = 76 K and T ( ) c(onset) c zero 
Subramanian et al. considered 

= 32 K of Cava et aI's samples9 , and 
10 55 K of Subramanian et al.'s samples • 

that the narrower transition of their 

samples might be attributed to the different synthetic method. Since the 

pure single phase of superconducting materials should have a much 

narrower transition width (AT = 1-2 K), alternate techniques to prepare 

this new family of high Tc superconductors should be investigated. 

The Bi-Ca-Sr-Cu-O system of high Tc superconductors has been 

prepared by glass crystallizationll- 14• The experimental results show 

several advantages of this technique: the practical pore-free 

superconducting ceramics14 , the control of the microstructure of 

ceramics15 and the ease of fabrication of different shapes of 

ceramics16 ,17. PbO is a conditional glass former like Bi203 , therefore 

the Pb-Y-Ca-Sr-Cu-O system should have a glass-forming region. In this 

work we report glass formation in the Pb2YO.sCaO.5Sr2Cu30y composition. 

The crystallization process of Pb2YO.sCaO.sSr2Cu30y glasses (P2YCSC 

glass) in air and Ar atmosphere have been investigated. The P2YCSC glass 

heat treated in Ar atmosphere yields Pb2YO.sCaO.sSr2Cu30y phase and 
shows superconductivity. 

EXPERIMENT 

Reagent grade Pb(N03)2' Y203, CaC03, SrC03 and CuO were mixed with 

the ratio Pb:Y:Ca:Sr:Cu = 2:0.5:0.5:2:3. 5 g batches were melted in a 

platinum crucible at 12000 C for 15 minutes. The melt was quenched by a 

brass twin-roller, which gives a cooling rate of _107 K/sec. The 

thickness of the resulting glasses was about 0.1 mm. 

Densities of glasses were measured by the Archimedean method using 

toluene as a medium. The glass transition temperature (TG) and the onset 
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Fig.2 DTA (a) and DSC (b) of P2YCSC glass in air and Ar 

crystallization temperature (T ) were analyzed using the thermal 
x 

analysis system (Perkin-Elmer DTA 1700 and DSC ) at a heating rate of 

10oC/min. X-ray diffraction was carried on the powder samples using Cu ~ 

radiation. Electrical resistivities of the samples were measured by the 

standard four-probe technique (the current density for the measurement 
2 was 50 rnA/cm , a.c. 10 Hz). The temperature was monitored using a diode 

sensor with a Model DRC 80 Temperature Controller (Lake Shore 

Cryotronics Inc.). 

EXPERIMENTAL RESULTS AND DISCUSSION 

The x-ray diffraction pattern of the quenched material is shown in 

Fig.l, which indicates the material is non-crystalline. The thermal 

analyses (DTA and DSC) of the quenched material shown in Fig.2 further 

support the glass formation by showing the glass transitions. The glass 

transition temperatures (TG) and the crystallization temperature (Tx) 

are 344°C and 387oC, respectively. The density of the glass is 6.3146 

g/cm3• 

The difference between Tx and TG is one of the indicators for 

glass stability. The (Tx - TG) of Pb2YO.sCaO.sSr2Cu30y glass (P2YCSC 

glass) is 430 C. Since normal stable glasses have (Tx-TG) > sOoC, the 

(Tx- TG) of 43 0 C implies that the P2YCSC glass is unstable. As it is 

known, PbO can not form glass by itself. However Pb2+ is a highly 

polarisable cation. In the presence of strong polarization cations, Pb2+ 

cations may change the coordination number and enter the glass network. 

This may be why P2YCSC can form a glass, but the glass is not stable. 
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Table 1 Phase Transformation of P2YCSC Glass at Different 
Atmosphere 

Onset Temperature 
(oC) 

344.0 
389.7 

457.5 

688.7 

886.2 

344.1 
387.1 

444.5 
625.5 
900.2 

LlH 
(call g) 

Air 
0.1012 cal/g.oK 

-3.21 

-2.34 

-3.01 

48.41 

Ar 
0.2077 cal/g.oK 
-7.55 

-8.25 
1.15 
2.82 

Characteristics 

glass transition 
crystallization of 
phase A 
crystallization of 
123-type phase 
crystallization of 
phase B 
melting 

glass transition 
crystallization of 

Pb2caO.~YO.5sr2cu3o -
11ke p ase y 
phase transformation 
partial melting 
melting 

As shown in Fig.2, P2YCSC glass has several endothermic or 

exothermic peaks above the glass transition temperature (TG). Table 1 

lists temperatures of these peaks and the heat of transformations. In 

order to understand the charateristics of these peaks, P2YCSC glasses 

are heat treated at different temperature (just above each peak 

temperature) for four hours, in air or in argon. The x-ray diffraction 

patterns of these samples are shown in Fig.3 and 4. 

In air, the sample still showed the amorphous x-ray diffraction 

pattern after being heat treated at 430°C. Since the releasing energy of 

the peak is small (-3.21 cal/g), the change in the structure should be 

small. When heat treated at 520°C, the sample consists of 123-type 
(Y,Ca)Sr2(Pb,cu)30x' CuO, and amorphous phase. The amount of 123-type 

(Y,Ca)Sr2(Pb,Cu)30x and CuO increases, while the amorphous phase 

vanishes when heat treated at 680°C. Therefore the exothermic peak at 

470°C is the crystallization peak of 123-type (Y,Ca)Sr2(Pb,Cu)30x phase. 

Comparision of the patterns of the glasses heat treated at 820°C and 

680°C indicate the formation of a new phase, which corresponds to the 

exothermic peak at 720°C. Since we have observed high intensity of x-ray 

diffraction peaks of CuO in a more PbO-contained sample: 
18 

Pb3YO.5CaO.SSr2Cu30y ,lead cations substituting copper cations in 123-
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Fig.3 X-ray diffraction patterns of PZYCSC glasses 

heat treated at different temperature for 

four hours in air 

type (Y,Ca)SrZ(Pb,Cu)30x phase is expected. There is no formation of 

PbZYO.SCaO.SSrZCu30y superconducting phase from the PZYCSC glass at 

temperature in air. 

The crystallization process of PbZCaO.sYO.SSrZCu30y glass in argon 
is completely different (Fig.4) although the first two exothermic peaks 

are located at almost the same temperatures. The heats of transformation 

of the first two exothermic peaks in Ar, however, are larger than those 

of the peaks in air (Table 1). The x-ray diffraction pattern of PZYCSC 

::J 

~ ,., ..., 
0", 

'" d 
QJ ..., 
d 

H 

20 30 40 

Angle (29) 

50 60 

Fig.4 X-ray diffraction patterns of PZYCSC glasses 

heat treated at different temperature for 

four hours in Ar 
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glass heat treated at 4300 C (above the first exthermic peak) in argon 

shows a broad peak with a sharp peak superimposing on it and a peak at 

-470 C, which indicates the formation of small Pb2CaO.SYO.SSr2Cu30y 
o 0 crystal in the glass. On further heat treatment at S20 C and 600 C 

(above the second exthermic peak), the x-ray diffraction peaks of the 

Pb2CaO.SYO.SSr2Cu30y phase become shapero The endothermic peak at 

62SoC may be due to the melting of the impurities which formed at low 

temperatures (Fig.4), and the formation of the small amount of the melt 

at 62SoC assists the growth of the Pb2CaO.SYO.SSr2Cu30y crystals which 

gives the perfect x-ray diffraction patterns. The index of this 

diffraction pattern of Pb2CaO.SYO.SSrO.SCu30y phase is base~ on the 

published x-ray diffraction data for the Pb2Sr2YCu30S phase. The sample 

is completely melted when heat treated at S600 C. It is clear that 

crystallization of the Pb2CaO.SYO.SSr2Cu30y phase from the P2YCSC glass 

is a gradual transformation, since at all temperatures the x-ray 

diffraction patterns show Pb2CaO.SYO.SSr2Cu30y phase diffraction peaks 

with minor differences in the separation of the x-ray diffraction peaks. 

C. Superconductivity 

Fig.S shows the relative resistivity (R/R300K ) of the P2YCSC glass 

(heat treated at 6600 C for eight hours in Ar) as a function of 

temperature. The resistance of the sample is about S ohms, which is much 

higher than other high T superconducting oxides. As shown in Fig.S, the 
c 
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resisvity of the sample increases with decreasing temperature, behaving 

like a semiconductor. At 80 K, the resistivity starts decreasing, then 

shows a large drop. However the decrease of resisvity becomes smooth at 

50 K. The sample does not show zero resistance even at 20 K. The reason 

still needs to be investigated. 

D. Summary and Conclusion 

There is a glass formation in Pb2YO.5CaO.5Sr2Cu30y' The glass 

transition temperature and the first crystallization temperature of the 

glass are 344°C and 3870 C, respectively. The density of the glass is 

6.3146 g/cm3• Heat treatments of the glass in air do not produce the 

Pb2CaO.5YO.5Sr2Cu30y super conducting phase at all temperatures, while 

the heat treatments of the glass in argon yield the Pb2Ca2YO.5Sr2Cu30y 

phase starting at 4300 C. After being heat treated at 6600 C for 8 hours 

in argon, the sample becomes super conducting with onset T of 800 K. 
c 
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A high purity aluminum composite conductor with an aluminum 
alloy matrix has been developed which retains both a very high 
resistance ratio and yield strength when cooled by liquid 
hydrogen. In typical cryogenic magnet applications, the 
composite aluminum approach is lighter in weight and more 
versatile than superconductors at any temperature as long as 
large flows of cryogenic hydrogen are permissible. 

INTRODUCTION 

Potential applications of pure metal conductors with 
extremely low electrical resisragce at cryogenic temperatures 
were considered in the 1960's. - The promise of high purity 
aluminum for achieving high operating electrical resistance 
ratios (RR=resistance at room temperature/resistance at 
operating conditions) with high residual resistance ratio pure 
aluminum (RRR=resistance at rOQm temperature/resistance at 4.2K) 
was not immediately delivered. b- 9 Retention of manufactured 
properties in the ultra-pure aluminum (5-9'8 to 6-9's pure) was 
difficult in practical environments because of extremely low 
strength10 , large grain effects~, magnetoresistance b,9, work 
hardening during magnet winding, uncontrolled annealing (even at 
room temperature and bel~w) and, cyclic strain induced 
increases in resistance 1-13. 

In 1961, the famous International Conference on High 
Magnetic Fields was held at M.l.T. in Cambrid14 MA where both 
Type II superconducting magnet demonSrr~ttgns and large liquid 
cryogen cooled magnet demonstrations " were announced. 
Water cooled magnets had reached practical cooling and power 
limits r~d were difficult to extend to higher field and larger 
volumes . The trade off between cryogenic resistive magnets 
and superconducting magnets became more and more favorable for 
superconducting magnets cooled by liquid helium. The best 
cryogenic coolants to provide maximym b5nrgit for resistive 
mag~e~s were liquid hydrogen at 21K ,4" and liquid neon at 
27K ' . The impact of liquid hydrogen hazards and liquid neon 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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costs ($250 l/liter today) on cryogenic resistive magnet 
operation combined with successful demonstration of stabilized 
superconductive conductors and magnets after 1968 resulted in 
superconductors dominating the laboratory and commerical market 
because thay were cheaper and easier to build and operate. 

Depending on the application and the superconducting 
material, an operating temperature of 2 to 10 K is mandatory to 
provide thermal stability. The helium coolant and refrigeration 
cycles required to maintain low temperature impose tremendous 
penalties for special applications such as space power systems, 
associated with maintainability, reliability, electrical power 
consumption, heat rejection radiators, as well as the extra 
weight of peripheral equipment. For these reasons, utt7ization 
of liquid hydrogen, often available in space vehicles ,makes 
pure metal ~ogductors again attractive. It has been long 
recognized ' that aluminum is the best material for this 
purpose with low weight and magnetoresistance among the main 
benefits. For example, a pure aluminum conductor with a 
residual resistance ratio of less than 1000 can perform the 
same job as a superconductor. Moreover, aluminum is only 40% 
of the mass of typical superconductors or other pure metals and 
could carry muc~ hig~er current densities than the practical 
limit of 2 x 10 A/m expected of lightweight superconductors. 
However, application of aluminum was stymied by unreliable 
mechanical and electromagnetic properties. 

A broad range of data in terms of impurity, magnetic field, 
size, strain, and fatigue effects on low temperature resistivity 
of high purity aluminum is now available8- 1S . The major dis
advantage of an aluminum conductor is its very low strength. 
This fact is even more serious for such applications as pulsed 
power devices where, in order to allow full current penetration 
during a short pulse, the conductors must be in the form of fine 
filaments. Since a braid of the filaments cannot be 
structurally supported, a better approach would be to embed 
aluminum filaments in a strong alloy matrix. In manufacturing 
such composite materials, enormous residual strain and 
deformation of the pure aluminum induces work hardening, causing 
a large increase in electrical resistance. Annealing of the 
heavily worked composite can remove most of the residual strain, 
but this causes diffusion of impurities or alloying elements 
from the matrix into the pure aluminum filaments and lowers the 
RRR value. Incorporation of diffusion barriers such as tantalum 
or niobium could alleviate these conditions, but these very hard 
materials cannot be processed in a practical manner with the 
very soft, ductile, pure aluminum in the composite. 
catastrophic sausaging of aluminum filaments or fracture of the 
entire work ~~ece usually prevails. Male and Iyer at 
Westinghouse pioneered multifilament aluminum using a 
structural aluminum alloy matrix with some success, but impurity 
diffusion remained a serious problem. 

The breakthrough in pr~~u1bng composite aluminum came about 
when a new AI-Fe-Ce alloy , was tes2Id ~s the matrix at the 
Wright Research ~nd Development Center -2 following the work 
at Westinghouse l . This lightweight, high strength material with 
favorable thermal and electrical properties was initt~~~~ 
developed at ALCOA for high temperature applications . 
With 8.4 and 3.6 wt.% Fe and Ce, respectively, it derives its 
strength from densely dispersed fine intermetallic particles, 
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particularly in the vacuum hot-pressed (VHP) condition following 
cold-compaction of powder snythesized prod~rts. Some of the 
relevant properties were reviewed earlier . The utility of 
the thermal stability of the dispersed AI-Fe-Ce intermetallic 
particles is also very valuable in reducing diffusion to pure 
aluminum filaments during annealing of a composite. 

EXPERIMENTAL PROCEDURES 

Feasibility studies of the composite conductor approach with 
an AI-Fe-Ce matrix began in 1984 with extrusion of composite 
billets using streamlined dies. Processing parameters 
(temperature and strain rate) were selected based on dynamic 
materials modeling such that dynamic recrysta~~ization of the 
original powder-metallurgy matrix would occur . In comparison 
with the VHP condition, dynamic recrystallization resulted in a 
product having lower room-temperature yield strength but much 
improved microstructure in terms of elimination of prior powder 
particle boundaries and a more homogeneous intermetallic 
particle distribution, which then allowed subsequent extrusion 
to be carried out at lower temperatures. Two sets of comp~~i2~ 
aluminum experiments, which had previously been reported, -
can be summarized in the following two paragraphs. 

Rods of 68.9 cm (19 1/4")diameter of commercially-pure 
(99.8%) Al were first inserted into drilled-through holes in a 
5.1 cm (2")-diameter x 10.2 cm (4")-10ng AI-Fe-Ce alloy billet. 
The composite billet was hot-extruded to an area reduction of 
12:1. Seven sections of the extrusion product were re-stacked 
in an Al matrix and re-extruded at 12:1. Finally, part of the 
133-filament composite was further extruded in multi steps at 
room temperaty:ge to a final diameter of 7.9 mm (0.31") at 
Westinghouse . This represented an overall area reduction of 
more that 100,000 times for each filament. Micrographs showed 
well defined boundaries between the matrix and filaments without 
observable cracks, indicating that the alloy and pure Al can be 
co-processed successfully. 

A second billet was prepared in the same way except that 
the nineteen commercially-pure Al rods were replaced by seven 
high purity (Puratronic grade, 99.98%) Al rods from Johnson 
Matthey Chemical, Ltd. so that Fe and Ce diffusion evaluations 
could be made. Following a 16:1 area reduction, no detectable 
Fe and Ce was found in the Al filaments by electron microprobe 
analysis, setting an upper limit of their concentration at 100 
ppm. Additional verification of this observation was based on 
residual resistivity ratio determinations at room temperature 
and 4.2 K. An electrical resitivity sample was prepared by 
machining a 22.9cm (9")-10ng section of the extrusion product to 
a 0.8cm (5/16")-diameter; the seven Al filaments comprised 1/4 
of the total cross section with the remaining 3/4 being the 
alloy matrix. Following a 2-hour anneal at 200C, the RRR value 
was found to be 400. By coupling this number with that of t.he 
matrix (RRR=17), it was concluded that the RRR value for Al 
filaments alone would be close to 900. This RRR is comparable 
to that of stress-free Al with a 99.99% purity. 

Described here are results of an unreported third set of 
experiments which further demonstrate the feasibility of this 
technology. Figure 1a shows a 7.6 cm (3")-diameter x 7.6cm 
(3")-10ng alloy ingot containing an array of sixty-one 0.635cm 
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(1/4")-diameter high purity Al rods from ALCOA which represents 
50% of the cross sectional area. The cross section of a 20:1 
extrusion product is shown in Figure 1b, again without 
appreciable distortion of the geometry. Following successful 
re-stacking and similar 20:1 extrusion procedures, Figure 1c and 
Figure 1d show the products containing 427 and 2,989 filaments, 
respectively. The latter product would contain filaments so 
small that resistance size effects would contribute. 

The feasibility of reducing the composites to flat 
conductors by rolling was examined. Figure 2 shows cross 
sections of the above-mentioned extrusion products with a 
sequence from round to a high aspect ratio flat strip which 
still contains seven separated high-purity filaments. Initial 
attempts at rolling with an external shell of AI-Fe-Ce resulted 
in fish scale fractures because of the high hardness and low 
deformation character of the material as shown in Figure 3. 
Subsequent cladding of the extrusion shell by a layer of softer 
aluminum alloy such as 1100 resulted in success. The bottom 
picture in Figure 2 shows the external cladding before it is 
etched from the surface. Figure 3 illustrates the smooth 
surface after cladding beside the failure with an AI-Fe-Ce 
surface. 

DISCUSSION 

The availability of the composite aluminum has led to a 
number of developm~g~ ~fforts conducted by ot~7~~ in the areas 
of energy storage 2 and power generat~on 9. These 
proceedings also include a number of Ea~7rs describing 
properties of the composite aluminum3 - . Figure 4 ~~lustrates 
various reduction products developed by Innovare Inc . In 

(a) (b) 

(d) 

(c) 

Fig. 1 Successive reductions and restacking of (a) pure 
aluminum rods in an AI-Fe-Ce billet with 61 filaments, 
(b) after reduction, (c) restacking and reduction with 
427 filaments and (d) with 2989 filaments. 
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Fig. 2 Successive reduction of 
a 7-filament composite 
by Rolling. 

Fig. 3 Rolled 7-filament com
posite with cladding on 
right and without 
cladding on left. 

addition the heat transfer to hydrogen has been re-examined for 
the low temperature difference req~~r4g to maintain low RR, 
typically in the range of 2 to 5K - . 

The development of composite aluminum has not been without 
problems, and a complete understanding of anomalous mag~etQfe
sistance induced in the composite is still not in hand U,3 ,35. 
In addition to the amonalous magnetoresistance problem, a clear 
design procedure for establishing an operational resistance at a 
given temperature, magnetic field and strain history is not 
completely developed for the composite. 

The aluminum composite is also subject to coupling losses 
in transient magnetic field condition~ similar to th~B 
experienced by superconductors. Carr 1 and others at 
Westinghouse have analyzed losses resulting from aluminum 
filaments of very high purity embedded in the s~fu§~ural AI-Fe
Ce matrix which is still a very good conductor ' . A simpler 
method for significantly reducing losses ~s to incorporate 
resistive barriers around the filaments 2 ,4. The successful 
incorporation of the resistive barriers is a daunting task that 
remains for future research to resolve. 

CONCLUSIONS 

Although aluminum is much lighter weight than 
superconductors, either metallic or ceramic, it will compete 
well against either type of superconductor only in environments 
where liquid hydrogen is readily available such as aboard the 
Space Shuttle. Coolant requirements for large generators or 
inductors will be many times less than that required for the 
fuel flow to the Space Shuttle main engine, and the conductor 
coolant will be rejected at 2 to 5 Kelvin above the storage tank 
supply temperature. Large power and magnet devices will still 
require 100's of grams to kilograms of liquid hydrogen flow per 
second which is a severe penalty for most applications. 
Consequently, ceramic superconductors will generally be more 
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Fig. 4 Extruded aluminum composites produced by Innovare Inc. 36 

practical to cool in similar applications when they achieve the 
necessary development status. 

The composite aluminum will always be the lightest weight 
approach for mag2et and power applications as one of the authors 
stated long ago . The new aluminum composite conductor 
reported here has the potential of providing a readily, if not 
easily, fabricated product in a wide variety of forms that can 
provide unique properties at 21K in a conductor at a yield 
strength of 0.35GPa (50Ksi) and an operating resistance ratfo of 
400 to 500 in magnetic fields up to 10 Tesla at a limiting , 
mechanical strain of 0.1 to 0.2%. 
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MAGNETORESISTANCE IN COMPOSITE CONDUCTORS 

ABSTRACT 

P. W. Eckels and J. H. Parker, Jr. 

Westinghouse Electric Corporation 
Pittsburgh, PA 15235-5098 

A recent paper recorded 1 the authors' participation in a 
study which hypothesized the existence of a Hall generation 
contribution to the apparent magnetoresistivity of an aluminum 
composite conductor. The present effort developes a more exact 
mathematical analysis of the Hall generati2n and compares the 
model's predictions with experimental data unavailable at the 
time of earlier publication. The new model, being more rigorous, 
supports the hypothesis that Hall generation losses will con
tribute to the apparent magnetoresistivity whenever field and 
current interact to produce a nonuniform Hall voltage. Hall 
generation losses, then, could be expected in conductorR in a 
variety of circumstances: in composites due to current mal
distribution associated with dissimilar resistivities of the 
components, in composites due to dissimilar Hall coefficients of 
dif(erent materials such as copper and aluminum, and in 
homogeneous conductors due to current maldistribution during the 
transient diffusion of current. The present analysis shows im
proved comparison with the experimental data at 4.2K. 

INTRODUCTION 

Figure 1 defines the terms and coordinate system for the Hall 
voltage which is written as 

J x B 1 

Neglecting the tensorial nature of the Hall phenomena, a single 
dimension coefficient, RH called the ordinary Hall coefficient, 
is defined as 

2 

Extending the analogy to Ohms law, RH is frequently identified as 
the Hall resistance; with suitable ctioices for area and length, 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press. New York. 1990 
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VH 
~ A 

f= 
I d 

RH= VH A 

I B t 

Fig. 1. Definition of the Hall coefficient. 

the Hall resistivity from 

3 

and the inverse of resistivity, the Hall conductivity, Uli . Typi
cal values for th e Hall resistivity of bulk polycrystalllne Al 
and Cu at 4K, two @t5erials oflbnterest as stabi l izers for super-
conductors, are 10 and -10 Ohm-m/Tesla respectively. 

Now if the conductor of Figure 1 is considered a small 
diff e r e ntial el e ment of a larger conductor, it is evident that 
the Hall voltage is a volum e tric voltage generat e d by local field 
and local current density, which may, vary local l y and if a 
current path is provided, produce current flow. 

Our interest in Hall generation within a condu~tor was 
aroused by the composite conduct~r shown in Figu r e 2, which was 
first d e scribed by Eckels e t al . Th at composit e conductor or a 
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II 

Fig. 3. Geometry and coordinate system 
for the composite conductor. 

variant thereof may satisfy some of the requi 3ements of the 
conductor identified by Schlicter and Oberly. The Hall gener
ation analysis and high purity Al magnetoresistivity data 
presented by Eckels et al. were sufficient to explain some of the 
anomalous behavior of the magnetoresistivity of the composite 
conductor. This paper is the second on that subject. Here the 
Hall gener~tion is mathematically treated and more recent higher 
field data is used as the basis for comparison of theory and 
experiment. 

THEORY 

For simplicity, two concentric conducting right circular 
cylinders of different conductivity but without interface resis
tance are considered as shown in Figure 3. In this case the pair 
carry a transport current which is principally confined to the 
inner cylinder due to its much higher conductivity. Figure 3 
illustrates the geometry, including the externally imposed mag
netic field, -B i, and the terminology used in the following 
development. At the interface, continuity of current flow normal 
to the boundary and continuity of electric field along the bound
ary are imposed as conditions. With these boundary conditions, 
the solutions to the differential equations for the inner and 
outer domains, r < R, and R, < r < R2 , with their differing Hall 
voltages are matched. The Hall generation loss is. then the in
tegral of E-J over the domain. As solutions to V21!! = 0 , we have 

4 

5 

The electric field is - VI!! and the Hall electric field is 

EH. 
- J 6 
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or 
E H 

r 
- EH sin e 7 

Ivhere 

8 

in accordance with Equation 2. In this analysis we shall assume 
that the Hall coefficient is homogeneous. 

Now, at the outside surface, r = R2 , the following relation 
exists: 

V-J 0 9 

or 

10 

From Equation 5 we develop a relation between two of the three 
arbitrary integration constants. 

o 11 

Conditions at the interface are now used to further specify the 
constants. Continuity of the radial current at the interface 
expresses as ~ • J = 0 and equality of the azimuthal electric 
field expressed as T X E = 0 yields the following set of 
relationsbips. 

qI(E I + E H) = aIlE II 12 
r r r 

or 
I H II 2 

q (a1 + E ) = a (a2 - b/R1 ) 13 

EI_EII e - e 14 

or 

a1 = a2 + b/R1 
2 15 

Letting p = R2/R1 16 

and evaluating the integration constants using equations 11, 13 
and 15 we have: 

a 17 
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b R2 = a2 2 

2 
a2 [1 + f3 ] 

The scalar potentials are then written as 

where 

a 

and 

,T,II a EH [ R/ ] 
~ -- r+-r 

- 1 + p2 
sin e 

I II Note that if (J »(J ,a N 1. 

The electric field is written as 

E 
r 

18 

19 

20 

21 

22 

23 

24 

25 

If we consider the case of (JI » (JII, , or a -> 1, most of the Hall 
generation losses are confined to region II and the Hall power 
loss is given as 

p 
f21r 

de 26 
o 

Evaluating the integral yields 

II222 2 P = 1r(J EH R1 (p - 1)/(P + 1) [W/m] 27 

Equation 27 is the relation sought describing the Hall power 
generation, or loss, if the conductivity of the inner core is 
~uch greater than that of the outer, i.e., high conductivity Al 
within a structural sheath. Similar analysis can describe 
materials of like conductivity with different Hall coefficients 
such as eu and AI. Fourier analysis can be used to solve the 
similar problem where the conductor is rectangular. 

Equation 27 compares favorably with the simple elemental 
ci~cuit model equation presented earlier. The geometric term 
1!"Rl Cp2 - 1) / CfP + 1) and the earlier geometric term, C 2to), are 
in the ratio of 0.6. Due to the Large sample corner radii shown 
in Figure 2, the circular geometry analysis is used in this 
comparison of the theoretical and experimental results. 
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Fig. 4. Comparison of the Hall 
generation theory with the ex
perimental daia at 4.2K. 

Fig. 5. Comparison of the Hall 
generation theory with the ex
perimental data at 20.3K. 

EXPERIMENTAL DATA 

The experimental magnetoresistance data for the composite 
conductor is in publishing and in that paper is compared t~ the 
Hall generation theory using bulk polycrystalline high purity 
aluminum experimental data reported by Fickett. 4 Fickett acquired 
his data using the transport current method. Hartwig used the 
eddy current decay method in the majority of his experiments. He 
developed a Kohler type relation by modifying an expression 
developed by Corruccini which represented his experimental data 
well in the range' of our interest. We "have used Hartwig's expres
sion, 

{2H~ (1 + 0.006 H*) } 
p = + 1 P 
H (4 + 3H + H2) 

* * 

28 

to provide the resistivity of bulk pure Al at the applied field 
and at the sample temperature. In our comparison, the bulk resis
tivity at field and temperature is summed with the apparent 
resistivity due to Hall generation computed from Equation 29. 

P A 
P = -

r2 L 
29 

From this sum, the resistance ratio intended for comparis~n to 
the experimental values determined for the composite core is 
determined as 
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RR 30 

The formalism for determining the resistance ratio of the com
posite core of pure Al from the resistance ratio of the composite 
conductor appears in Reference 1. 

DISCUSSION 

Figure 4 shows the Hall generation theory compared to ex
perimental data with the sample at 4.2K. Figure 5 is a similar 
comparison for 20.3K test conditions. The upper curve in Figure 3 
is the resistance ratio at field and temperature of bulk pure Al 
as given by Hartwig. The lower curve in the same figure is the 
experimentylly determined resistance ratio of the core of the 
composite. Certainly the composite core is displaying much 
larger magnetoresistivity effects than expected. In each figure, 
the resistance ratio computed by the Hall generation theory is 
also shown. It is evident that internal Hall generation can 
account for most of the anomalous magnetoresistivity of the 
composite's core. The agreement of the theoretically extrapolated 
data with the experimental composite data is sufficient to ex
plain the very large magnetoresistivity of the composite conduc
tor. 

Using eddy current decay data to provide the basis mag
netoresistivity for bulk Al from which the composite mag
netoresistivity is predicted by the Hall generation theory 
produces better agreement between theory and experiment. This 
probably results from both the eddy current data and the Hall 
current generated being peripheral or transverse current. If so, 
then there is a systematic variation between transverse and 
longitudinal components in the magnetoresistivity tensor. 

CONCLUSION 

The anomalously large magnetoresistance of the Al composite 
conductor is due to internal Hall current generation. Theory is 
presented which enables the magnetoresistance of composites to be 
predicted. Preliminary indications are that the longitudinal and 
transverse components of magnetoresistivity as measured by the 
eddy current decay and transport current techniques are sys
tematically different in drawn or extruded conductors. 

NOMENCLATURE 

A 
a1 
a2 
B 
b 
EH 
Er 
E 
H 
J* 
L 

R1&2 
r 
a 

Conductor ar~a, m2 

Integration constant 
Integration constant 
External field, Tesla 
Integration constant 
Electric field, V 
Hall electric field, V 
Electric field in region I, V 
B P 300K/ (loa p ), 100 x Tesla 
Current density, A/m2 
Conductor length, m 
Interface and outer radii 
Radius, m 
See Equation 21 
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P R2 ~ Rl . P Reslstlvlty 
PH Resistivity at field 
a Conductivity 
8 Angular displacement 
W Scalar potential 
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MAGNETORESISTANCE OF MULTIFILAMENT AI/AI-ALLOY CONDUCTORS* 

ABSTRACT 

C. A. Thompson and F. R. Fickett 

Electromagnetic Technology Division 
National Institute of Standards and Technology 
Boulder, Colorado 

Previously we have shown that composite monofilament conductors 
consisting of very pure aluminum confined in an AI-Fe-Ce alloy sheath show 
an anomalously high magnetoresistance compared to pure aluminum. Some 
monofilament conductors showed values of aR/R in excess of 50 at 4 K in 
fields of 10 T, whereas pure aluminum values are usually an order of 
magnitude smaller. Concerns that similar anomalous behavior might occur in 
multifilament wires of the same materials prompted this study. Multi
filamentary conductors with pure aluminum filaments contained in an AI-Fe-Ce 
matrix have been investigated. 

INTRODUCTION 

Composite conductors consisting of multiple filaments of high purity 
metal extruded within an alloy matrix are the subject of this research 
program. These conductors, sometimes called hyperconductors, are designed 
to achieve high mechanical strength and high electrical conductivity at 
cryogenic temperatures. The first use of AI-Fe-Ce alloy in wires, similar 
to those investigated here, was by Air Force Wright Research and Develop
ment Center. 1 The filaments are pure aluminum with a typical residual 
resistance ratio (RRR = resistance at room temperature/resistance at 4 K) of 
1500 before extrusion. 

Square monofilament conductors consisting of very pure aluminum 
confined in an AI-Fe-Ce alloy sheath2 typically show a transverse magneto
resistive behavior quite unlike that previously observed for pure 
aluminum. 3 Concerns that similar behavior in multifilament conductors could 
significantly reduce in-field performance motivated this research. Magneto
resistance measurements were made on a variety of AI/AI-Fe-Ce multifilament 
wires prepared by an outside vendor. Data on these wires span the 
temperature range from 4 to 30 K with a magnetic field variation of 0 to 
9 T. 

*Research funded by AFWAL under MIPR# FY1455-89-N0606. 

Contribution of the National Institute of Standards and Technology, not 
subject to copyright. 
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Table 1. Composite Multifilament Wires 

Composition Diameter Number of Anneal Temp,Time RRR "'R/R 
Core/Sheath rom (mils) Filaments °c, min 4 K, 6 T 

Al/Al8Fe4Ce 0.8 (30) 19 As extruded 428 2.3 
Al/Al8Fe4Ce 0.8 (30) 19 400, 20 544 3.4 

Al/Al8Fe4Ce 0.8 (30) 4 As extruded 364 2.5 
Al/Al8Fe4Ce 0.8 (30) 4 400, 10 764 3.1 

Al/Al4Fe2Ce 0.8 (30) 19 As extruded 413 2.6 
Al/Al4Fe2Ce 0.8 (30) 19 400, 8 558 3.1 

Al/Al8Fe4Ce 1.3 (50) 19 As extruded 398 2.7 
Al/Al8Fe4Ce 1.3 (50) 19 400, 20 683 3.7 

Although the magnetoresistance of the multifilament wires is 
anomalous, it is not of the magnitude previously observed in the square 
cross-section monofilament composite conductors and it is somewhat 
predictable if the magnetoresistive properties of the individual component 
materials are known. 

EXPERIMENT 

Samples 

Eight multifilament wires in various configurations were measured (see 
Table 1). Sheath material for three pairs of samples is Al8Fe4Ce with 
Al4Fe2Ce used for the fourth pair. Prior to wire fabrication, the pure 
aluminum filament material's RRR was reported to be 1500. No sample 
processing was done on these conductors at NIST. Wire diameters are either 
0.8 rom or 1.3 rom and the number of filaments either 4 or 19. In all 
samples, the filament area is designed to be 50% of the total conductor 
cross section. Filament shape was not thoroughly analyzed, but some 
distortion is apparent. However, all filaments appear to be continuous 
along the entire length of the test samples. 

Variable Temperature Apparatus 

The apparatus was designed for variable temperature transverse 
magnetoresistance measu~ements on two wire samples using a four wire 
method. The magnetic field was applied using a 6.4 cm bore, 10 T radial 
access magnet with a uniform field (to 1%) along the central 5 cm of the 
samples. The sample cryostat consists of a single-wall tube containing low 
pressure helium gas and a heated sample block. A calibrated carbon glass 
resistor and a capacitance thermometer sensor were centrally mounted in the 
sample block for temperature measurement and control. Straight samples 
were mounted on the block with mechanical current contacts and spot-welded 
voltage taps having a separation -4.5 cm. The current lead design prevents 
straining of the sample due to thermal contraction while proper lateral 
support holds the samples securely against the Lorentz force. 

Sample block temperature was measured using the carbon glass sensor at 
zero magnetic field. The capacitance sensor was used for control of the 
block temperature while the magnetic field was applied. The temperature 
was rechecked at zero field at the end of each run. Data obtained at 4 K 
were taken with the samples in liquid helium. 
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Fig. 1. Resistivity versus temperature at 0 and 
6 T for as extruded wires. 

The sample current was provided by a·constant current source with a 
current reversal switch. Sample current levels were minimized to reduce 
Lorentz force and stay well below the range of sample self heating, but 
were adequate to maintain a sufficient voltage signal. Sample voltages 
were switched through a low thermal voltage scanner to a nanovoltmeter. To 
minimize thermal voltages, the sample voltage leads were run continuously 
out of the cryostat to a stable room temperature connection. The scanner 
provided the computer interface for the sample current reversing switch. 
Sample current was calculated from the voltage obtained from a calibrated 
resistor in series with the samples. All instruments except the constant 
current source were computer interfaced. 

Data Acquisition 

Data were obtained through a computerized data acquisition system. 
The system allowed for rapid accumulation of large amounts of data while 
maintaining tight control over system parameters. The data acquisition 
system was thoroughly tested before each run to be certain the numbers 
which poured forth from the computer were reasonable. 

At a given field and temperature, the measurement was repeated once 
for each sample and the results averaged. Each measurement consisted of 
three data sets: current positive, current negative, and current positive. 
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Fig. 2. Resistivity versus temperature at 0 and 
6 T for annealed wires with 1500 RRR 
aluminum shown for comparison. 
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Fig. 3. Magnetoresistance for annealed wires at 4K 
with 2000 RRR aluminum shown for comparison. 

The temperature was monitored before, during, and after each data set. A 
data set consisted of thirty sample voltage and current measurements. The 
current was reversed once to allow the averaging of thermal voltages and a 
second time as a check of the stability of the thermal voltages and the 
instrumentation. Any significant instabilities in temperature, sample 
current, or sample voltage during the data acquisition routine caused a 
rejection of the data set and a repeat of the measurement. 

RESULTS 

Resistivity-versus-temperature data for the composite wires in the as
extruded condition are shown in Figure 1. These data are not the adjusted 
filament resistivity but rather the bulk wire resistivity. The top four 
curves are 6 T data and the bottom two are zero-field values. Figure 2 
shows the same wires in an annealed condition including resistivity values 
for 1500 RRR aluminum calculated from the residual resistivity and the known 
variation of the intrinsic resistivity with temperature. 4 A typical legend 
on these figures gives the following information: wire diameter in mils, 
number of filaments, and sheath composition. 

Transverse magnetoresistance curves for these wires are shown in 
Figure 3 and Figure 4 for the annealed wires at 4 K and 20 K. Aluminum with 
a RRR of 2000 is shown here for comparative purposes. 3 
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The filament sizes for these wires cover a fairly large range. 
Assuming that the total filament area is 50% of the total cross section, 
the filament diameters are calculated to be 124 pm for the 30 mil diameter 
19 filament wire, 206 pm for the 50 mil diameter 19 filament wire, and 269 
pm for the 30 mil diameter 4 filament wire. 

A piece of data essential to the interpretation of the results is the 
RRR of the sheath material. A lack of available material for testing, 
especially in a condition resembling that expected of the wire sheath 
material, has created a problem in that regard. We have measured two 
samples of the A18Fe4Ge material in bulk form (with quite different 
processing parameters) and found RRR values of 17 and 18 with room 
temperature resistivities of 2.98 pO·cm and 4.15 pO·cm respectively. A 
magnetoresistance measurement on the higher resistance material was made at 
4 K and, as expected, ~R/R was very low, reaching only 0.5 at 10 T. No 
sample of the 4-2 material has been available. 

DISCUSSION 

The temperature dependence of the resistivity of the wires is 
relatively normal, even in high magnetic fields. In the as-extruded state, 
the wires with the largest filament diameter have the highest resistivity 
while the opposite is true after annealing. In fact, annealing seems to 
have essentially no effect on the small filament wire (30,19,8-4), although 
the same wire with the A14Fe2Ce matrix does show an effect. This reversal 
is most probably due to a combination of size effect, grain boundaries, and 
perhaps contamination of the pure aluminum with impurities from the matrix. 
Some of the variations observed with the annealed samples may result from 
the fact that they were annealed for different times. There is some 
evidence that RRR is very sensitive to anneal time and anneal temperature. 

The magnetoresistance effect is large for the materials involved 
(compare the pure aluminum data to that for the composites), but does not 
appear to be large enough to be of concern for most applications. 
Furthermore, the magnetoresistance effect decreases with increasing 
temperature. The rapid rise of ~R/R with field is not typical behavior for 
pure aluminum, but is always observed in these composite conductors. This 
effect is discussed in detail in another paper.2 It appears to be due to 
the transit of electrons from the low resistance core into the high 
resistance sheath under the influence of the applied field. Magneto
resistance data for the as-extruded conductors is not shown, but has the 
same general behavior with somewhat lower values at high field in all 
cases. 

The dc size effect is an important parameter for these conductors. At 
4 K, the mean free path of the electrons in the filaments (assuming a 
filament RRR = 1500) is -40 pm. Thus, in the smallest filaments, nearly 90% 
of the electrons are within one mean free path of the interface. The exact 
interaction at the interface is unknown, but certainly it is not complete 
reflection. 

One way to investigate the importance of the dc size effect is to 
calculate the RRR of the filaments under the various anneal conditions. If 
we assume that the filament material actually returns to its original RRR 
of 1500 upon annealing, then any deviation of the calculated RRR from this 
value should indicate the presence of other effects. Calculation of the 
filament RRR was done using a parallel resistor model, which should be 
appropriate in zero field but more questionable otherwise. For the 
situation where the pure aluminum and the matrix alloy have equal areas, it 
can be shown that the expression for the filament RRR is 
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Table 2. Measured wire RRR, calculated filament RRR, 
and filament diameters 

Sample RRR RRRf D, !-lm 

30,19,8-4 Annealed 544 883 124 
30, 4,8-4 " 764 1245 269 
30,19,4-2 " 558 906 124 
50,19,8-4 " 683 1112 206 
30,19,8-4 As-extruded 428 692 124 
30, 4,8-4 " 364 587 269 
30,19,4-2 " 413 668 124 
50,19,8-4 " 398 643 206 

RRRf = [[(Pm/Pf) + 1)·RRR + RRRml/(Pm/Pf), (1) 

where RRRf is the filament value, Pm is the measured matrix resistivity at 
295 K, Pf is the filament resistivity at 295 K,.RRR is the measured value 
for the conductor, and RRRm is the measured matrix value. 

Table 2 is generated by substituting a matrix resistivity of 4.15 
~O·cm, a filament resistivity of 2.67 /-lO·cm, and a matrix RRR of 18.4 into 
equation (1) (where D is the calculated filament diameter). Note that there 
is no size effect correction here. 

None of the annealed samples have a filament RRR of 1500, although the 
large filaments are close. If we make a maximum size effect correction4 

using the mean free path appropriate for aluminum with RRR = 1500, the two 
highest values rise to 1425 and 1322, still not high enough. This 
indicates that other mechanisms are operating to reduce the RRR in these 
wires and they are more important for the smaller filament materials. The 
best guess for now is that grain boundary effects may be more important 
than a conventional calculation would indicate. There is some 
justification for this from early work done on aluminum grain boundary 
resistivity, and that is discussed in some detail in Ref. 4. 

CONCLUSIONS 

The multifilament composite conductors are relatively well behaved in 
their low temperature resistive behavior. The effect of annealing is 
uncertain, and the apparent final RRR of the filaments is not predictable 
except that larger filaments anneal closer to the maximum RRR expected. 
The magnetoresistance values are not wildly anomalous, but are not typical 
of pure aluminum. Filament size does not change the high field behavior to 
a great degree. It appears that, for all but ac applications, fewer, 
larger filaments are better. 

ACKNOWLEDGMENTS 

The authors thank Dhruba Chakrabarti of Alcoa for providing the wire 
samples used in this research. 

REFERENCES 

1. J. C. Ho, C. E. Oberly, H. L. Gegel, W. M. Griffith, J. T. Morgan, W. 
T. O'Hara and Y. V. R. K. Prasad, "A New Aluminum-Base Alloy with 

668 



www.manaraa.com

Potential Cryogenic Applications,"in: Advances in Cryogenic 
Engineering (Materials), Vol. 32, edited by R. P. Reed and A. F. 
Clark, Plenum, New York, (1986), pp 437-442. 

2. F. R. Fickett and C. A. Thompson, "Anomalous Magnetoresistance in 
Al/Al-Alloy Composite Conductors," Paper DY-01, this conference. 

3. F. R. Fickett, Magnetoresistance of very pure polycrystalline 
aluminum, Phys. Rev. B 3:1941 (1971). 

4. F. R. Fickett, Aluminum 1. A review of resistive mechanisms in 
aluminum, Cryogenics 11:349 (1971). 

669 



www.manaraa.com

ANOMALOUS MAGNETORESISTANCE IN Al/Al-ALLOY COMPOSITE CONDUCTORS* 

ABSTRACT 

F. R. Fickett and C. A. Thompson 

National Institute of Standards and Technology 
Boulder, Colorado 80303 

The transverse magnetoresistance of several composite conductors 
containing a large single filament of pure aluminum in a matrix of Al-Fe-Ce 
has been measured at 4 K to fields of 10 T. The magnetoresistance (~R/R) 
of the composite is very large, rising to 55 in the "worst" case. Previous 
measurements on pure polycrystalline aluminum have always shown a rapidly 
saturating behavior with a very small linear component; ~/R rarely exceeds 
a value of 5-6. In addition, the magnetoresistance of the composite 
samples shows a structure as the field is rotatated around the current 
axis. 

INTRODUCTION 

Conductors which attempt to achieve both high strength and high 
electrical conductivity at low temperatures by using a pure metal core 
surrounded by a high strength alloy sheath have come to be known as 
hyperconductors. Such materials, based on aluminum, are the subject of 
this research. The sheath material is one of two alloys of AI-Fe-Ce 
developed at the Air Force Wright Research and Development Center. 1 The 
core material is pure aluminum. Aluminum is available in a wide range of 
purity with residual resistance ratios (RRR = room temperature 
resistance/resistance at 4 K) to 40,000. Further details of the structure 
of these conductors are given elsewhere in this volume. 2 ,s 

The magnetoresistive behavior of pure polycrystalline aluminum at low 
temperatures is well known4 ,5 and, since the sheath material is a 
relatively high resistance alloy, with an accompanying low magneto
resistance, we expect the magnetoresistive behavior of the composite to be 
much like that of pure aluminum. The magnetoresistance is expressed as 
~/R, the change in resistance due to the field divided by the zero field 
value. It first rises rapidly with field and then levels off, with a very 
slight linear rise, to the highest fields measured. The high field value 
of ~/R, even for very pure aluminum, seldom exceeds 5-6. Our measurements 
of a number of hyperconductor samples with square cross section indicate an 

* Research funded by AFWAL under MIPR # FY1455-89-N0606 
Contribution of the National Institute of Standards and Technology. Not 
subject to copyright. 
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anomalous behavior with a value as high as 55 at 10 T in one instance. 
Furthermore, a rotational structure is seen in the magnetoresistance. Here 
we present our observations and describe a number of experiments performed 
to investigate the behavior of this anomalous magnetoresistance. 

The theoretical explanation for the effect is elusive. Here we 
consider a possible electron free path scenario that may explain the data, 
and another paper in this volume looks at the problem from a different 
angle. 6 A comprehensive experiment involving a large number of samples in 
which parameters can be controlled is not possible at present, so that much 
of the conjecture presented here is just that. From a practical 
standpoint, it is important to realize that a high magnetoresistance value 
is not necessarily detrimental to the operation of a device. Because the 
highest ~R/R values are usually found in the materials with the lowest 
zero-field resistance, the actual resistance of the sample in the magnetic 
field may well be lowest for the high ~R/R samples. 

EXPERIMENT 

Samples 

Two hyperconductor samples (#2 and #4) were measured. In addition, a 
sample of the sheath material and a sample of the core material in the form 
of a composite sample from which the sheath had been chemically removed 
were measured. The composites were 3.8 mm square with a 2.5 mm square 
core. The starting core material was said to have a RRR of 30 000*. In 
the as-processed (unannealed) state, the core RRR for sample #2 was 
calculated to be near 9000 (the as-measured RRR = 4370). For sample #4, 
the core RRR was 3600 (as-measured RRR = 1980). This calculation considers 
the core and sheath to form a set of parallel resistors. 7 None of the 
composite samples was annealed after receipt. The core material sample had 
a very pitted and rough surface as a result of the chemical etch. Its RRR 
was 7830 as received and rose to 10,300 after a 30 minute anneal at 300°C 
(no size effect correction). 

Two special sample modifications were made in the course of the 
investigation. In the first, the sheath of sample #2 was slotted down to 
the core surface so that voltage taps could be attached to the core 
material itself. This was an attempt to see whether the electrical 
behavior of the core was significantly different from that of the 
composite. The second modification ,involved removing the entire sheath 
from one of the four sides of sample #4 in an attempt to determine the 
mechanism for the rotational variation in ~R/R. 

Apparatus 

The experiments described here are classical magnetoresistance 
measurements in which the voltage is measured in a four-probe configur
ation. s The magnet is a transverse-access superconducting magnet. The 
sample holder is designed to hold the sample securely against the Lorentz 
force. Complete rotation of the sample in the field is possible with the 
field remaining normal to the sample. Voltage taps are attached to the 
center of the sample with a spacing of =4 cm by spot welding. Temperature 
control is provided by a combination of a calibrated carbon glass 

* A comment needs to be made about the RRR in pure aluminum. Much above 
5000, the resistance of aluminum is not residual (temperature independent) 
at 4 K. The temperature dependent part can make up to 35% of the 
resistivity of very pure (30 000) material. 
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Fig. 1. Sample #2 magnetoresistance. Fig. 2. Sample #4 magnetoresistance. 

thermometer for zero-field temperature determination and a capacitance 
thermometer for maintaining control in the applied field. The sample space 
is isolated from the helium bath by a single-wall vacuum space. The 
details of the data acquisition and analysis system are provided 
elsewhere. 7 

DATA 

Magnetoresistance of unmodified samples 

Figure 1 shows the magnetoresistance of sample #2. Note that the 10 T 
value is 55. Furthermore, the curve shows a slight upward slope at the 
higher fields -- not at all like the behavior of pure aluminum. Figure 2 
shows the behavior of sample #4 with a lower RRR in the core material. It 
still shows a large 6R/R at high fields and the slight upward curvature 
that has turned out to be characteristic of all composite conductors. 

Magnetoresistance measured on the unannealed core sample is shown in 
Fig. 3. Its behavior is more what we expect for pure aluminum except that 
the value of 6R/R is extemely large and the approach to linear behavior 
takes place at much higher fields than would be expected. This sample also 
shows a strong rotational variation in the magnetoresistance as described 
below. 

The magnetoresistance measured on a round rod of sheath material is 
shown in Fig. 4. There is no reason to believe that this sample actually 
is in the same state as the sheath of our composite conductors, since the 
processing history was not available. Regardless, the general behavior is 
probably the same, namely a very small magnetoresistance that is probably 
negligible for our purposes except that the high resistance of the Al-Fe-Ce 
makes even a small 6R in the sheath larger than the largest 6R in the core 
and this fact may well have implications for the explanation of the large 
magnetoresistance of the composite. 

Magnetoresistance of cut samples 

In an attempt to see whether the core was behaving differently from 
the whole composite, slots about 2 mm in length were cut to the core of 
sample #2 at the location of the voltage taps and the taps were reattached 
directly to the core. The resulting magnetoresistance curve did not change 
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from that shown in Fig. 1, and no change was observed in the rotational 
behavior (see below). 

Sample #4 was cut to completely remove the sheath from one surface by 
careful milling in a specially prepared jig. The cut actually removed a 
bit of the core material, so the new dimensions were 3.8 x 2.9 mm. 
Voltage taps were attached to both the exposed core and to the sheath at 
90° to the cut surface. Figure 5 shows the magnetoresistance measured 
after this operation. The field orientation with respect to the tap sets 
is shown in the inset. The behavior is similar to that of the uncut sample 
(Fig. 2), but the values are lower. In addition, the core taps show a 
smaller ~R/R than the sheath taps. If the sample is rotated 90° CCW, two 
interesting effects are seen: first, both the core and sheath curves become 
the same. Second, the curve is essentially that for the uncut sample 
(Fig. 2); that is, it is significantly higher than the curves seen in the 
0° orientation. 

Rotational behavior of the magnetoresistance 

All the square samples measured showed a variation of 
magnetoresistance with angle. Typical behavior is shown by the data for 
sample #4 in Fig. 6. All composite samples have a total variation in ~R/R 
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of about 10%. The core sample variation was much larger, 58% (at 10 T). 
After the sheath was removed from one face of #4, the variation increased 
significantly as shown in Fig. 7 for both the core and sheath taps. 

Temperature dependence of the magnetoresistance 

The magnetoresistance of sample #4 was measured up to 20 K. The zero
field resistance rises significantly over this range. The results are 
shown in Fig. 8. The behavior as a function of temperature is about as 
would be expected for an alloy, the magnetoresistance decreases with 
increasing temperature and becomes more nearly linear. However, once 
again, this is opposite to the behavior observed previously for pure 
aluminum in this temperature range. 

DISCUSSION 

A large number of parameters may affect the electrical behavior of 
pure metals. These have been reviewed earlier. 9 In most instances, the 
effects are related in one way or another to the long mean free path, ~b, 

in the bulk material. For relatively pure aluminum: 

p(295 K) = 2.666 pO·cm 

p(4 K) = Po (the residual resistivity) 

For aluminum with RRR = 10 000, Po = 2.67 X 10- 4 pO·cm 

The quantity Pb~b, where Pb is the bulk resistivity, is assumed to be 
a constant independent of temperature or purity. The assumption is not 
exactly true, but it provides an approximation that allows us to calculate 
the electron mean fret path at various temperatures. This is the average 
distance that an electrcti travels before suffering a scattering interaction 
with the lattice, with an impurity or defect, or with the surface. These 
interactions are the source of electrical resistance. 

For aluminum we choose: Pb~b = 0.7 x 10- 11 O·cm2 . This value is very 
uncertain and values 40% on either side of this have been reported in the 
literature. It is a reasonable compromise. 
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Thus, the mean free path value in bulk aluminum (no size effect) with 
RRR = 10 000 is: ~b(4 K) = 2.6 X 10- 2 cm = 0.26 mm. 

This says that, in the core of the composite conductor, the electrons 
in 37% of the cross section are within one mean free path of the interface. 
A similar calculation for a core RRR of 5000 gives a value of 20%. 

Source of the large magnetoresistance 

The source of the large magnetoresistance almost certainly lies in the 
behavior of electrons near the interface between the core and the sheath. 
A calculation of the fraction of electrons that need to enter the sheath in 
order to create the voltage associated with the observed ~R/R shows that it 
is well within the range of those available from the core boundary region. 
The mechanism by which this transfer occurs and is maintained is still 
being determined. Small angle scatterir.g is common in aluminum10 and may 
well playa significant role. We do not, however, think that magnetic 
breakdown, which occurs only for very limited directions within the 
crystal,ll can explain the observations. 

The shape of the magnetoresistance curves (slight upward curvature) at 
temperatures generally below 20 K is consistent with an early development 
by Balcombe,12 who averaged the magnetoelectric tensor over a variety of 
crystal directions. This argues for an effect due to large, well defined 
crystallites, certainly a possibility given the large crystal dimensions 
observed in the core of these composites. 

In a few of the earlier works on the magnetoresistance of aluminum, it 
was suggested that the surface condition of the conductor might 
significantly affect the behavior of the magnetoresistance. Almost no data 
were presented to back up the observation, but this possibility needs to be 
revisited especially in light of the behavior of the core material sample. 

Source of the rotational behavior 

The rotation plots further support the mean free path argument in that 
the anisotropy is greatly increased when one surface is removed. The lower 
value of ~R/R seen at 0° represents a significant decrease in the effect of 
the field when it is normal to only one sheath face. The lack of a 
decrease at 180° on the core taps to the 0° value is not understood at 
present. Earlier work on the longitudinal magnetoresistance of copper 
samples 13 showed that very large effects can result from very small 
misalignments of voltage taps and perhaps that is the situation here. 

CONCLUSIONS 

The interaction between the core and the sheath conductors is most 
likely responsible for producing the very high magnetoresistance in these 
composite conductors. The mean free path of the electrons in the core is 
sufficiently long at 4 K that much of their interaction is with the 
boundary layer and it is possible that they are led into the higher 
resistance sheath by the action of the field. This behavior, an excess of 
electrons in the sheath, would give a higher magnetoresistance. The slight 
upturn in the data could be explained by the large-crystal effect as in the 
theory put forth by Balcombe and mentioned above. One must then explain 
why the effect was not seen in the earlier data on pure aluminum. The most 
plausible explanation is that pure aluminum wires such as those measured in 
[4] tend to assume a "bamboo" structure of crystals with lengths several 
times the diameter of the wire and, perhaps, with a preferred orientation. 
In the case of the composite conductors, there is a more random 
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distribution of grain sizes in the core. Also, the earlier data extended 
only to fields of 4 T and the effect is obvious only well above that. 

We have proposed that the anomalous magnetoresistance is associated 
with electron transfer across the core-sheath boundary. The logical way of 
changing this situation is to create a nonconducting boundary. The 
problems with this approach are several: we still require good thermal 
conductivity between the core and the sheath, and few materials are good 
thermal conductors and poor electrical conductors, although a very thin 
film of insulating material might work. However, a good mechanical bond 
between the core and sheath is critical to many applications and an 
insulating layer might well degrade that. 
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MEASUREMENT OF THE ELECTRICAL RESISTIVITY AND THERMAL 

CONDUCTIVITY OF HIGH PURITY ALUMINUM IN MAGNETIC FIELDS 

J. P. Egan and R. W. Boom 

Applied Superconductivity Center, University of Wisconsin 

Madison, WI 53706 

ABSTRACT 

Experimental measurements on three samples of high-purity aluminum (RRR 
= 172, 1530, and 10,000) provide tables and graphs of p(B,T) and A(B,T) vs. RRR for 
determining the electrical resistivity and thermal conductivity as a function of purity 
in transverse magnetic fields to 4 T for temperatures from about 7.5 K to 50 K. 

INTRODUCTION 

The electrical resistivity (p) and thermal conductivity (A) of bulk-polycrystalline, 
high-purity-aluminum (H.P.AI) wire samples (dia. 3 mm, length 15 cm) with residual
resistance ratios (RRR = R(273 K)/R(4.2 K)) of 172,1530, and 10,000 were measured 
in transverse magnetic fields (B) to 4 T, for temperatures (T) from about 4.2 K to 
90 K. Each sample remained fixed for undisturbed measurements of both p(B,T) and 
A(B,T). Transverse magnetic fields were used since they influence the transport prop
erties by roughly twice that of longitudinal magnetic fields and because most practical 
applications utilize transverse fields. The transverse fields were produced by a dipole 
magnet with a field uniformity of 2% along the 9 cm sample test length. 

RESULTS 

Table I lists measured values of p(B,T) for temperatures from 7.5 K to 50 K in 
transverse magnetic fields up to 4 T. Measurements show that for any field strength, 
p(B,T) diverges from its zero-field value and then converges to p(O,T) as the tem
perature is raised. Above about 90 K, all H.P. Al samples have equivalent p values. 
p(4 T, 90 K) is only 4% above its zero-field equivalent of 350 nn cm. 

Table II lists measured values of A(B,T) for the three samples. A(0,70 K) :=:::i 5.0 
W /cm K for all H.P. Al and this is reduced less than 7% by a 4 T transverse magnetic 
field. The RRR 10,000 sample had zero-field size-effect corrections estimated to be 
about 10% for p and 5% for A at the lowest temperatures measured.1,2 Since the size 
effects are small, no surface-scattering corrections are made to the data. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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TABLE 1. MAGNETO-ELECTRICAL RESISTIVITY OF ALUMINUM 

P (nO em) 

EEB T=7.5K 1QK 15K 2QK 25K 3QK 3,sK 4QK ,sQlS: 
B = OT 

172 14.2 14.4 14.8 15.7 17.6 20.9 26.5 35.1 64.9 
1530 1. 60 1.72 2.06 2.72 4.02 6.66 11. 6 19.6 48.3 

10000 .269* .318 .486 .895 2.02 4.65 9.68 18.0 47.5 
B = .03T 

172 14.2 
1530 1. 73 1. 82 2.06 2.76 4.02 

10000 .446 .460 .666 1. 06 2.10 
B = .2ST 

172 15.1 15.2 15.5 16.5 18.3 21.5 
1530 3.21 3.28 3.63 4.28 5.60 8.09 20.5 

10000 .724 .928 1. 58 2.61 4.09 6.55 11.1 18.8 47.9 
B = O.ST 

172 17.0 17.1 17.4 18.2 19.8 22.8 28.2 36.6 65.5 
1530 3.78 3.98 4.57 5.62 7.40 10.2 22.1 49.4 

10000 .770 .996 1. 88 3.44 5.65 8.65 13.3 20.7 48.7 
B = 1.0T 

172 21. 0 21.1 21.3 22.1 23.6 26.8 31.9 39.9 68.2 
1530 4.14 4.42 5.36 7.11 9.70 13.6 26.3 52.5 

10000 .824 1. 04 2.09 4.16 7.39 11.7 17.3 25.1 51. 6 
B = 1. ST 

172 24.3 24.3 24.4 25.5 27.2 30.6 35.6 43.9 71.6 
1530 4.29 7.83 11.1 16.0 30.5 

10000 2.20 4.45 8.30 13.7 20.7 29.2 56.1 
B = 2.0T 

172 26.8 26.8 27.1 28.3 30.4 34.1 39.5 47.9 75.3 
1530 4.35 4.73 5.91 8.24 12.0 17.8 33.9 60.9 

10000 .843 1.072 2.29 4.69 8.82 15.0 22.9 32.7 60.6 
B = 2.ST 

172 28.4 28.4 29.1 36.8 42.7 51.7 78.6 
1530 4.41 8.43 12.5 

10000 2.35 4.90 15.8 24.5 64.5 
B = 3.0T 

172 29.8 29.8 30.7 32.5 34.8 39.1 45.8 55.4 82.1 
1530 4.46 4.28 6.06 8.61 13.0 20.1 39.8 69.4 

10000 .845 1. 078 2.40 5.11 9.83 16.6 25.9 37.3 68.5 
B = 3.ST 

172 31.1 31.2 32.4 34.2 36.6 41.2 48.9 59.0 85.5 
1530 

10000 5.32 10.3 27.3 39.8 72 .4 
B = 4.OT 

172 32.4 32.5 33.5 35.5 38.5 43.2 52.1 62.4 89.0 
1530 4.52 4.90 6.18 8.96 13.6 21. 5 44.3 76.2 

10000** .847 1.084 2.50 5.53 10.8 18.2 28.7 42.0 76.2 

* P (4 .2K) = 0.245 nOcm 
** Linearly extrapolated values at 7.5K, 10K, 20K, and 25K. 
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TABLE 2. MAGNETO-THERMAL CONDUCTIVITY OF ALUMINUM 

A (w/cm K) 
RRR T=7.5K* 1QK 15K 2QK 25K 30K 35K 4QK 5QK 

B = OT 
172 12.9 16.7 22.5 25.1 24.6 22.1 18.1 14.9 9.56 

1530 91. 9 105. 103. 84.0 61. 7 42.0 28.3 20.1 11.0 
10000 331. 319. 219. 134. 78.8 47.3 30.6 20.3 11.2 

B = .03T 
172 12.9 

1530 87.7 102. 102. 83.8 61. 7 
10000 253. 256. 202. 131. 78.8 

B = .2ST 
172 12.1 15.7 21.3 24.1 23.9 21.5 

1530 49.4 59.4 66.7 63.8 52.8 39.3 27.6 
10000 115. 108. 93.7 80.8 62.1 42.5 29.2 20.0 

B = O.ST 
172 10.8 14.2 19.5 22.4 22.6 20.7 17.5 14.4 

1530 40.1 46.3 49.6 48.5 43.6 34.7 25.8 19.0 
10000 101. 89.4 67.4 58.3 48.4 36.4 27.0 19.4 

B = LOT 
172 8.78 11.5 16.0 18.9 19.6 18.5 16.1 13 .5 9.25 

1530 35.2 38.7 37.5 35.1 32.3 27.6 22.2 17.2 10.5 
10000 92.2 78.8 52.0 41.3 35.1 28.8 23.1 17.6 10.6 

B = 1.ST 
172 7.58 9.91 13.8 16.3 17.0 16.8 14.8 12.7 

1530 33.6 36.1 33.0 29.3 26.3 23.3 19.6 
10000 88.8 74.7 46.2 34.6 28.9 24.3 20.2 16.2 

B = 2.0T 
172 6.83 8.91 12.4 14.6 15.3 15.1 13.7 11. 9 8.68 

1530 32.6 34.7 30.5 26.1 23.3 20.5 17.7 14.6 9.70 
10000 86.7 72 .2 43.1 31.0 25.1 21.2 18.0 14.8 9.85 

B = 2.ST 
172 6.36 8.27 11.4 13.4 14.0 13.9 12.7 11.2 

1530 
10000 85.0 70.4 41. 0 28.8 22.8 19.1 16.3 13.6 

B = 3.0T 
172 6.04 7.81 10.7 12.4 13.1 12.9 11. 9 10.7 8.19 

1530 31.3 33.0 27.9 22.7 19.3 16.9 14.6 12.6 9.03 
10000 83.5 69.0 39.5 27.2 21.2 17.6 15.1 12.7 9.07 

B = 3.ST 
172 5.78 7.48 10.2 11.7 12.3 12.0 11.3 10.1 

1530 
10000 82.4 67.7 38.4 26.0 19.9 16.3 14.0 12.0 8.69 

B = 4.0T 
172 5.61 7.24 9.78 11.2 11.5 11.4 10.6 9.73 7.61 

1530 30.4 32.0 26.4 21.0 17.2 14.8 12.7 11.2 8.41 
10000 80.8 66.7 37.4 25.0 19.0 15.5 13.2 11.3 8.36 

* A of RRR 10,000 sample measured at 8.5K not 7.5K. 
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The data contained in Tables 1 and 2 are generalized to different resistance 
ratios by plotting p and A vs. RRR, Figures 1 and 2. Curves fitted through the data 
points at RRR's of 172, 1530, and 10,000 span purities of aluminum from 100 < RRR < 
30,000. The curves of p(B,T) vs. RRR agree to within 10% of most published values.3 - 6 

There are no reliable bulk H.P.AI magneto-thermal-conductivity data with which to 
make a comparison. Zero-field values of p and A have been taken from the literature 
to more accurately plot Figures 1 and 2.7,8 

Figures 1a and b are graphs of p vs. RRR for temperatures from 7.5 K to 50 Kin 
zero field and in a 4-T transverse magnetic field, respectively. The lowest temperature 
magnetoresistivity data was measured at 7.5 K for the RRR 172 and 10,000 samples. 
The RRR 1530 sample gave equivalent p(B,T) results for measurements taken from 
4.2 K to 7 K. This is due to the saturating nature of p at low T, called the residual 
resistivity, where electron-phonon scattering is negligible and impurity/defect collisions 
become the predominant mechanism for electron scattering. The lower the resistance 
ratio, the higher the temperature at which p saturates and becomes a constant with 
falling temperature. It is estimated that p(B, 4.2 K) for the RRR 10,000 sample will 
be about 10% below the measured p(B, 7.5 K) values. 

As a rule of thumb, the longitudinal magnetoresistivity component of the total 
resistivity is roughly half its transverse counterpart, [p(B,T) - p(O,T)]Trans = 2[p(B,T) 
- p(O,T)]Long. This was confirmed through p and A measurements on the RRR 10,000 
sample in longitudinal magnetic fields to 5 T. 

Figures 2a-d are graphs of A vs. RRR for transverse magnetic fields to 4 T at 
temperatures of 7.5, 15, 20, and 30 K. The thermal conductivity graphs are plotted at 
constant T, different from the constant B electrical resistivity graphs, to avoid crossing 
of the curves due to the peak in curves of A vs. T. The lowest-temperature magnet
field measurements of A for the RRR 10,000 sample were taken at 8.5 K, not 7.5 K, as 
shown in Table 2. The peak occurs at A(0,7.8 K) = 334 W /cm K for the RRR 10,000 
sample and, A(B,7.5 K) is within 1% of the A(B,8.5 K) values contained in Table 2. 
As shown in Figures 3b and 4a-d, there is a diminishing return in purifying aluminum 
beyond 10,000 RRR. 

DISCUSSION 

The electrical and thermal (W=l/A) magnetoresistivities can be extended to 
higher fields than 4 T, at low enough temperatures, by simply determining the slope 
in the high-field linear region and extrapolating. This is possible because the slope of 
the magnetoresistivity for fixed T has never been shown to deviate from linearity in 
this regime. These slopes can be calculated with the aid of Tables 1 and 2 for the RRR 
1530 and 10,000 samples for temperatures below 20 K and 25 K for p and below 15 K 
and 20 K for W, respectively, for the two samples. This was done to obtain the values 
of p( 4 T) for the RRR 10,000 sample at temperatures of 7.5, 10, 20, and 25 K, see 
Table 1. Additional plots of p and A vs. RRR can be generated with Tables 1 and 2. 
It is helpful to use graphs of p(B) and A(B) vs. T in conjunction with Figures 1 and 2 
to obtain a more accurate interpolation for the desired value of p(B,T) or A(B,T). 

In this paper, the RRR values refer to resistance, not resistivity, which due to 
thermal contraction are a mere 0.4% smaller than the more common residual-resistivity 
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ratio (RRR = p(273 K)/ p( 4.2 K)). In making comparisons with published data care 
must be exercised to insure that: 1) The high temperature term in RRR was deter
mined for the ice point, not room temperature, where the measured ice-point resistivity 
is p(273 K) = 2.44 p,O cm, and 2) significant size-effect corrections are included when 
calculating R( 4.2 K) in zero field in order to remove the surface-scattering term in re
sistance, thus approximating bulk-polycrystalline properties from the measured data. 
The standard convention is to assume that size-effect corrections are negligible in ap
plied magnetic fields. 

SUMMARY 

The measured values of electrical resistivity and thermal conductivity for sam
ples with RRR 172, 1530, and 10,000 are generalized to different purities of aluminum 
by plotting p and .\ vs. RRR. With these graphs p(B,T) and .\(B,T) can be estimated 
with reasonable accuracy (25%) for bulk H.P.AI having 100 < RRR < 30,000. Pub
lished values have been used to more accurately plot the curves of p(B,T) and .\(O,T) 
vs. RRR. 
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THERMAL PROPERTIES OF COMPOSITE ALUMINUM CONDUCTORS IN THE 

TEMPERATURE RANGE 13 - 30 K 

ABSTRACT 

W. N. Lawless 

CeramPhysics, Inc. 
921 Eastwind Drive, Suite 110 
Westerville, Ohio 43081 

The specific heats and thermal conductivities of 4- and 19-
filament composite conductors have been measured, 13 - 30 K. The 
filaments are high-purity aluminum, and the cladding is an 88Al-
8Fe-4Ce alloy; the thermal properties of pure aluminum and the 
alloy have also been measured. Simple thermal models can be used 
to explain satisfactorily the thermal properties of the composite 
conductors based on the thermal properties of the pure aluminum 
and the alloy, suggesting that interactions between the filaments 
and the alloy are minor. Derivative data for the thermal diffusi
vity and for an intermediate thermal group parameter are also 
given for the composites. 

INTRODUCTION 

High-purity and stress-free aluminum has an extremely low 
electrical resistivity in the hydrogen-temperature range, even 
under strong magnetic fields. 1 To allow fast current penetration 
in pulsed-power applications, fine aluminum filaments are requir
ed, and this in turn requires embedding the filaments in a high 
strength matrix alloy. Recent progress has been made in embedding 
aluminum filaments in an Al-Fe-Ce alloy,2 and the advantage of 
this alloy is that there is minimal diffusion alloying with the 
high-purity aluminum filaments during processing. In addition, 
this alloy has a workability compatible with the high purity 
aluminum and maintains the lightweight advantage of aluminum. 

In any pulsed-power application of these composite conduct
ors in the hydrogen-temperature range, the thermal management of 
the conductor is very important. Therefore, we have undertaken 
the measurement of the thermal properties of 4- and 19-filament 
composite conductors in the range 13 - 30 K. In addition, the 
thermal properties of high-purity aluminum and of the cladding 
alloy have also been measured for the purpose of modeling the 
data on the composite conductors. The cladding alloy 'involved in 
these measurements is 88Al-8Fe-4Ce. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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THERMAL MEASUREMENTS, 13 - 30 K 

Thermal Conductivity Measurements 

The thermal conductivity measurements were performed in a 
closed-cycle refrigerator (Cryomech, Model GB04) using the 
linear-heat-flow method. All thermal-conductivity samples were 
in the form of wires, 0.076-cm diameter, except for the alloy 3 
sample which was in the form of a long bar (0.32 x 0.16 x 7 cm ). 
In order to gain a long length of wire, the wire samples were 
threaded through thin-walled capillary tubes in a serpentine 
fashion for mechanical support, and an annealing step was 
performed with the wires in the tubes (400 °c for 10 minutes). 
In the case of the alloy sample, the thermal conductivity was 
expected to be low enough that a 4-cm long bar was used. The 
high-purity aluminum wire sample was 64 cm long, and the 
composite-conductor samples were 10 cm long. All samples for 
these measurements were prepared by the Alcoa Technical Center. 
The composite conductor samples were fabricated by extrusion 
methods, and the diameter of the aluminum filaments in the 
4-filament conductor is 0.0262 cm, and in the 19-filament 
conductor, 0.0121 cm. 

Thermal conductivity data for the high purity aluminum and 
for the AI-Fe-Ce alloy are shown in Fig. 1. The alloy has a 
thermal conductivity about two orders of magnitude smaller than 
that of the pure aluminum and the opposite temperature depend
ence. The data for pure aluminum agree well with literature 
data. 3 Thermal conductivity data for the 4- and 19-filament 
composite conductors is shown in Fig. 2. The4-filament con
ductor has the larger thermal conductivity because of the larger 
content of pure aluminum in the filaments. On comparing the data 
in Figs. 1 and 2 it is seen that the filaments of pure aluminum 
dominate the thermal conductivity of the composite conductors. 

Specific Heat Measurements 

Specific heat measurements were performed in an adiabatic 
calorimeter using the pulse methods described elsewhere. 4 Samples 
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in the form of pellets (approx. l-cm diam x l-cm height) were 
measured. Specific heat data for the pure aluminum sample and 
for the cladding-alloy sample are shown in Fig. 3, and data for 
the 4- and 19-filament conductor samples are shown in Fig. 4. 
The specific heat data for the samples in Figs. 3 and 4 are very 
similar, due to the large aluminum contents in all samples. The 
data in Fig. 3 for pure aluminum agree very well with literature 
data. s 

DATA ANALYSES 

Thermal Conductivity 

The first step in analyzing the data in Figs. 1 and 2 is to 
expand the experimental data in the power series 
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(1) 

and it was found that third- or fourth-order fits were sufficient 
to reduce the residuals below 1%. Next, we make the simple 
assumption that the aluminum filaments and the cladding alloy 
form parallel heat conduction paths, for which we have 

Kcomp = eKfil + (l-e)Kalloy ( 2 ) 

where e is the area ratio of the filaments. This composite rel
ation allows us to analyze the thermal conductivities of the 
composite conductors in terms of the thermal conductivities of 
the constituents, ignoring interactions between the filaments 
and the alloy. For the area ratios, e = 0.4929 and 0.5065 for 
the 4- and 19-filament conductors, respectively. 

We take the following approach: The smoothed experimental 
data are analyzed for Kfil according to Eq. (2), and Kfil is 
examined relative to K A1 , the smoothed thermal conductivity data 
for pure aluminum. Data for the ratio Kfil/KAl are given in 
Table 1. An interesting correlation is seen in Table Ii namely, 
the Kfil/KAI ratio is uniformly greater than unity for the 
4-filament conductor and less than unity for the 19-filament 
conductor. In all cases, however, the variation from unity is < 
12%, which indicates that interactions between the filaments and 
the alloy are relatively minor from the standpoint of thermal 
conductivity. The (l-e)Kalloy term in Eq.(2) represents a small 
contribution -- the Kfil/KAI ratios change by only 1% if this 
term is ignored altogether. Therefore, the results in Table 1 
are not dependent on the parallel-path assumption in Eq.(l). 

Specific Heat 

The first step in analyzing the specific heat data in Figs. 
3 and 4 was to expand the experimental data in a power series in 
temperature, and it was found that third-order fits to the logar
ithmic form 
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Table 1. Thermal Conductivity Ratios 

T(K) 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 

Kfil /K Al 
4-Filament 

1. 083 
1.071 
1. 059 
1. 048 
1. 037 
1. 027 
1.017 
1. 010 
1. 007 
1.014 

19-Filament 

0.882 
0.902 
0.914 
0.923 
0.931 
0.939 
0.949 
0.958 
0.964 
0.959 

described the experimental data very well (residuals < 0.5%). The 
smoothed experimental data for pure aluminum and for the cladding 
alloy were analyzed for the eEEective Oebye temperatures using a 
published table of the Oebye function,6 and these Oebye tempera
tures are given in Table 2. Literature data Eor the Debye temper
ature of pure aluminum are in the range 400 - 426 K.6 The Oebye 
temperatures in Table 2 increase slightly with increasing 
temperature, and the reason Eor this is that the electronic 
contribution to the speciEic heat becomes negligibly small above 
about 18 K. The ratio of the Oebye temperatures in Table 2 
between pure aluminum and the cladding alloy is about 1.08. From 
the Lindemann relation 6 one expects this ratio to vary inversely 
with the square root oE the ratio of the atomic weights, from 
which we find 1.12, in reasonably good agreement with the 
experimental data. 

Because there is minimal diffusion-alloying of the cladding 
alloy with the aluminum filaments, we expect the speciEic heat of 
the composite conductors to follow a simple additivity relation, 

( 4 ) 

where E is the weight % of aluminum in the conductor. For the 4-
and 19-filament conductors involved here, E = 47.29 and 48.65%, 
respectively, based on the starting billets used in the extru-

T(K) 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 

Table 2. Effective Oebye Temperatures 

Pure Aluminum 

397 K 
405 
410 
412 
412 
412 
411 
410 
408 
407 

Cladding Alloy 

366 K 
375 
381 
383 
383 
383 
382 
382 
382 
382 
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Table 3. Comparison of Predicted and 
Measured Specific Heat Data 

C pred /Cactual 
T(K) 4-Filament 19-Filament 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 

Mean 

0.9579 
0.9810 
0.9910 
0.9909 
0.9842 
0.9749 
0.9659 
0.9616 
0.9654 
0.9811 

0.9754 

0.9692 
0.9732 
0.9789 
0.9844 
0.9880 
0.9882 
0.9820 
0.9695 
0.9482 
0.9177 

0.9699 

sions. The smoothed specific heat data were analyzed according 
to Eq.(4) for the ratio Cpred/Cactual , and these ratio data are 
given in Table 3. As seen in Table 3, the additivity relation 
Eq.(4) describes the experimental data very well, although the 
clear indication is that the measured specific heat data are 2 -
3% larger than the predicted data. This discrepancy is not due 
to a systematic error in the measurements because all samples 
were measured under identical conditions. Nor is this finding 
associated with the electronic contribution to the specific heat 
because there is no clear temperature dependence to the data in 
Table 3, in contrast to the data in Tables 1 and 2. We conclude 
this small effect is probably due to the minimal diffusion
alloying between the alloy and the aluminum filaments during 
processing. 

Thermal Parameters 

Thermal management involves four thermal parameters, and 
which parameter is most important depends on the time scale of 
the thermal disturbance under consideration. The thermal para
meters are: (1) Specific heat; (2) Thermal conductivity; (3) 
Thermal diffusivity; and (4) An intermediate thermal group para
meter. We have a database from the above measurements that 
allows the evaluation of these latter two parameters. The thermal 
diffusivity is defined by 

k = Kip C (5) 

where p is density. The densities for the 4- and 19-filament 
conductors are 2816 and 2813 kg/m, respectively. Using the 
smoothed K- and C-data for the composite conductors in Eq.(5), 
the estimated thermal diffusivity data for the composite con
ductors are shown plotted in Fig. 5. The thermal diffusivi
ties decrease rapidly with increasing temperature because both K 
and l/C similarly decrease (Figs. 2 and 4). For example, the 
thermal relaxation time at 30 K is about 30 times smaller 
than that at 12 K. The 4-filament conductor has the larger 
thermal diffusivity in Fig. 5 due to the larger thermal con
ductivity, Fig. 2. 
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Fig. 5. Thermal diffusivity data for the 
4- and 19-filament composite con
ductors derived from the (smooth
ed) thermal data in Figs. 2 and 
4 according to Eq. (5). 

The intermediate thermal group parameter is defined by 
1/2 n = (KpC) , (6) 

and proceeding as above the estimated data for this parameter are 
shown plotted in Fig. 6. The n-data in Fig. 6 increase uniformly 
with increasing temperature because the strong positive 
temperature dependence of C overwhelms the negative temperature 
dependence of K for both conductors. Here also, the 4-filament 
conductor has the larger thermal group parameter. 

13 Composite Conductors 

10 4 Filament 

25 30 

Fig. 6. Thermal group parameter data for 
the 4- and 19-filament composite 
conductors derived from the 
(smoothed) thermal data in Figs. 
2 and 4 according to Eq. (6). 
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CONCLUSIONS AND DISCUSSION 

Specific heat and thermal conductivity data, 13 - 30 K, have 
been measured on 4- and 19-filament conductors and on the pure 
aluminum and cladding alloy constituents. For the samples 
studied, it has been found that simple models describe the 
thermal properties of the conductors very well, indicating that 
the interactions between the aluminum filaments and the cladding 
alloy are very minor. These findings reinforce the original met
allurgical results that diffusion-alloying between these two mat
erials is small.2 There are, however, small and consistent effects 
in the thermal properties that can probably be traced to alloying 
between the aluminum and the cladding: The thermal conductivity 
of the 4-filament conductor is slightly larger than expected 
based on the content of the aluminum filaments, whereas the 19-
filament conductor has a slightly smaller thermal conductivity, 
Table 1. And both the 4- and 19-filament conductors have speci
fic heats somewhat larger than expected based on the specific 
heats of the constituents, Table 3. Nonetheless, it is expected 
that the thermal properties of any composite conductor in this 
system can be reliably estimated from the data presented here for 
pure aluminum and the cladding alloy using Eqs.(2) and (4). 
Finally, using smoothed experimental data for the specific heat 
and thermal conductivity of the composite conductors, the thermal 
diffusivity and the intermediate thermal group parameter have 
been estimmated for the 4- and 19-filament conductors, Figs. 5 
and 6. 
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AC LOSS IN A COMPOSITE HYPERCONDUCTOR* 

ABSTRACT 

W. J. Carr, Jr. 

Westinghouse Electric Corporation 
Research and Development Center 
1310 Beulah Road 
Pittsburgh, PA 15235 

For high magnetic field operation at cryogenic temperatures near 200 

K the best lightweight conductor presently available is high-purity 
aluminum, sometimes referred to as a hyperconductor. However, because of 
its high purity the material is mechanically weak, and because of its high 
conductivity the conductor must be fabricated as fine twisted strands to 
reduce ac eddy current losses. Thus a construction whereby fine filaments 
are embedded in a high-strength, high-resistivity matrix has been 
suggested. The ac loss in such a conductor is computed and shown to be 
similar in some respects to that for a multifilamentary superconductor. 

INTRODUCTION 

Applications involving magnetic energy storage exist for electrical 
conductors operating in very high magnetic fields at cryogenic 
temperatures. F.or operation at liquid hydrogen temperature in pulsed 
magnetic fields of 15 to 20 T the best conductor presently available seems 
to be high-purity aluminum. Highly pure metals of this type with 
relatively large Debye temperatures are sometimes referred to as 
hyperconductors. Because of the high purity the conductors are soft and 
must be supported mechanically; and this fact along with the desirability 
of breaking up large conductors into fine filaments to reduce the eddy 
current loss has led to a construction similar to that used for 
superconductors. Figure 1 which shows a conductor strand made up of 
aluminum filaments embedded in an aluminum alloy matrix illustrates the 
principle. The size of the filament is fixed by the diameter needed to 
keep the eddy current loss within the filament to a negligible value. The 
purpose of the matrix is two-fold: to provide mechanical strength and to 
partially insulate the filaments. Thus a high-strength, high-resistivity 
material at cryogenic temperatures is called for. O~e possibility for the 
matrix is an Al-Ce-Fe material described by Ho et al designed as a 
lightweight matrix which will not contaminate the al~~inum filaments. The 
resistivity of the Al-Ce-Fe alloy is the order of 10 ohm-cm as compared 

*Work supported by the Wright-Patterson Air Force Base, Ohio 45433, under 
Contract No. F33615-86-C-2681. 
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Pure AI 

High Strength 
Matrix 

Figure 1 - Multifilamentary 
hyperconductor strand. 

with the order of 10-8 for the aluminum filaments at 200 K in large 
magnetic fields. This matrix appears to be satisfactory for some 
applications but in general a higher resistivity material would be 
desirable inasmuch as the diameter of the strand (and therefore the amount 
of current it can carry) for a given allowed eddy cuirrent loss depends 
upon the matrix resistivity. The conductor itself is made by insulating 
the strand and forming a cable of strands; thus relatively large strands 
reduce the problem of cable fabrication. One method for obtaining higher 
resistivity is to place a barrier around the filaments as in Figure 2. In 
principle the barrier can be used in two ways: (a) to prevent diffusion, 
which allows a wider range of alloys to be considered for the matrix and 
(b) as an insulating layer which increases the effective resistivity of 
the matrix by changing the geometry of eddy current flow. 

In order for the subdivision of the strand into filaments to be 
effective in reducing the eddy current loss for a changing transverse 
magnetic field, the strand must be twisted. The reason is illustrated in 
Figure 3. The changing transverse magnetic field tends to cause axial 
current to be induced whose pattern of flow is broken up by the twist. 
Induced current at the top of Figure 3 tends to flow to the right, while 
that at the bottom tends to flow to the left. If the current followed the 
low resistance path of the filaments a divergence would occur at the 
middle, and it follows that the current must leave the filaments and flow 
across the matrix to filaments on the other side. Thus for a twisted 
strand the eddy current flow due to a changing transverse magnetic field 
is largely across the diameter of the strand in analogy with the flow in a 
superconductor. It is this fact which allows an insulating barrier around 
the filaments to greatly increase the effective resistivity of the matrix 
as shown in Figure 4. 
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Untwisted Strand 

Twisted Strand 

Figure 3 - Current in Filament for 
Twisted and Untwisted Strands. 

EDDY CURRENT LOSS IN THE STRAND 

Let it be assumed that the pulsed current through the conductor can 
be approximated by a dc current plus an alternating current of angular 
frequency W, where the amplitude of the alternating current is small 
relative to the dc. Then the loss in a conductor which is used to 
construct a coil is given approximately by the loss from the dc transport 
current plus the eddy current loss from the alternating transverse 
magnetic field of the coil. The latter has been calculated from Maxwell's 
equatio~s using an anisotropic continuum model described previously by the 
author. The model imagines the filaments of Figure 1 to be uniformly 
smeared out over the strand giving a continuum with high conductivity 0"11 
along the direction of the filament axis, and low conductivity ~j 
transverse to the filament axis. The difficult part of the prob±em comes 
from solving the Maxwell equations subject to the spiral symmetry of the 
twisted strand, since this symmetry completely changes the nature of the 
solution. 

The equation to be solved is 

2 ;t 4lr a1 Curl J!j - - - .=...a. - 2 at 
c 

Filament Without Barrier 

=0 
Filament With Barrier 

Figure 4 - Induced Current Flow 
Pattern in a Strand. 

(1) 
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~R ~ 

-(k'- cr;?iz ///~{j---
A A A 

Figure 5 - Unit vectors aI' ~2' and a3, for the twisted filaments and 
the unit vectors ~, aO' az for the cylindrical conductor. 

coming from combining Maxwell's equations with obvious nomenclature. The 
o equation is solved for a long strand where az = 0 with z the axis of the 

strand, and subject to an anisotropic ohms law 

where the parallel and transverse directions refer to the twisted 
filaments in the strand. The power loss at any point is 

0.1 

0.01 

( Untwisted) 

X =0 o 

X =~o~ (JII 
o L (Jl 

2 ~ 
115 11 = 211 (JII W x 10 

(Units of em, mho/em, hz) 
O,OOlL--L __ ~ ____ -L~~~ ________ ~ ____________ ~ 

0,1 10 100 

(2) 

(3) 

Figure 6 -- Dimensionless plot of the transverse field eddy current loss 
per unit volume PlY versus RolOI I' where Ro is the radius of 
the strand and OJ I is the skin depth due to the conductivity 
UI I' The loss g~ven by the ordinate is reduced by the factor 
factor wH 2/4~ where w is 2~ times the frequency, and H is 

o 0 
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the peak amplitude of the ac transverse magnetic field. R IL o 
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where the 1, 2, 3 axes are indicated in Figure 5. Two skin depths 611 and 
61 may be defined by 

1 -9 
-2 = 2 .. 6 11 111 X 10 (4) 
6 11 

1 -9 
~ = 2 .. a1111 x 10 (5) 
61 

in units of em, mhos-cm and hertz. 

In expressing the results it is useful to 

2 .. Ro J:ua 
X --o - L a1 

define a parameter X by o 

where R is the radius of the strand and L is the twist pitch. Then if H 
is the ~plitude of the ac magnetic field the principal results in 0 
watts/cm are 

(a) Low Frequency (No Skin Effect) 
The power loss per unit volume of composite conductor 

a 1 [2 .. R )2 
assuming that -« -L 0 «1, (i.e., X20 »1) is 

all 

IIIH2 [ )2 p.. 0 L -7 
V .. 4.. 2 .. 6 x 10 

1 

[Ro]2 x 10-7 
611 

(b) High Frequency Case (Skin Effect) 

2 2 
f ::: IIIHo (~ (2 .. Ro) ~] + 10-7 
V 4.. R + L R 

o 0 

(6) 

(7) 

The transition between low frequency and high frequency behavior is given 
roughly (within about a factor of two) by the point where 

Ro /6 1 I = (X:/2 + 1)1/2 The results are shown on a log-log plot in 
Figure 6 where the lines of positive slope are the low frequency curves 
and those with negative slope are the high frequency curves. The 
changeover occurs when skin effect begins to occur. The right-hand side 
of the plot is of interest only for strands of very large radius or for 
quite large power frequencies, and only the left-hand side will be 
considered here. 

TYPICAL PARAMETERS 

According to (6) the transverse field loss decreases as L2 and 
therefore a well-twisted strand is needed for low loss. In multifilament 
superconductors it is found that the twist pitch cannot be made much 
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smaller than 10 to 20 times the radius R , for otherwise the filaments 
begin to break. While it might be possigle to twist the soft aluminum 
more than this, it is not desirable for other reasons. The twist 
increases the path length of the dc transport current and causes the 
effective resistance to increase. The ratio of the resistance for a given 
L to that for an untwisted strand is easily computed to be 

tihl_ 1 

r(oo) - (L )2 In [1 +[2LlrRo)2] 
2lrRo 

(8) 

which for LjR = 10 is already 1.186 indicated a nearly 20% increase in dc 
loss. 0 

The loss in an isolated filament per unit volume is easily computed 
to be 

2 

(P) wHo 1 ( d )2 -7 
V f = ~ '4 26f x 10 (9) 

where 6f is the skin depth for the aluminum and d is the filament 
diameter. If a frequency of 10 hz is assumed 6f ~ 0.13 cm, and if ~ is 
assumed to be 1.5 T the loss within the filament is about 0.17 Wjcm of or d 
= 0.02 cm. Since 10 to 20 times this much heat can easily be carried 
away, no gain is made in making the filament diameter smaller than about 
0.02 in this example, and furthermore filaments appreciably smaller may 
exhibit a size effect in their resistance. 

The conductivities u 1 I and u1 may be estimated from the expressions 

and 
u ll = AUf + (1 - A)Um (10) 

(11) 

where A is the fraction of pure Al in the strand, and uf and U are the 
conductivities of the filament and matrix. A typical value fo~ A is 
assumed to be about 0.6. In the case of a barrier around the filaments 

The strand diameter is chosen to keep the ac loss within reasonab!e 
bounds, which is considered to be in the neighborhood of 0.5 Wjcm . 

(12) 

For the case of U the order of 10-6 O-cm with no barrier a typical 
strand would have onlymabout four filaments and carry about 50 A. For a 
decrease in matrix conductivity by a factor of ten obtained with a barrier 
or with a different matrix material, one can increase the strand diameter 
so that the number of filaments and the current carrying capacity of the 
strand is increased by a factor of ten. 
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CRYOCONDUCTOR MATERIALS TESTING SYSTEM 

ABSTRACT 

A. Lumbis, J. Roelli, D. Frutschi, 
J.T. Gehan and K.T. Hartwig 

Texas A&M University 
Department of Mechanical Engineering 
College Station, TX 77843-3123 

A materials testing system was designed and constructed to perform 
cyclic-strain resistivity testing in magnetic fields to 8 Tesla and at tem
peratures from 4.2 K to 77 K. The system has a load capacity of ±8.9 kN 
(2000 lb). Helium gas cooling is used to maintain a constant temperature in 
the 15 K to 50 K region. Data acquisition, including stress-strain informa
tion and resistivity measurements, is controlled by a personal computer. An 
overall helium consumption rate of 8 l/hr is achieved for a 20 K test in 
magnetic fields to 8 Tesla. 

INTRODUCTION 

Liquid hydrogen can be a coolant for the operation of high powered 
cryogenic magnet systems. 1 Such systems might operate at a temperature be
tween 14 and 30 K. Hydrogen freezes at 13.8 K and boils under one atmo
sphere of pressure at 20.3 K. The upper bound on the operating temperature 
is a practical limit established by the intrinsic resistivity of typical 
pure metal cryoconductors such as copper and aluminum. 

A materials test facility has been developed at Texas A&M University in 
support of the Air Force Cryogenic Inductor Project. 1 Design of the mechan
ical system is similar in some respects to other systems developed else
where. 2 The purpose of the present facility is to be able to subject pure 
aluminum and composite aluminum cryoconductors to conditions similar to 
those expected in space based devices where liquid hydrogen would be the 
coolant. Such conditions may include monotonic and cyclic stress, trans
verse magnetic fields to 5 or 6 Tesla and an operating temperature of near 
20 K. The test system capability includes the simultaneous application of 
these conditions. In order to test cryoconductor samples under the range of 
conditions possible, the test facility was developed with five key working 
elements: mechanical fixtures for applying stress, a variable temperature 
helium gas supply system, an 8 Tesla solenoidal superconducting magnet, 
dewar systems for containment, and a supporting computer system for experi
mentcontrol and data acquisition. Each of these systems is described in 
detail below with key procedures and performance characteristics of the com
bined system. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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Fig. 1. Mechanical Load Fixture . 

SYSTEM FEATURES 

Load Frame and Fixtures 

The mechanical load fixture shown in Figure 1 is used to apply suffi
cient force to induce plastic strains up to 0 . 3 percent in one centimetre 
diameter specimens of pure aluminum. The MTS model 244.12 hydraulic actua
tor can apply a maximum load of ±24.5 kN (±5500 lb) however the frame that 
it is attached to will only support a 8.9 kN (2000 lb) load. These loads 
are measured using a 8 . 9 kN (2000 lb) Lebow Model 3169 load cell. The load 
cell is mounted between the actuator and the push-pull rod. The reaction 
structure is mounted to the top plate. The components of the push-pull rod 
and the reaction structure are made of either Nitronic-60 or 304 stainless 
steel. The top plate is used to fasten the hydraulic actuator to the dewars 
which are used to insulate the test structure. Electrical connection points 
for the strain, resistivity, magnet current and control, and helium level 
signals are provided for in the top plate. Sealed fittings for the transfer 
of cryogenic fluid are also installed in the top plate. The cost of liquid 
helium justified venting the test structure to a helium recovery system. 
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Fig. 2. Variable Temperature Gas System. 

Because of the large temperature gradient that exists across this top plate 
the cross-sectional area of the push-pull rod and the reaction structure 
that connects to the top plate where kept to a minimum. For the reaction 
structure this was accomplished by using tubular instead of solid 
cross-sections. The cross-sectional area of the push-pull rod and the reac
tions structure is 6.93 cm 2 • The test sample is connected to the push-pull 
rod and the reaction structure using collet grips made of Nitronic-60 stain
less steel. The grips are modified versions of the design described by 
Lehmann. 3 

Load Control 

The MTS Micro-controller Model 458.20 connected to the hydraulic actua
tor allows for displacement, load or strain control. Micro Measurements 
S-T-C (self temperature compensated WK-13-125BT 350) 350 ohm strain gages 
mounted diametrically on the sample allow for the strain levels induced in 
the sample to be measured. Continuous measurements of load and strain by 
the controller using the load cell and strain gages, respectively, are accu
rate to within ±1 percent of full scale. Since the experiment involves cy
cling the sample between a set strain limit the actuator movement is con
trolled according to the strain gage signals using a feedback loop. 

Variable Temperature Gas System 

The variable temperature gas system incorporated into the test struc
ture allows for testing at temperatures from about 10 K to 77 K (Figure 2). 
The 10 watt, 25 ohm resistive heating element mounted in the helium storage 
dewar produces helium gas which is transferred into the inner dewar using 
the fle~ible gas transfer line. Enroute the gas is further heated using an 
25 watt, 25 ohm in-line heater. The heated helium gas is discharged into 
the test dewar on one side of the test sample. The alignment of the dis
charge nozzle is tangential to the test sample creating a cyclonic air move
ment. This setup proved to be better than a radial alignment because helium 
gas exiting directly toward the sample was obstructed by the eddy current 
decay coils resulting in higher temperature gradients in the test specimen 
area. 
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Temperatures are measured using silicon diode and carbon glass sensors. 
Because of the presence of magnetic fields the latter type of sensor with 
its relatively weak magnetic field dependence is necessary for accurate tem
perature readings during the magneto-resistivity measurements. Two silicon 
diode sensors are mounted 4.25 cm below the center of the sample and a sili
con diode and a carbon glass sensor are mounted 4.25 cm above the center of 
the sample. The sensors are calibrated using liquid helium, neon and nitro
gen as reference temperature sources. 

The heating element inside the helium storage dewar connected to a 
variable power supply provides for an open-loop temperature control of the 
helium gas temperature. The gas temperature is further regulated using the 
microprocessor based Lake Shore Cryotronics ORC-91C Temperature Controller 
with PIO control. A silicon diode temperature sensor mounted inside the 
in-line heater assembly is the normal control sensor. Using this sensor the 
controller set point must be approximately 5 degrees K below the desired gas 
temperature. It was discovered however that the use of any of the sensors 
mounted beside the sample could be used as the control sensor without any 
difficulties arising in the control process. Because the accuracy of the 
carbon glass sensor is not affected by magnetic fields this sensor is gener
ally chosen for the control sensor. The use of this sensor ensures that the 
control process is not disrupted by any magnetic fields that may be present 
during testing. 

Superconducting Magnet 

A 3.5 inch inner diameter, 8 Tesla, solenoidal superconducting magnet 
with vapour cooled leads is mounted in line with the test sample on the out-
side of the inner dewar as shown in Figure 3. This allows magneto-
resistivity measurements of the test sample to be made. 
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Fig. 4. Schematic of the Data Collection System. 
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The mechanical fixture is inserted into the two concentric superinsu
lated dewars shown in Figure 3. The outer dewar constructed of 
composite-aluminum materials is 40 inches deep and has a 9 inch diameter 
neck. To increase the storage capacity, the outer dewar has a 13 inch diam
eter belly. To isolate the test chamber and to provide a support apparatus 
for the superconducting magnet an inner dewar was used. The walls of the 
neck and outer vessel of the inner dewar are constructed of fiberglass epoxy 
with a stainless steel foil helium diffusion barrier. Super-insulation 
fills the space between the neck and the outer vessel. An aluminum alloy is 
used for the reduced end of the inner dewar and the magnet support stru
cture. Liquid helium sensors mounted in both dewars monitor the level of 
liquid helium. 

Electrical Resistivity 

Electrical resistivity measurements 4 are made with an eddy current 
decay (ECD) system which is composed of two concentric solenoid coils that 
surround the specimen. A DC magnetic field is generated in the outside coil 
and the resulting eddy current signal is picked up by the inner coil. The 
coil system should be mounted securely to the reaction structure to prevent 
movement or vibration. Probe vibration in a strong magnetic field will 
result in signal distortion and inaccurate measurements due to the movement 
of the coils normal to the magnetic field lines. 5 After the eddy current 
signal is amplified by a Tektronix AM502 differential amplifier it is cap
tured on a Nicolet 4094B digital oscilloscope and then is transferred to a 
MS-DOS compatible computer using a IEEE-4BB interface. Using the least 
squares fit method the time constant of the eddy current signal is calcu
lated and the resistivity of the s pecimen de termined. 
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Data Collection 

Data collection is controlled by the MS-DOS compatible computer with 
three additional cards used to acquire data, monitor test signals and commu
nicate with other equipment. The system schematic is present in Figure 4. 
Since operation of the mechanical test is controlled by the MTS console the 
computer must be_ able to monitor the start and stop of the mechanical cy
cling. This is accomplished with a digital 1/0 interface which allows the 
condition of the MTS console to be monitored. Force and strain signals from 
the MTS console are acquired using the DT-2818 data acquisition card man
ufactured by Data Translations. The card is capable of 12 bits of resolu
tion with a full scale input range of ±9.9976 volts. The card can perform a 
complete 2 channel conversion sequence in less than 75 micro-sec. Using 
separate sample and hold circuits the values captured for each channel 
remain constant while all the AID channels are converted sequentially using 
a single AID converter. The resulting digital numbers represent the analog 
signals of both load and strain from approximately the same period in time 
«5 ns). 

The BASIC program written to control the data acquisition 6 can be di
vided into four sections. 

1. Initialization - Information is entered about the specimen, test 
conditions and MTS settings. 

2. Data Collection and Analysis - Load and strain voltage signals are 
sampled and converted to the appropriate units. Plastic strain per 
cycle, stress levels and total plastic strain are stored for later 
analysis. 

3. Resistivity Measurements - Eddy current decay curves are trans
ferred from the digital oscilloscope to the PC. From these curves 
the resistivity is calculated and stored for later analysis. 

4. Post Processing of Data - After completion of the test data is 
sorted for later analysis. 

TEST PROCEDURES 

Liquid Helium Testing 

Once the specimen is mounted in the test structure, the controller is 
put in load control to ensure that any thermal strains that are induced in 
the specimen during the cooldown process do not inadvertantly damage it. 
The test structure is lowered into the inner dewar and pre-cooled with 
liquid nitrogen. To prevent the test structure from warming up during the 
subsequent helium transfer process the initially warm gas is allowed to flow 
through the transfer line directly to the recovery system. The helium dis
charging from the transfer line should be below 77 K before being trans
ferred into the test structure region. Once an adequate volume of helium 
has been transferred the MTS controller is switched to strain control and 
zeroed. 

The specimen is loaded through a set strain range for 3000 cycles. 
Load and strain voltages are sampled and converted into the appropriate 
units by the computer. Because of the large changes in resistivity of the 
test sample, the majority of the resistivity measurements are taken within 
the first 100 cycles. The calculated resistivity is recorded by the comput
er. The cycling speed at the beginning of testing is 0.02 Hz with a corre
sponding sampling rate of 4 Hz for the computer. This is increased to 0.2 
and 10 Hz, respectively, by the 200th cycle. The- corrsponding data collec
tion rates are 3 and 18 measurements per second. 
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Once the testing is complete the MTS controller is put back in load 
control and any remaining liquid helium is boiled off. The test structure 
is then removed from the dewar and allowed to warm to room temperature be
fore the test specimen is removed from the structure. 

Helium Gas Testing 

Preparations for a helium gas test are identical to those for a liquid 
helium test. Connecting the flexible gas transfer line to the recovery 
system the helium gas is cooled to below 77 K before introducing the gas 
into th~ test structure. Once introduced the gas is further cooled to a 
temperature usually 5 to 10 K below the desired test temperature. This will 
remove any latent heat still present in the system. The gas is then warmed 
to the desired test temperature. Stabilization of the temperature in the 
test dewar takes between 1 and 2 hours. After stabilization the gas temper
ature remains constant to within ±0.1 K and thermal gradients in the gas at 
the region of the test specimen are below 0.012 K/cm. 

Magneto-Resistivity Testing 

Preparation of the magnet for magneto-resistivity tests involves pre
cooling the outer dewar with liquid nitrogen and then transferring liquid 
helium into the outer dewar. Magneto-resistivity measurements are made at 
several magnetic fields up to 7 Tesla. The superconducting magnet is put in 
its persistent mode when the actual measurements are taken. The hydraulic 
actuator is depressurized during these tests because the high magnetic 
fields can cause adverse behaviour in the system's hydraulic components. 

PERFORMANCE CHARACTERISTICS 

The materials test facility described in this paper was developed to 
subject pure aluminum to conditions of montonic and cyclic stress, and 
transverse magnetic fields at temperatures near 20 K. The load capacity of 
the structure is ±8.9 kN (±2000 lb). Magnetic fields up to 8 Tesla can be 
created. Maximum cycling rate of the structure is 0.2 Hz with data acquisi
tion. The maximum crosshead speed of the system is .88 in/sec. Tempera
tures from 4.2 K to 50 K have been achieved with a stability of ±0.1 K and a 
test region gas temperature gradient of .012 K/cm. Target temperature sta
bilization takes 1 to 2 hours. Helium consumption rates are 4 l/hr for 
liquid helium tests, 6 l/hr for 20 K helium gas tests and 2 l/hr are re
quired to operate the superconducting magnet. 
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MECHANICAL AND ELECTRICAL TESTING 

OF COMPOSITE ALUMINUM CRYOCONDUCTORS 

ABSTRACT 

K.T. Hartwig and R.J. DeFrese 

Texas A&M University 
Department of Mechanical Engineering 
College Station, TX 77843-3123 

Results are reported of monotonic and cyclic-strain resistivity experi
ments at 4.2 and 20 K on Alcoa fabricated composite aluminum cryoconductors. 
The conductors contain filaments of nominal 99.999% pure aluminum in an 
Al-Fe-Ce matrix. Initial conductor resistance ratios (RR = R(273 K)/R(T» 
range from 340 to 800 at 4.2 K and from 259 to 500 at 20 K. Sample resis
tivity increases nearly linearly with monotonic plastic strain at a rate of 
7 ± 2 nQcm I % strain. Force controlled cyclic loadings cause the resisti
vity to increase rapidly to a saturation value reached after about 500 
cycles. 

INTRODUCTION 

This work supports an Alcoa project funded by the U.S. Air Force to 
develop light weight, high current conductors for space-based applications. 
Earlier encouraging research on multifilamentary aluminum composite conduc
tors 1 was the effort from which this project began. 

The objective of the conductor development program is to fabricate long 
lengths of cryoconductor wire for use in inductor devices operating at near 
20 K. To help establish which conductor design and fabrication steps give 
satisfactory overall performance, conductors containing different numbers of 
filaments, and different matrix compositions were prepared by Alcoa. Our 
part of the project is to provide 4.2 and 20 K mechanical and electrical 
testing support and to help identify promising conductor design features and 
fabrication methods. 

Of major concern to the operation of a cryogenic inductor is strain in 
the conductor windings during use. In particular, plastic strain at 4.2 K 
in pure aluminum causes a dramatic increase in resistivity.2,3 Because the 
main conducting component in the Alcoa cryoconductors is pure aluminum, 
there is a need to know how the composite conductor resistivity will be af
fected by strain at 20 K. The major thrust of our activities has been to 
gather cryogenic-strain resistivity information on various cryoconductor 
samples. Key results from monotonic-strain and cyclic-strain resistivity 
tests are reported. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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MATERIALS AND METHODS 

The cryoconductor samples are filamentary composites fabricated by 
Alcoa. 4 They consist of an AI-Fe-Ce matrix with nominal 99.999% pure alu
minum fibers (residual resistivity ratio (RRR) - 1500). Two types of alloy 
matrix material are used: AI-8wt.%Fe-4wt.%Ce (AI-8Fe-4Ce) and AI-4Fe-2Ce. 
The number of filaments in the cryoconductor is either four or nineteen, the 
volume fraction of each being about one-half. Samples are prepared in both 
the annealed (400°C/20 min/air) and cold extruded conditions. Wire 
diameters are either 0.74 mm (0.029 in) or 1.22 mm (0.048 in). 

Tests were conducted by first attaching two small drill chucks on 
either end of a four inch long wire sample. One end was fastened to the 
bottom of a reaction tube by a spherical nut while the other end was at
tached to a pull rod connected to a hydraulic actuator through a load cell. 
Actuator movement was controlled by an MTS 458-20 micro console. Tests were 
carried out under both load and displacement control. 

A helium gas system was used to create a 20 K environment around the 
sample. Cold gas was generated by warming liquid helium inside a storage 
dewar. The resulting gas was passed through a transfer line with an in-line 
heater. The temperature was regulated to within ± 0.2 K at the sample by a 
Lake Shore Cryotronics DRC-91C temperature controller. 

The four point potential difference method was used to determine sample 
resistivity. A current, usually one or two amperes, was supplied by a 
Hewlett Packard 6284 A power supply and passed through the sample. Voltage 
across the sample was measured using a Keithly 181 nanovoltmeter. To accom
modate thermal EMF effects, a current reversing switch was used and an aver
age voltage drop was taken between the two current directions. To determine 
sample strain, an extensometer with a gage length of one inch, was affixed 
to the sample. A silicon diode temperature sensor was placed within one 
inch of the sample and was used to measure the temperature in the sample en
vironment. A schematic of the sample fixturing and instrumentation is shown 
in Fig. 1. 

The cryoconductor samples were subjected to two different kinds of 
tests: monotonic-strain resistivity and cyclic-strain resistivity. In the 
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monotonic tests the sample was strained repeatedly at a rate between 5x10- 4 

and 3x10- 3 in/in/sec through successively higher amounts of total plastic 
strain. Fig. 2 shows a typical set of load-unload cycles. After each 
cycle, the sample resistivity was measured. This procedure was continued 
until sample fracture occurred. For the cyclic-strain resistivity experi
ments, the wire samples were subjected to cyclically varying stresses be~ 
tween ten and one-hundred percent of their yield strength. The strain rate 
here did not exceed about 10- 3 in/in/sec. The resistivity was measured 
after selected cycles, frequently at the beginning and less frequently to-. 
ward the end of the test. Fig. 3 shows a stress vs. strain and a stress vs. 
time curve for a typical cyclic test. 

·The specimen resistivity at 4.2 or 20 K is determined by multiplying 
the resistivity measured at room temperature (p(RT» by the voltage ratio 
V(T)/V(RT) where V(T) and V(RT) are the voltage drops measured at the test 
temperature and room temperature respectively. The monotonic-strain resis
tivity values are corrected as shown in Eq. 1 due to an increase in sample 
length and a decrease in sample diameter as plastic (engineering) strain 
(EE) accumulates: 

p(T)c [ V(T) ( 1 )] 
V(RT) (1+€E) 2 p(RT) 
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Table 1. Representative Cryoconductor Resistivities 
and Resistance Ratios 

Matrix No. of Wire Resistivity R(RT) R(RT) 
Alloy Filaments Condition at 293°K R("4:"2K) R(20 K) 

(nQcm) 

AI-8Fe-4Ce 19 Cold Extruded 3360 470 320 
AI-4Fe-2Ce 4 Annealed 3020 700 465 

RESULTS AND DISCUSSION 

Tensile Tests and Resistance Ratio Measurements 

Initial experiments were carried out to determine the basic cryogenic 
mechanical and electrical characteristics of the composite wire. All wires 
behaved similarly at 20 K from a mechanical standpoint: the 0.2 percent 
offset yield strength (YS) exceeds 165 MPa (24 ksi), the ultimate tensile 
strength (UTS) exceeds 276 MPa (40 ksi), and elongation at fracture varied 
from 1.5 to 8 percent. The variation in elongation may be indicative of a 
sensitivity to surface flaws in the matrix component of the wire. 

Resistivity ~nd resistance ratio measurements on two conductor types 
are listed in Table 1. In general, conductors having 4 filaments or in the 
'annealed condition have lower resistivities than the 19 filament or cold ex
truded wires, respectively. Conductors having the AI-8Fe-4Ce matrix alloy 
are generally stronger but do not necessarily have lower resistivities. 

Monotonic-Strain Resistivity 

Strain-resistivity tests were run on wire samples having all combina
tions of matrix type, filament number and wire condition. The typical re
sponse shown in Fig. 4 is for resistivity ratio to fall as total plastic 
strain increases. The associated resistivity increase with strain is found 
to be approximately linear. See Fig. 4. This linear nature is also 
observed by plotting log (6p) vs. log (8t) and noting that the exponential 
term is close to one. 

The strain-resistivity data from each test were fit to two equations: 
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Fig. 4. Resistance ratio and resistivity at 20 K. 
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p = m(£E) + B 

D.p C(£t)D 
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where ~ and £t are engineering and true strain respectively and m, B, C and 
D are constants. Average values of m and D for all tests are near 7 nQcm / 
%£E and 1.0, respectively. There are, however, noticeable differences in 
the strain-resistivity behavior between the various specimen types: 

• The AI-SFe-4Ce matrix, cold extruded and 19 filament conductors de
grade more with total plas tic strain than their 4Fe-2Ce , annealed and 
4 filament counterparts. 
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• Strain at 20 K produces slightly less change in resistivity than at 
4.2 K. 

General trends of strain resistivity at both 4.2 and 20 K for several hyper
conductor types are shown in Fig. 5. 

A further general observation of the monotonic-strain resistivity re
sults is that ~p is large even for small amounts of plastic strain. This is 
shown in Fig. 6 where ~p vs. 8E at 4.2 K for Al-4Fe-2Ce/4 filament annealed 
and cold extruded wires are compared with monolithic pure aluminum. For one 
percent plastic strain, ~p for the three cases is 4.7, 7.0 and 0.5 nQcm, re
spectively. The larger ~p observed in the composite is due in part to a 
larger amount of plastic strain in the pure aluminum component. The reason 
for this is because a much larger total strain is required in the composite 
as compared to pure aluminum to produce a given amount of permanent strain. 

Cyclic-Strain Resistivity 

Fig. 7 shows that the RR drops rapidly at first, in the composite, then 
levels off after about 500 strain cycles. This trend is common to all con
ductor types and is quite different from the results observed in constant 
strain-range experiments on monolithic pure aluminum where equilibrium is 
not reached until after 1000 cycles. See Fig. 7. This difference stems from 
the effect of strain environment. The composite material is cycled under 
stress control which subjects the pure aluminum component to rapidly de
creasing amounts of cyclic plastic strain. 

Additional general trends are noticed in the cyclic-strain results: 1) 
annealed wire shows about twice the increase in resistivity as seen in the 
cold extruded wire, and 2) resistivity increases appear to be slightly 
higher at 20 K than at 4.2 Kfor annealed wires. Point 1 is consistent with 
earlier work. s Point 2 is under further investigation. 
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CONCLUSIONS 

Phase I experiments lead to the following main findings: 

1. The YS, UTS and elongation values at 20 K for all conductors tested 
exceed 165 MPa (24 ksi), 276 MPa (40 ksi) and 1.5%, respectively. 

2. The monotonic strain-resistivity behavior of aluminum composite 
conductors obeys either of two relationships reasonably well: 

p m(8E) + B 

6p C(8 t )D 

where ~ and 8 t are engineering and true strain respectively. 
Sample resistivity increases approximately linearly for all samples 
at a rate of 7 ± 2 nQcm per percent engineering strain. 

3. A larger 6p per unit plastic strain is seen in composite wires than 
in pure aluminum. The effect is due in part to the larger total 
strain required in the composite to produce a given amount of ob
served permanent strain. 

4. The resistivity increase in composite conductors caused by 
force-controlled cyclic strain reaches a maximum after about 500 
cycles. This is in contrast to results from strain-controlled 
cyclic testing on monolithic pure aluminum samples where equilib
rium is not reached until after 1000 cycles. 
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TOTAL PLASTIC STRAIN AND ELECTRICAL RESISTIVITY IN 

HIGH PURITY ALUMINUM CYCLICALLY STRAINED AT 4.2 K 

ABSTRACT 

* J. T. Gehan and K. T. Hartwig 

Texas A&M University 
Department of Mechanical Engineering 
College Station, TX 77843-3123 

The objective of this research is to correlate the resistivity 
increases in pure aluminum with the total accumulated plastic strain in 
cyclic strain experiments performed at 4.2 K. Monolithic tensile specimens 
were cycled to 0.1%, 0.2% and 0.3% strain for 3000 cycles. Resistivity 
measurements were made periodically during the experiments using the 
Eddy-Current Decay method. Resistivity increases are found to be linearly 
proportional to total plastic strain over much of the region for which 
plastic strain accumulates. 

INTRODUCTION & BACKGROUND 

While there are many parameters that influence the selection of 
stabilizer materials for superconducting magnet systems, a primary 
consideration is the degradation of electrical properties of the material 
due to strain effects. Mechanical stresses in the composite conductor 
result from the magnetic fields produced during magnet operation. These 
stresses cause the wire to undergo elastic as well as plastic deformation. 
Depending upon the particular application, a supermagnet may be electrically 
loaded and unloaded many times during its life. Consequently, the 
mechanical stresses in the conductor are considered to be cyclic. 
Investigations on the tensile and cyclic effects of plastic deformation on 
stabilizer materials (aluminum) have shown that the electrical resistivity 
increases substantially with the adJition of plastic deformation. 1 

A study of the cyclic strain effects on the resistivity of pure 
aluminum was performed by Hartwig et al. 1 ,2, 3, 4 The results show that the 
RRR(rho 273 K/rho 4.2 K) decreased substantially during strain cycling. The 
resistivity and maximum stress per cycle were measured periodically during 
cycling to record the rate of increase with the number of cycles. In 0.1, 
0.2, and 0.3% strain range tests of 99.997 and 99.992% aluminum (nominal 
1000 RRR and 300 RRR respectively) the resistivity increased significantly 
during the first 1000 cycles and reached saturation after 1500 cycles. The 
maximum stress per cycle increased similarly and saturated at about the same 
point. From further analysis of one set of cyclic data, Hartwig computed 

*Now with McDonnell Douglas Space Systems, Houston, Tx. 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 

717 



www.manaraa.com

the total plastic strain for ten strain cycles and related it to the 
resistivity increase. The results showed that resistivity increased 
proportionally to the total plastic strain. s 

Strain controlled cyclic tests can be used to examine several work 
hardening and fatigue properties of metali. A test of this type is used to 
mechanically load a specimen between two fixed strain limits repeatedly. 
The distance between the two strain limits is known as the strain range. 
Each cycle is characterized by a hysteresis loop formed from the stress 
induced on a sample over a particular strain range. The size and shape of 
the hysteresis loop illustrate several properties of the material being 
tested (i.e. yield strength, ductility, modulus of elasticity). When the 
metal is cycled repeatedly, the changes in these properties can be observed 
as the number and distribution of defects within the metal increase. 

A concern for cryoconductors is the effect of deformation on electrical 
resistivity. While this effect has been investigated by examining the 
resistivity increase with strain cycles, there is not a one to one 
correlation between these two parameters. The portion of deformation per 
cycle which is plastic and hence the resistivity increase per cycle 
decreases rapidly until the saturation of work hardening occurs at about 
1500 cycles. 

Th~ objective of the work described here is to relate the accumulation 
of plastic strain in high purity aluminum with changes in its electrical 
resistivity. Further details are available elsewhere. 6 

EXPERIMENTAL SETUP & METHODS 

The aluminum samples were gripped by a mechanical fixture fabricated 
for this research. Force was applied to the specimens through an MTS 244.12 
hydraulic actuator attached to the mechanical structure. The actuator 
displacement and resulting strain on the sample were controlled by an MTS 
458.20 microconsole controller. To maintain a test temperature of 4.2K, the 
mechanical fixture was immersed in a liquid helium filled dewar. A more 
complete description of this mechanical system is available in the 
literature.? 

Electrical resistivity of the samples was measured using the Eddy 
Current Decay method. 8 The sample geometry is similar in size and shape to 
the specification used for ASTM tensile testing of metals. 

Measurements of the electrical resistivity and mechanical load & strain 
were collected and analyzed by a personal computer. A software program was 
developed to record the load-strain data, compute specimen resistivity from 
data collected and calculate the plastic strain per cycle and the total 
plastic strain for each experiment. This program was developed and run on 
an IBM AT class personal computer in the QuickBASIC language. Special 
peripheral cards were added to the computer to convert the analog load & 
strain signals to digital format and collect eddy current decay curve data 
for resistivity measurements from a digital oscilloscope. 

Each sample was cycled between fixed strain limits 3000 times and 
measurements of its electrical resistivity were taken periodically during 
the experiment. The load and strain signals form hysteresis loops which 
illustrate changes in the mechanical properties with increased cycling. By 
measuring the width of the hysteresis loop along the zero load point, an 
indication of the amount of plastic deformation can be quantified. The 
plastic strain per cycle (ep/cy~le) represents a computed value that is 
based upon the points at which the hysteresis loop intersects the strain 
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Table 1. Test Variables of Experiments 

Initial 
Test Strain Range Cycles Diameter RRR 

[%) [inch) [ - ) 
------------ --------

D 0.2 3000 0.392 843 
E* 0.1,0.3 4500 0.388 876 
F 0.3 3000 0.391 887 

-----
*Cycles 1-3000 at 0.1% Er; cycles 3001-4500 at 0.3% Er. 

axis. These intercept points are determined from the load-strain data 
collected. Each intercept is found by taking the two closest data points to 
the strain axis for that portion of the loop (one point above and one below 
the axis) and, using a linear interpolation equation, computing the value of 
strain at the point of zero stress. The plastic strain per cycle is 
calculated from the intersection points of the current cycle as well as the 
last intersection from the previous cycle: 

RESULTS & DISCUSSION 

The variables of each experiment are listed in Table 1. Test E was run 
at 0.1% strain range for 3000 cycles followed by 1500 cycles at 0.3% strain 
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range to illustrate the dependence of strain range on the rate of 
resistivity increase. Only the first 3000 cycles of Test E will be used in 
comparison with Tests D and F. 

Figure 1 illustrates the hysteresis loop data from Test D collected by 
computer. The first several cycles of Test D are characterized by large 
amounts of deformation on the sample. The loop width is relatively wide at 
the intersection points with the strain axis during the first several 
cycles. At about 1000 cycles, the sample exhibited very little plastic 
deformation and a finite loop width remained almost constant in size from 
cycle 1500 to cycle 3000. These trends were also observed in Tests E and F. 

The plastic strain per cycle is plotted as a function of cycles for 
these tests in Figure 2. A logarithmic scale is used to illustrate the 
differences in the final plastic strain per cycle values. While the initial 
plastic strain per cycle values were relatively large, they decreased 
rapidly until a saturation of work hardening occurred at about 1500 cycles. 

Studies on aluminum have shown that the primary lattice defects 
responsible for strengthening observed during work hardening are line 
defects (dislocations).9 During the plastic deformation process, many 
dislocations are formed and begin to collide with one another and become 
tangled. With sufficient deformation, the tangles form areas of high 
dislocation density and develop into cells. The cell size has been found to 
decrease with large amounts of plastic deformation and an increased number 
of fatigue cycles. 9 

The saturation of the epicycle values in Figure 2 is the result of cell 
substructures reaching a steady state size. Once the dislocations have 
developed into cells which give the material sufficient strength to behave 
elastically for that strain range, very few additional dislocations are 
produced. The finite loop width exhibited after saturation in the 
hysteresis loop data (Figure 1) can be primarily attributed to cell motion 
(sliding) within the grains. 10 Macroscopically, the aluminum appears to 
continue to deform plastically, but the deformation has very little affect 
on its strength. The cell motion causes very little defect production and 
therefore little, if any, increase in strength and resistivity. The cell 
motion type of deformation described above may be considered to be inelastic 
deformation. 
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The total plastic strain (TPS) as a function of cycles is presented in 
Figure 3. As in Figure 2, the amount of TPS increases rapidly until the 
point of mechanical saturation after which there is an almost constant value 
of epicycle added to the total for the remainder of the experiment. Above 
1500 cycles, the total plastic strain values increase at a linear rate. 

The electrical resistivity increase (Dp) due to strain cycling is 
presented in Figure 4. The Dp value is obtained by subtracting the initial 
resistivity value from all subsequent values. The Dp values vary according 
to a pattern similar to the epicycle values with steady state values reached 
by 1500 cycles. The Dp versus TPS relationship is presented in Figure 5. 
The numbers beside the data points correspond to the appropriate cycle 
number. For each strain range, the slope of the linear portion of the curve 
is different. For Tests D (0.2% strain range), E (0.1% strain range) and F 
(0.3% strain range). the rates of resistivity increase are 13.0, 6.86 and 
19.8 [(nOhm-cm)/(in/in)] over the linear region of the Dp-TPS curves. The 
resistivity increase over the linear region of the Dp-TPS for Tests D, E and 
F can be expressed in a general equation as follows, 

Dp = TPS(65 Er + 0.3) 
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Fig. 4. Resistivity Increase as a Function of 
Cycles for 99.99% Aluminum at 4.2 K 
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where Er is the strain range in percent, TPS is the total plastic strain and 
Dp is in nOhm-cm. 

To illustrate the Dp-TPS slope dependence on the strain range, the 
sample used in Test E was cycled 1500 times at 0.3% strain range after the 
initial 3000 cycles at 0.1% strain range. The data from the additional 1500 
cycles was added to the initial 3000 cycles and the cumulative Dp-TPS curve 
from cycles 1-4500 is presented in Figure 6. The resistivity increases at a 
linear rate during Stage I (cycles 1-1000) followed by almost no increase 
during cycles 1000-3000 (Stage II). The knee at data point 3000 is the 
starting point of the 0.3% strain range cycling. In Stage III, the Dp is 
again linear, but increases at a different rate than Stage I. Saturation of 
the Dp values begin to appear again at 4000 cycles (Stage IV). It should be 
noted that the slope of Stage III of this curve is similar to the slope of 
the linear region of Test F where the slopes are 17.7 [nOhm-cm/(in/in)] and 
19.8 [nOhm-cm/(in/in)] respectively. The differences in slope may be 
attributed to the strain history of the first sample. 
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CONCLUSIONS 

1. The resistivity increase in high purity aluminum due to cyclic strain 
is linearly related to the total plastic strain for large amounts of plastic 
deformation. This relationship is dependent upon the strain range 
experienced by the sample. 

2. For nominal 870 RRR aluminum cyclically strained between 0.1 and 0.3%, 
the resistivity increase - total plastic strain relationship can be 
approximated by the following equation, 

Dp = TPS(65 Er + 0.3) 

where Er is the strain range, TPS is the total amount of plastic strain and 
Dp is in nOhm-cm. This relationship is valid for the first 1000 strain 
cycles. After this point, the mechanical and electrical properties of 
aluminum begin to stabilize and only small increases in electrical 
resistivity are observed. 
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CYCLIC-STRAIN RESISTIVITY 

IN PURE ALUMINUM AT 20 K 

ABSTRACT 

K.T. Hartwig, A. Lumbis and J. Roelli 

Texas A&M University 
Department of Mechanical Engineering 
College Station, TX 77843-3123 

Strain induced resistivity increases are examined in nominal 99.99 and 
99.999% pure aluminum under conditions of cyclic strain at 20 K. Samples 
having residual resistivity ratios (RRR ; p(273 K)/p(4.2 K» of 1000, 2420 
and 9440 were prepared by cold working and annealing bars originally 25.4 mm 
in diameter. Constant strain range (£ ) tests were performed for 
0.05%<£ <0.3% through 3000 strain cycl~s. Discussions of the effects of 
strain fange, strain temperature (20 K vs. 4.2 K) work hardening and post 
cyclic strain annealing on the cyclic-strain induced resistivity increase 
are presented. 

INTRODUCTION 

The problem under investigation is cyclic-strain resistivity in pure 
aluminum at 20 K. This temperature is of interest because of proposed 
inductor devices operating in a liquid hydrogen environment. 1 These devices 
could be wound from composite cryoconductors employing highly pure aluminum 
as the main conducting element and might be attractive for space based 
applications where low mass is important. Such space based magnets could be 
designed with an amount of structure dependent to a large extent on 
conductor strain limits. 2 The strain limits will of course depend on the 
specific conductor chosen. For a composite aluminum cryoconductor, the 
strain limit may very well be set by the amount of cyclic-strain resistivity 
increase that is acceptable to maintain a desired level of conductor and 
device performance. This is related to the fact that a resistivity increase 
will decrease the allowable transport current due to ohmic heating and heat 
transfer limitations. It is because of this reasoning that it is important 
to understand how the resistivity of pure aluminum is affected by cyclic 
strain at 20 K. 

The phenomenon of cryogenic cyclic-strain resistivity stems from 
repeated'plastic deformations of the metal. 3,4 As the level (or range) of 
plastic strain decreases, so does the associated resistivity increase. 5 The 
magnitude of the effect depends, at least at 4.2 K, primarily on two 
factors: the initial strain level (range) and the degree of work hardening 
prior to cyclic strain. 6 The effect of metal purity is secondary for 
purities corresponding to the RRR (2428 nQcm/p(4.2 K» range of 150 to 4500. 4 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Aluminum Specifications 

Grade(a) 

99.99 

Lot 
No. 

B-416 

------------------
Kryal-S F-647 

Heat 
Treatment 
(hr) (C) 

1 225 
1 500 

1 500 

Nominal RRR(b) 

1020 
2420 

Measured 
Impurities(c) 

Si(6.6),Fe«0.7),Cu(4) 
Mg(0.6),Ca(0.7),Ba(0.5) 

-------------------------
9440 Si(1),Fe«0.7),Cu(0.5), 

Mg(0.5),Ca(0.6) 

~~~purities are estimated to be 99.9984 and 99.9996. 
taking p(273 K) = 2.428 j.JQcm. 

(c)values in ( ) are ppm by weight and were measured by emission 
spectroscopy. 

Nonetheless, after high levels of cyclic strain, a lower purity aluminum may 
have a lower total resistivity than a high purity metal given the same 
strain environment. 4 

The temperature at which strain is applied may also affect the 
associated resistivity increase. This statement is based on the isochronal 
annealing behavior of 99.995% aluminum deformed at 78 K.7 A series of 
recovery stages are observed beginning at about 80 K and ending at near room 
temperature. Each stage of recovery is associated with the movement of 
different types of defects. Such behavior leads one to believe that the 
response to strain at different cryogenic temperatures will depend on the 
temperature at which the strain is applied. If partial recovery occurs at 
temperatures as low as 20 K, one would expect a different strain resistivity 
than is found at 4.2 K where large amounts of strain-resistivity data 
already exist. Whatever the effect of temperature, it is likely magnified 
at high levels of plastic strain. 

The objective of this study is to determine how cyclic strain at 20 K 
will influence the resistivity of pure aluminum. The affects of strain 
level, strain rate, strain temperature, metal purity, and annealing are 
being evaluated. The method of the investigation follows that of an earlier 
similar study on pure aluminum done at 4.2 K.4 

MATERIALS AND METHODS 

The aluminum tested is supplied by Vereinigte Aluminium-Yerke (VAW) of 
West Germany. Material chemistries and heat treatments are listed in Table 
1. Polycrystalline cylindrical samples are fabricated by swaging 25.4 mm 
diameter bar stock to 14.8 mm, machining specimens with a 10 mm diameter by 
80 mm long gage length, heat treating and cleaning appropriately. The 
nominal 99.99 specimens contain grains with average diameters of 0.3 and 0.7 
mm for the 225 and 500°C heat treatments respectively. 

Sample strain is measured by two strain gages mounted 180° apart at the 
sample midsection. Two dummy gages attached to a stress free length of pure 
aluminum and located near the sample complete a Wheatstone bridge circuit. 
Sample resistivity is also measured at the sample midsection. This is 
accomplished by eddy current decay coils located around the sample and 
aligned over the strain gages. See Ref. 8 for further details. 
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Fig. 1. Resistivity ratio versus strain cycles at 20 K for 
annealed 99.99 aluminum. 

The constant temperature environments of 4.2 K and 20 K are maintained 
by containing boiling liquid helium or temperature regulated helil)1D gas 
respectively in a super-insulated composite and aluminum dewar. ~or gas 
tests, the gas temperature is maintained to ±O.l K in the test region and is 
measured by either silicon diode or carbon glass sensors located in the gas 
within one centimeter of the specimen. A thorough description of the cold 
helium gas supply system is presented elsewhere. 8 

Specimens are securely held in the loading fixture by collet grips. 
Fully reversed cyclic stress is applied by a hydraulic actuator-feedback 
control system operated in the strain-control mode. The force applied is 
measured by a 2000 lb. load cell located outside the test chamber. Stress 
and strain signals are recorded in real time by an X-Y plotter and by a 
computer data acquisition system for immediate display and analysis at a 
later time. 
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FiS. 2. Resistivity ratio versus strain cycles at 20 K for 
a strain range of 0.1 percent. 
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Table 2. Selected Cyclic Strain Results at 20 K 

TEST ID AJ AK Z 

Aluminum Grade 99.99 99.99 Kryal-S 
Nominal RRR 1020 2420 9440 
Condition Part. Ann. Annealed Annealed 
Strain Range (%) 0.1 0.1 0.1 
Initial Resistivity 

(nQcm) at 20 K 3.33 2.10 0.97 
Resistivity (nQcm) at 20 K 

after 3000 strain cycles 3.47 4.46 4.04 
Change in resistivity (nQcm) 0.14 2.36 3.07 

RESULTS AND DISCUSSION 

Cyclic-Strain Resistivity at 20 K 

Resistivity increases rapidly at first then reaches a saturation value 
during a cyclic strain test at 20 K. As shown in Fig. 1 for 99.99% AI, when 
the resistivity ratio (RR = 2428 nQcm/p(20 K) is plotted versus the number 
of strain cycles (N), the change in resistivity is lower for lower strain 
ranges. 

Fig. 2 presents results of RR vs. N at a strain range of 0.1 percent 
for fully annealed 99.99 and Kryal-S aluminum and for the 99.99 material in 
a partially annealed condition (one hour at 225 C). Note that the 
resistivity of the partially annealed sample is least affected by cyclic 
strain. Although the final resistivity of the annealed 99.99 material is 
the highest, it is the annealed Kryal-S material that shows the largest 
increase in resistivity after 3000 strain cycles (6p(3000 Cy». Table 2 
presents numerical comparisons. 

The results shown in Table 2 are consistent with behavior seen at 4.2 K in 
pure aluminum and support two earlier findings: 

1. Annealed material with a higher initial RRR shows higher 
levels of cyclic-strain resistivity degradation. 

2. Cold worked material is less susceptible to cyclic-strain 
resistivity increases. 

Both findings stem from work hardening behavior and the hypothesis that the 
resistivity change (6p) caused by cyclic strain is related nearly linearly 
to the accumulated plastic strain. 9 Material that work hardens rapidly 
during cyclic strain will exhibit a smaller associated resistivity increase 
because the accumulated plastic strain in this material is less. A plot of 
the results from tests AJ, AK and Z on a normalized resistivity axis (i.e. 
6p/6p(3000 Cy» confirms that the cold worked sample work hardens quickest 
and that the annealed Kryal-S material is the slowest to work harden. Plots 
of accumulated plastic strain versus N for these cases show that the work 
hardened material accumulates the least amount of plastic strain while the 
annealed Kryal-S material accumulates the most. 

Comparison with 4.2 K Results 

Fig. 3 shows the resistivity increase associated with cyclic strain at 
both 4.2 and 20 K for 99.99 AI. The strain range is 0.1 percent. Notice 
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Table 3. Values of the Constants A and B 
for Cyclic-Strain Resistivity Increases 

B (lIp(3000 Cy) = A 8r ) 

Results 

UW-Madison(4) 
TAMU 
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4.2 
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Fig. 3. Change in resistivity versus strain cycles for 
99.99 Al at 4.2 and 20 K. 
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that the resistivity increase is nearly the same until about 100 cycles 
after which 6p(20 K) is significantly higher. Similar but more pronounced 
trends are seen for higher strain ranges. Shown in Fig. 4 are plots of 
6p(3000 Cy) versus strain range for the 4.2 and 20 K cases. It is clear 
that cyclic strain is worse at 20 K and for higher strain ranges. Both 
curves are fit reasonably by the expression 

6p(3000 Cy) = A (€ )B 
r 

(1) 

where A and B are constants, cr is taken as the dimensionless fraction, and 
6p(3000 Cy) has units of nQcm. Values for A and B are listed in Table 3. 

The fact that cyclic strain at 20 K produces slightly higher 
resistivity increases is probably due to a higher rate of work hardening at 
the lower temperature. This statement is supported by the normalized 
resistivity increase and the accumulated plastic strain curves. It also 
makes sense if dynamic recovery processes are considered. Deformation will 
produce interstitials, vacancies, and dislocations, and since some recovery 
may occur at the 20 K temperature range, one might find a lower rate of work 
hardening at the higher temperature. If this were true, then one would 
expect even higher levels of cyclic-strain resistivity at temperatures above 
20 K, which is the case. 10 

Post Cyclic-Strain Annealing at Room Temperature 

Fig. 5 presents a plot of RR versus N at 20 K to 6000 cycles. The 
strain range is 0.2 percent and the sample is given a room temperature 
anneal for 18 hours after 3000 cycles. Also shown in the figure is a plot 
of stress range versus N. The behavior is remarkable and easily understood. 
Stress range is the difference between stresses for a given cycle at the 
strain range limits. 

During the first 3000 strain cycles the aluminum work hardens and gains 
resistivity due to the build up of defects caused by repeated plastic 
deformation. The types of defects formed are mainly point defects and 
dislocations. The point defects contribute more to the resistivity increase 
than do the line defects. This is true because about 70% recovery occurs 
within minutes after a room temperature anneal and point defects are quite 
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mobile at 300 K.7 The dislocations on the other hand do not anneal so 
rapidly. They also are more effective in strengthening the metal. After 
the relatively short room temperature anneal, the number of dislocations is 
only slightly different from that immediately after the 3000 strain cycles 
at 20 K. Some reorganization in the dislocation substructure probably takes 
place as point defects migrate to sinks and as line defects move with the 
added thermal energy available. 

The results shown in Fig. 5 could have important consequences to the 
operation of devices containing pure aluminum, operating at cryogenic 
temperatures and subjected to cyclic loading. Warming to room temperature 
after a period of operation will result in a pure aluminum component that: 
a) is quite resistant to further cyclic-strain resistivity degradation 
because it has effectively been work hardened and b) has a RR significantly 
above that for unwarmed material. 

CONCLUSIONS 

1. Cyclic plastic strain at 20 K in pure aluminum causes resistivity 
changes similar in character but slightly larger in magnitude than those 
observed at 4.2 K. 

2. Recovery processes probably influence strain-resistivity effects at 
20 K in pure aluminum. 

3. Warming pure aluminum to room temperature after cryogenic cyclic 
plastic strain causes substantial recovery without a significant drop in 
strength. 
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COMPOSITE ALUMINUM CONDUCTOR FOR HIGH CURRENT DENSITY 

APPLICATIONS AT CRYOGENIC TEMPERATURES 

ABSTRACT 

M. K. Premkumar, F. R. Billman, D. J. Chakrabarti, R. K. Dawless, 

and A. R. Austen* 

Alcoa Laboratories 
Alcoa Center 
Pennsylvania 15069 

*Innovare Inc. 
Bath, Pennsylvania 18014 

Electrical resistivity of high purity aluminum decreases by several orders of magnitude below 
a temperature of approximately 25K and consequently it can be used for high current density 
applications at these low temperatures. In addition, the low density of aluminum makes it 
competitive with conventional superconductors in weight critical applications at cryogenic 
temperatures. However, high purity aluminum does not have the requisite strength to withstand 
magnetic forces produced by the high currents and hence needs to be structurally supported. A 
composite conductor consisting of high purity aluminum filaments supported in a high strength 
powder metallurgy processed AI-Fe-Ce alloy matrix has been successfully fabricated to meet these 
requirements by a combination of hot extrusion through streamline dies followed by cold drawing to 
wire gauges. Two different arrangements of filaments and two matrix alloy compositions have been 
examined. Effects of hot extrusion and cold drawing as well as the influence of superimposed 
hydrostatic stresses during cold working on the filament shape are considered in terms of 
deformation principles. Results of microstructural observations and theoretical analyses of 
diffusional contamination of the high purity aluminum filaments during processing are presented. 

INTRODUCTION 

Electrical resistance of pure metals at cryogenic temperatures is extremely low and, 
consequently, this makes them attractive as cryogenic conductors. Of all the pure metals, aluminum 
is particularly promising for a number of reasons. Primary among them is its low density which 
makes it an optimum choice for weight critical applications such as space based systems. Secondly, 
aluminum has very high electrical and thermal conductivity at cryogenic temperatures and also can be 
more economically produced in a high purity form than the other conductor material most commonly 
used, copper. The third most important advantage aluminum possesses over copper is its behavior 
in a strong magnetic field (>2 Tesla). In the presence of a strong magnetic field, the electrical 
resistance of most pure metals increases. However, in the case of aluminum, the resistance 
approaches a saLuration value at high magnetic fields or in essence has a very small linear increase 
with field.1 In comparison, copper shows a strong increase in resistance with field. 

High purity aluminum conductors have very favorable electrical properties at the boiling point 
of hydrogen, 20K, and hence they are excellent candidate materials for use at this temperature. The 
resistance of high purity aluminum at this temperature is 1/500th its resistance at room temperature 
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and, in addition, it has been shown2 that the advantage of reducing resistivity of a cooled high purity 
aluminum conductor exceeds the energy spent to obtain the low temperatures. The maximum 
advantage for 99.999 percent pure aluminum occurs at 20K. Such conductors would be ideally 
suited for space based applications where liquid H2 is available as a fuel source and can be readily 
used as a cryogen. Additionally, aluminum conductors would be preferred over conventional 
superconductors in certain applications. Conventional superconductors require liquid He (4.2K) for 
their operation and the equipment for liquefaction and handling of liquid He adds complication and 
weight to the overall system. 

One major disadvantage of high purity aluminum is its extremely low strength. In windings 
made of cryogenic conductors, mechanical stresses come from two sources:2 the interaction of the 
magnetic field with the flowing currents and residual stresses during cooling. The stresses due to 
magnetic forces can be very significant and the high plasticity of aluminum can result in severe 
permanent deformation. Besides causing physical damage to the windings, the plastic strain also 
increases the resistance of the conductor significantly. Hence, in order to overcome the negative 
effects of low strength, the aluminum conductors have to be structurally reinforced by some means. 

Besides braiding the high purity Al conductor with some high strength material to provide 
mechanical support, a more preferred approach with economic and technical benefits is to embed the 
Al in a high strength matrix and cofabricate them. The matrix material supporting the conductor in 
the composite assembly must have high strength, good thermal conductivity to remove heat 
generated in the conductor due to passage of current, reasonably high electrical resistivity to 
minimize eddy current losses in the matrix and workability compatible with high purity aluminum. 
Probably the most important requirement is that the alloying elements in the matrix must have very 
low diffusion rates in aluminum to prevent contamination of the high purity Al conductor during 
processing. This precludes the use of most commercial aluminum alloys. 

Powder metallurgy cP/M) processed AI-Fe-Ce alloys3 satisfy the above requirements for a 
matrix material. These high strength dispersion strengthened alloys were designed for elevated 
temperature applications and consist of thermodynamically stable aluminides and in addition, Fe and 
Ce arc two of the slowest diffusing species in aluminum. Research efforts at the Aero Propulsion 
Laboratories, Wright Patterson Air Force Base, Dayton, Ohio have demonstrated the feasibility of 
co extruding a multifilament composite conductor, consisting of Al filaments in an AI-Fe-Ce 
matrix.4,5 This laboratory scale success led to the current research activity at Alcoa aimed at 
commercial scale fabrication of a composite conductor wire. The present paper reports the results of 
the first phase of this research program. 

EXPER~NTALPROCEDURE 

Two composite geometries as dictated by potential end applications were chosen for this 
study, a 19 Al filament and a 4 Al filament conductor. Schematics of the composite conductor 
design for the two cases are shown in Figure l. In both cases, the area fraction occupied by the 
current carrying high purity Al filaments is =50 percent. In order to evaluate the influence of matrix 
flow stress on the fabricability of the composite, two matrix alloy compositions were selected, 
namely Al-8% Fe-4% Ce and AI-4% Fe-2% Ceo 

The matrix alloys were processed from atomized powders by Alcoa's proprietary practice. 
Powders were cold consolidated and vacuum hot pressed to full density to yield billets which were 
15.5 cm diameter x 6l.0 cm long. These billets were intentionally processed at a much higher 
temperature (500°C) to reduce their flow stress and minimize the flow stress mismatch between the 
matrix and filaments. Normally these alloys are processed in the 370-425°C temperature range for 
high strength applications. Hot pressed billets were then precision gun drilled to the required 
geometries. High purity aluminum (99.999 percent) with Residual Resistivity Ratio 

P300K . 
(RRR = ---) of approxImately 1500 was used for the filaments. Cast and hot extruded 12.7 

P4.2K 
cm diameter ingots were produced by a proprietary refining process and then further hot extruded to 
either 2.5 cm diameter or 5.5 cm diameter These were the starting Al rods forthe 19 filament and 4 
filament composite geometries, respectively. 

The composite billet consisting of the high purity Al filaments in the drilled Al-Fe-Ce alloy 
matrix was extruded at 482-51O°C from a 16.2 cm diameter cylinder to l.9 cm diameter rod at an 
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(0) (b) 

Fig. 1. Schematics illustrating the composite conductor design. 
(a) 19 filament configuration; (b) 4 filament configuration. 

extrusion reduction ratio of 72: 1. In order to minimize longi tudinal shearing between matrix and 
filaments and to maximize overall strain uniformity, the composite was extruded through a 
streamline die. The die profile used was based upon the theory developed by Richmond et al.6,7 
The 1.9 cm diameter redraw rod was then cold drawn to final wire gauges, i.e., 0.25-0.08 cm 
diameter. Poor formability of the matrix alloy necessitated numerous intermediate annealing 
treatments. Annealing temperature and time were optimized as excessive thermal exposure of the 
composite wire can result in contamination of the high purity AI and hence a decrease in the RRR of 
the wire. The redraw rod was also fabricated into wire by an alternative processing technology, cold 
hydrostatic extrusion. The large compressive hydrostatic stresses generated during hydrostatic 
extrusion increase the fOlmability of the matrix alloy and allow fabrication without the need for any 
annealing treatments. The influence of hydrostatic stresses on distortion of AI filaments in the final 
wire was also examined. 

RESULTS AND DISCUSSIONS 

Optical micrographs representative of the initial matrix billet and extruded aluminum rod are 
shown in Figure 2. The microstructure of the hot pressed AI-8% Fe-4% Ce matrix, Figure 2a, is 
fairly uniform. The Zone A (fine optically featureless areas) and Zone B (coarser areas) type 
regions8 typically observed in these alloys processed at lower temperatures are not discernible. The 
high temperature processing has coarsened and homogenized the structure considerably. The lower 
solute alloy was observed to be similar microstructurally. Figure 2b is a longitudinal section of the 
2.5 cm diameter extruded aluminum rod and illustrates a fine grained recrystallized structure. 

'---' 
200~m 

Matrix 

Fig. 2. Optical micrographs showing the microstructure of 
the starting components of the composite conductor. 
(a) Hot pressed AI-8% Fe-4% Ce matrix billet; 
(b) Hot extruded high purity Al filament, longitudinal section. 
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Although completely recrystallized, the grain size varied from surface to the center (being finer at the 
surface and coarser in the center) and front to rear (being finer in the front and coarser at the rear) of 
the extrusions, but this is not expected to influence the fabricability of the composite by hot 
extrusion. The 5.5 cm diameter high purity Al filament rod also exhibited a completely recrystallized 
microstructure. The tensile yield strength of the two matrix alloys in the hot pressed condition and 
extruded high purity Al are plotted as a function of temperature in Figure 3. At room temperature 
there is considerable difference in flow stress between the matrix alloys and AI, but at temperatures 
above 425°C the differences are decreased. Hence at the extrusion temperature (482-510°C), we 

absolute flow stress mismatch is minimal. Besides the absolute flow stress differences between the 
two components, the ratio of the flow stress of Al to the flow stress of the matrix alloy is more 
important for uniform deformation. 

Figure 4 shows representative cross-sectional views of extruded 1.9 cm diameter composite 
rod with 19 and 4 filaments. The originally round individual filaments are distorted although the 
overall arrangement of filaments is maintained. This distortion indicates that the deformation in the 
streamline die was nonuniform across the cross-section due to the flow stress difference between the 
two materials. Although the Alcoa streamline die has been designed for minimum shear and uniform 
strain, in reality, friction at the die surface causes nonuniform deformation through the section. This 
is further aggravated by the severe extrusion reduction ratio, 72: 1. Minimizing this distortion would 
require improved lubrication and die design to further minimize shear as well as changes in shape 
and spatial distribution of the filaments. 

The interface between the matrix and the high purity AI is very important from the application 
point of view. A good interfacial bond is necessary in the final conductor for effective heat transfer 
from the AI filaments (which are the prime current carriers) to the matrix so as to maintain the overall 
temperature of the conductor at liquid hydrogen temperature for maximum efficiency. Additionally, 
a good bond is necessary for transferring mechanical stresses (due to magnetic fields) to the matrix. 
One drawback of a good metallurgical bond is its tendency to increase diffusional contamination of 
the AI filaments during annealing treatments. After hot extrusion the matrix-filament interface is very 
sound and appears to be metallurgically bonded, Figure 5. No porosity or discontinuity of any kind 
were observed. 

Cold drawing of the extruded rod by conventional wire drawing techniques is more 
complicated due to the much larger difference in flow stress between the two materials at room 
temperature. Additionally, during drawing the matrix work hardens significantly while the high 
purity aluminum dynamically recovers and recrystallizes thus increasing the flow stress mismatch. 
Formability of the AI-Fe-Ce alloy is also inherently poor and hence numerous intermediate annealing 
treatments are required for successful codrawing of the composite. Intermediate annealing was 
carried out at 400-450°C. Higher annealing temperatures are preferred to produce measurable 
softening of the matrix alloy but caution has to be exercised as unduly high temperatures can 
contaminate the Al filaments significantly. 
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Fig. 4. Optical Micrographs showing the cross-sections of 
1.9 cm dia. streamline die extruded composite rods. 
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(a) 19 filament configuration; (b) 4 filament configuration. 
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Fig. 5. Optical micrograph of the matrix-filament interface 
in the extruded composite conductor. 

• '",." 

" 

:1 

" 

.. 

AI filament 

AI- 4% Fe- 2%Ce 
matrix • '--' 

2OO~m 

Allilamenl 

AI . 4 % Fe . 2% Ce 
matrix 

Allilament 

AI - 4% Fe • 2% Ce 
matrix 

Fig. 6. Optical micrographs showing cross-sections of cold drawn 0.13 cm dia. composite wires. 
(a) 19 filament configuration; (b) 4 filament configuration. 
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Cross-sections of typical drawn composite wire of 0.13 cm diameter are presented in 
Figure 6. Further extensive distortion of the individual filaments is observed as compared to the 
extruded structures. The 4 filament composite shows a more uniform arrangement of filaments as 
opposed to the 19 fIlament composite and in both cases the individual fIlaments were seen to be 
separated from one another. Extensive shearing due to the nature of the stresses in the deformation 
zone during drawing, aided by the large differences in flow stress result in progressive distortion of 
the filaments during the drawing operation. However, the drawing practice has allowed the produc
tion oflong lengths (>90 meters) of composite wire in both the 4 and 19 filament configurations. 

The influence of hydrostatic stresses on the arrangement and shape of individual filaments 
during fabrication by hydrostatic extrusion is illustrated in Figure 7. Hydrostatic state of stress 
minimizes the shear component and provides more uniform deformation across the cross-section 
thereby retaining to a large extent, the original extruded filament arrangement and shapes. In 
addition, due to hydrodynamic lubrication conditions in the hydrostatic extrusion process, friction is 
minimal while it plays a big part in conventional wire drawing. One current restriction on the 
hydrostatic extrusion process is its inability to produce long commercial lengths of conductor. This, 
however, would change with the development of a semicontinuous hydrostatic extrusion process 
which is presently being pursued. 

The cold work imparted to the wires during drawing has to be annealed out prior to the end 
use of the wire as any plastic strain drastically increases the resistivity of high purity aluminum. 
This final anneal as well as intermediate annealing during conventional drawing requires high 
temperature exposure which in tum leads to diffusional contamination ofthe high purity Al filaments 
by Fe, Ce, etc., from the matrix. Contamination also severely increases the resistivity. Hence 
during annealing two competing effects are active in the high purity AI; annealing eliminates defects 
due to cold work which decreases the resistivity of the AI; annealing contaminates Al thereby 
increasing its resistivity. Therefore, the choice of annealing temperatures/times must be dictated by a 
trade-off between these two effects. 

The above concepts are illustrated by the results presented in Figures 8 and 9. They show the 
effects of annealing temperature, annealing times and composite geometry on the RRR of 0.08 cm 
diameter composite wire. In Figure 8, the RRR initially increases to a peak and then starts to 
decrease with annealing time for all 3 temperatures. With higher temperatures, the peak is shifted to 
shorter annealing times. The initial increase in RRR is due to recovery of AI filaments while 
subsequently, contamination of the fIlament contributes to the decrease of the RRR and this effect is 
more pronounced at higher temperatures where diffusion is faster. These data represent tlfe 
19 filament composite in the AI-8% Fe-4% Ce alloy matrix with individual filaments of 0.01 cm 
diameter in the final composite wire. Effect of individual Al filament size on annealing behavior is 
seen in Figure 9 where the 4 and 19 filament composite wires are compared. In the 4 filament 
COl;llposite where the individual filaments are 0.03 cm diameter, the influence of contamination is less 
severe as the relative percentage of the cross-section contaminated is smaller than in the 19 filament 
case for a given contamination depth. Consequently, the 4 filament composite wire recovers to a 
much higher RRR before it decreases. The initial differences in the RRR before annealing are due to 
processing variations. 
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Table 1. Room temperature tensile properties of 
0.13 cm diameter composite wire 

Yield Strength Ultimate Tensile 
Matrix Alloy 

AI-8% Fe-4% Ce 
Al-4% Fe-2% Ce 
AI-8% Fe-4% Ce 
Al-4% Fe-2% Ce 
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Fig. 8. Effect of annealing temperature and 
time on the RRR of 0.08 cm dia. 
19 filament/Al-8% Fe-4% Ce matrix 
composite wire. 

(ksi) Strength (ksi) % Elongation 

25.0 29.2 10.0 
18.5 23.4 11.5 
23.2 28.0 11.5 
20.1 23.8 8.8 
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Fig. 9. Effect of annealing time at 400T on the 
RRR of 19 and 4 filament/Al-8% 
Fe-4% Ce matrix 0.08 cm dia. 
composite wire. 

Theoretically, the depth of penetration by diffusion can be calculated based on 
bulk diffusivity and hence the percentage of filament cross-section contaminated estimated. This is 
illustrated for the diffusion of Fe into Al in Figure lOa. It is clear that the effects are more severe for 
the 19 filament composite. However, in Figure 9, the peak times before the RRR decreases are of 
the order of 10 minutes and cannot be explained by Fe diffusion since for these short times, less than 
2 percent of the individual filament cross-section is contaminated. This implies that there may be a 
faster diffusing species which contributes to the contamination. Silicon is usually present in 
commercial aluminum alloys and also has a much higher diffusivity than Fe and is a likely source of 
contamination. As Figure 10b shows, almost 20 percent of the cross-section can be contaminated 
by Si in the short time frames and can account for the observed decrease in RRR. This illustrates 
the importance of the purity of the base Al in the matrix alloy and the need to keep it free of fast 
diffusing species. 

Representative room temperature tensile properties of 0.13 cm diameter composite wires in 
both the 19 and 4 filament configurations are given in Table 1. The strength of the matrix alloy is 
reflected in the composite; the lower solute matrix having a lower yield and tensile strength. The 
19 and 4 filament wires do not show any differences in strength as expected, since the strength of 
the composite wires is essentially controlled by the matrix strength. The tensile elongations were in 
the range of8.0-12%. 
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Fig. 10. Area of individual Al filaments contaminated by diffusion as a function of time at 400T for 
the 19 and 4 filament configurations. (a) By diffusion of Fe; (b) by diffusion of Si. 
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CONCLUSIONS 

A composite conductor consisting of high purity aluminum filaments in an Al-Fe-Ce high 
strength matrix has been successfully fabricated on a commercial scale by a combination of 
hot extrusion in streamline dies and cold wire drawing. 

Composite conductors of two matrix alloys with different strengt111cve1s and two geometries 
consisting of 19 and 4 high purity aluminum filaments were fabricated in 0.13 cm diameter 
and 0.08 cm diameter sizes. 

Distortion of the filament shape in the final wire cross-section was less with hydrostatic 
extrusion than with conventional cold drawing. 

The interface between the matrix and the filaments is mechanically sound. 

Optimum annealing temperatures and times are necessary during wire drawing in order to 
minimize diffusional contamination of the high purity aluminum filaments which would 
reduce the RRR of the composite wire. 
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SEMI-CONTINUOUS HYDROSTATIC EXTRUSION 

OF COMPOSITE CONDUCTORS 

A. R. Austen and W. L. Hutchinson 

Innovare, Inc. 
7277 Park Drive 
Bath, PA 18014 

Many high current density conductors are made of composites 
which are difficult to fabricate into wire due to their limited 
ductility. For decades, hydrostatic extrusion has been used for 
processing of materials where the high compression deformation 
environment induces extended ductility, but the practical 
application of the technique has been limited. In conventional 
hydrostatic extrusion the entire volume of material being 
processed must be loaded into the pressure chamber at one time 
limiting the starting material to chamber length billets or to 
small diameter wires which can be coiled and loaded into the 
chamber on spools. This paper describes experiments with semi
continuous hydrostatic extrusion tooling in which a starting bar 
of up to 20mm (.8 in.) diameter and any length can be 
hydrostatically extruded at fluid pressures up to 1450 MPa (210 
ksi). A portion of the bar is advanced into the unpressurized 
chamber, gripped, the chamber pressurized, a short length of 
material is extruded, the pressure is relieved and the grip 
released to begin another cycle. Avoiding the potential for 
defect formation associated with the st~p-start extrusion 
processing cycle is discussed. Also presented are examples of 
single and multi-filament composite conductors which were 
produced during the development of this apparatus. 

BACKGROUND 

Hyperconductor and superconductor wires are usually 
composites for their electrical characteristics and/or mechanical 
support of the conducting filaments. Often the composite 
components' flow strengths are significantly different from each 
other. This difference limits their formability which makes 
producing wires more difficult. Even if the components are 
individually ductile, deformation defects can occur when they are 
combined into a composite. Usually these defects can be avoided 
by controlling the deformation processing parameters within a 
safe window of values (1,2). Also, the individual components may 
have limited formability. Examples range from low ductility AI-
8Fe-4Ce alloy used as a stabilizer and strength reinforcing 
constituent to brittle Nb 3Sn superconductor filament material 
(3,4) . 

Advances in Cryogenic Engineering (Materials), Vol. 36 
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Converting these composites into conductor wires requires 
extensive metalworking which is usually extrusion or drawing. 
Considering the previously described limited ductilities of 
these composites, extrusion has an advantage over drawing. 
Simply, drawing is a tensile process and extrusion is a 
compressive process. The superposition of a hydrostatic stress 
state during deformation extends the formability of the 
individual constituents (5,6) and of composites (7). Also the 
use of elevated temperatures to extend ductility is much easier 
to implement as hot extrusion. Hot extrusion is widely 
practiced while hot drawing has only limited applications in 
wire production of brittle metals such as tungsten and 
beryllium. Furthermore, extrusion, hot or cold, allows a much 
wider range of processing parameter choices to enhance 
formability. For example, having the freedom to specify die 
cone angles and reduction combinations is often critical in 
successful composite processing (8). 

Typically, the hot or cold extrusion of a relatively large 
diameter short billet is the initial deformation processing step 
for producing conductor composites. This technique is practical 
for processing a volume of material sufficient to make the 
desired product in a continuous length. However, the result of 
this initial diameter breakdown is a bar or rod product which is 
generally too large in diameter for the conductor application. 
Thus, additional reduction to the finished product is required 
and this means reduction by drawing through a series of dies. 

Multi-die drawing is a very good and widely practiced 
process, but it does impose limits on the composite product. 
The process demands sufficient formability to withstand the 
tensile stress state during deformation. No composite defects 
can form within the limited range of die cone angle and 
reductions available. Also, if annealing is required, the 
resistance to degradation of the composite with repeated 
intermediate annealing steps may be a factor. Given these 
drawbacks, it is natural to look at the possibility of using 
extrusion iqstead of drawing. 

A serious limitation to using conventional extrusion as the 
second reduction step arises because the entire volume of 
material being processed must be loaded into the extrusion 
chamber at one time. This feature restricts the starting 
material volumes to small diameter, chamber length billets. To 
gain the benefits of extrusiun and avoid the above drawback of 
conventional ram or hydrostatic extrusion, machines for small 
diameter long bar extrusion have been evaluated in various forms 
and levels of development over the last twenty five years. In 
the 1960's, intermittent or semi-continuous extrusion was 
introduced by Green (9), Pugh (10) and Alexander (11). 
Continuous hydrostatic extrusion by viscous drag was introduced 
by Fuchs (12) in the late 1960's and refined by him into the 
continuous wire extrusion process using gear driven chamber 
segments in the early 1970's (13). In the mid 1970's, Kobe 
Steel Company announced continuous hydrostatic-extrusion (14) 
using a wire pushing machine which requires the billet wrap 
around a rotating drum inside a pressure box which is limited to 
a pressure below the yield strength of the billet. Also in the 
mid 197~Ms Austen patented multi-stage extrusion (15). This 
CON-DIE process was envisioned as a way to go from the 
initial, large diameter billet to the final wire product in a 
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FIGURE 1 Innovare Model-12, 1780 kN (200 Ton) Force Press 
with Semi-Continuous Hydrostatic Extrusion Tooling Package 

series of tandem extrusion steps but it never received 
sufficient support to warrant commercial development. In light 
of this background, Innovare's work on semi-continuous 
hydrostatic extrusion is a continuation of the 25 year effort to 
provide a commercially attractive apparatus for extrusion 
processing of long, small diameter composite bars into wires. 

SEMI-CONTINUOUS EXTRUSION AT INNOVARE 

Specifically, Innovare has been working to develop a semi
continuous extrusion process for 19mm (0.75") diameter aluminum 
composite conductor bars based on high purity aluminum filaments 
in an AI-8Fe-4Ce alloy (Alcoa CU 78) matrix. The approach was 
to build on the existing semi-continuous extrusion concept and 
overcome the pressure limitations we saw in the earlier designs. 
This paper describes an experiment in which the goal is to take 
a bar of up to 20mm (.8 in.) diameter and hydrostatically 
extrude it using fluid pressures up to 1450 MPa (210 ksi). A 
portion of the bar is advanced into the unpressurized chamber, 
gripped, the chamber pressurized, a short length of material is 
extruded, the pressure is relieved and grip released to begin 
another cycle. This work is being carried out with the use of 
an Innovare, Model 12 Advanced Metalworking System as shown in 
Figure 1. 

The areas of interest are improvements to the grip and 
pressurization mechanics to allow us to use extrusion pressures 
well above the 1035 MPa (150 ksi) limit imposed by the earlier 
designs. The first change was to abandon the billet bar grip 
being actuated by the extrusion fluid pressure compressing the 
grip sleeve around the billet inside the pressure chamber. 
Stress analysis shows this type of grip mechanism to have a 
maximum operating limit of 1035 MPa (150 ksi). The Model 12 
uses a grip sleeve which is external to the pressure chamber and 
is independently operated. Figure 2 shows schematic drawings 
illustrating the two types of grip designs. Our initial grip 
design performance target is set at 1450 MPa (210 ksi) operating 
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extrusion pressure with higher pressure limits for future 
designs. 

Another difference from earlier machines is our method for 
controlling the extrusion fluid pressure during extrusion. 
Earlier designs required ports into the high pressure extrusion 
chamber to control the extrusion pressure. These ports were 
passages through the grip tooling and/or the hieh pressure 
chamber wall which again limited the operating pressure to the 
1035 MPa (150 ksi) range. The Model-12 avoids such fluid access 
ports by controlling the chamber pressure with an independently 
movable annular ram through which the die support stem passes. 

These experiments may lead to providing the added extrusion 
pressure capabilities required for the necessary reduction 
ratios for the aluminum composite conductor products. However, 
the external grip approach increases the cycle time by up to 20% 
because it requires more sequential operating steps than an 
internal grip. However, this trade off in slower production 
seems justified by the bigger extrusion reduction which in many 
cases allows production of the final product directly from the 
extruder. In other cases it means much less final drawing 
reduction to get the finished product. 

AUTOMATIC CONTROL AND DATA ACQUISITION 

Our development of a practical semi-continuous hydrostatic 
extrusion apparatus would have been a much more difficult and 
expensive undertaking were it not for Innovare's existing 
Advanced Metalworking System (AMS) and its programmable control 
and data acquisition features. Each subsystem and process step 
was developed and test operated on the AMS. It allowed the 
mechanical components, control procedures, and process 
monitoring data collection routines to be simultaneously 
developed as building blocks of the current Fully Automated 
Semi-continuous Tooling (F.A.S.T.) equipment. 
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The Control System is built around a BASIC language 
programmable control processor. That processor and its Analog 
and Digital Interfaces are packaged in an industrial operator's 
console along with enough DC power supplies and amplifiers to 
operate all the solenoids, proportional hydraulic valves, and 
instruments required by a piece of equipment as complex as the 
semi-cbntinuous extruder. The console was not developed for the 
semi-continuous extrusion application. It is generic to the 
AMS. 

This generic AMS control console consists of an array of 
programmably scanned and illuminated push buttons and program 
controlled digital read-outs. These interface the operator with 
the system. All the signal input and signal/power output 
capability passes through connectors on the side of the console. 
The functions of these connectors are programmable, so that 
instruments or actuators can readily be added or removed as the 
equipment requirements change. This same feature allows the 
console to easily be reconfigured for different applications 
allowing the AMS unit to operate all its optional tooling 
packages with the same sophistication of control and the same 
comprehensive data collection and display capability. 

Software generic to the AMS control system consists of over 
1400 lines of BASIC code which define the system I/O and all its 
interfacing functions, communication routines, etc. A skeleton 
main control program provides the framework for applications 
development, so much of the tedious work which would be required 
for such a sophisticated application was done prior to the 
actual semi-continuous extrusion F.A.S.T. program. 

The data collection function is built into the AMS control 
software and work~Min conjunction with the companion software 
running on an IBM compatible Personal Computer (PC). The PC 
is connected to the control console processor and a constant two 
way communication is maintained. The control system responds to 
requests for data from the PC and initiates messages to the 
operator keeping him or her advised of significant events or 
problems occurring during execution of its control program. All 
this communication is done without interfering with the control 
system's operation of the process. Indeed, the F.A.S.T. 
equipment can be operated without the PC with no effect other 
than the loss of data collection and detailed information passed 
to the operator. 

The software on the PC utilizes the high resolution color 
graphics (EGA) screen to display up to 19 critical process 
variables simultaneously. This data is updated at rates of ~20 

variables per second, so if you monitor all 19 possible 
variables you are looking at readings refreshed every second. 
Numerical and graphical displays are menu selectable. All data 
is passed on to disk files which can be recalled, edited, 
plotted or printed in any form or format. All this data 
acquisition is virtually automatic. 

AVOIDING FLOW PATTERN DEFECT 

A further development in this program was the study and 
avoidance of a composite flow pattern defect which could arise 
from the stop-start nature of semi-continuous extrusion. 
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It is well known experimentally and understood analytically 
that the grid distortion pattern on the product from an extruded 
split billet changes with die-to-billet friction changes. 
During semi-continuous hydrostatic extrusion, each time the 
extrusion is restarted, die friction decreases. This decrease 
in friction can be dramatic due to the transition from 
metal-to-metal contact to hydrodynamic film lubrication. This 
abrupt transition causes a major change in the slope of the 
transverse grid lines. To accommodate this change, metal must 
flow radially which will at least alter the composite geometry 
of the product in this transition zone. In the extreme, it can 
cause a surface rippling in the product. 

This friction change induced surface rippling has been 
demonstrated in Innovare's stop-start experiments as shown in 
Figure 3. Also, using analytical modeling, the associated 
radial metal flow was predicted for a given friction change and 
set of process geometry parameters. From the experimental work, 
the analytically predicted large values of the radial distortion 
strain correlated with the tendency for the occurrence of the 
"stop-start" surface ripple defect shown in Figure 3. 

Based on the knowledge gained in this study, we determined 
that the proper choices of tooling geometry and processing 
parameters could avoid this defect. When extruding composite 
samples using the conditions to prevent defects, we did not 
observe any surface ripple defects. The many of stop-start 
zones in the extruded composite products tested have not, to our 
knowledge, produced any evidence of such defects. Almost a 
dozen of the papers presented in this conference are giving data 
on Innovare extruded aluminum composite conductor samples. 
Also, none of the metallographic examinations turned up obvious 
filament contraction or dilation patterns. 

ALUMINUM COMPOSITE CONDUCTORS 

During our stUdies of the semi-continuous extrusion process 
and equipment Innovare produced a variety of aluminum composite 
conductor samples in lengths up to 7.6m (300 in.) using 
conventional hydrostatic extrusion tooling in it's 13BO MN (200 
ton), Model 12 Advanced Metalworking System. These were made 
for Alcoa from 19mm (.75 in.) diameter hot extruded bars of AI
BFe-4Ce (CU 78 Alloy) with high purity filaments which Alcoa 

FIGURE 3 - "Stop-Start" Surface Ripple Defect 
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(a) 19 Filament Conductors (b) Single & 4 Filament Conductors 

FIGURE 4 - Extruded Aluminum Composite Conductors 

supplied. Examples of the bars and products are shown in Figure 
4. These samples were made in a single reduction for product 
diameters down to 2.5mm (0.10 in.) diameter. Two step 
reductions were required for smaller products. 

DISCUSSION 

This paper is a progress report on the experiments with 
semi-continuous hydrostatic extrusion because it is an ongoing 
effort with much still to be demonstrated and learned. After 
the demonstration of long length wire production, we need to 
assess its commercial value in the light of production costs. 
Beyond that evaluation, questions on the maximum reduction 
limits need to be addressed. Finally, we need to explore how 
much this process approach offers to allowing the use of higher 
strength, less ductile matrix alloys and greater proportions of 
high purity filament volume in the composites. 
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RESIDUAL RESISTANCE OF ULTRA HIGH PURITY COPPER BY SULFATE· 
ELECTROREFINING AND ZONE·REFINING 

ABSTRACT 

A. Kurosaka, H. Tominaga, T. Takayama, and H.Osanai 

Material Research Laboratory, Fujikura Ltd. 
1-5-1 Kiba, Koto-Ku, Tokyo 135, Japan 

Ul tra-high-puri ty (99.9999% or higher) copper rod having a RRR value of 
5000 was prepared by a two-stage refining process, i. e., a combination of two 
processes, sulfate-electrorefining and zone-refining. In the first process, 
the potential of the cathode electrode was maintained at a level of O. ZV (vs 
NHE) at ZS·C to prevent the deposition of more active metals than copper. In 
the second process, the width of the molten zone was made smaller than the 
diameter (16 mm) of the copper rod to obtain a higher refining efficiency. A 
wire of O. S mm in diameter was drawn from the refined rod. The RRR val ue of 
the ultra-high-purity copper wire annealed in a NZ gas atmosphere at 500'C for 
two hours is as high as 4100, while that of conventional oxygen-free copper 
wire is usually ZOO. Ultra-high-purity copper will be suitable for 
applications in the superconducting field, electronic devices and so on. 

INTRODUCTION 

In general, copper is required to have a higher RRR value than usual when 
it is used as a stabilizing element for low-temperature superconductors or as 
a material for high-field magnet conductors. The cryogenic properties of 
oxygen-free copper have already been discussed in some papers! - 4, but there is 
virtually no report on the cryogenic properties of ultra-high-purity copper 
whose RRR value exceeds 4000. In the present investigation, we have measured 
some cryogenic properties of ul tra-high-puri ty copper, high-puri ty (99.999%) 
copper and oxygen-free copper. The measured cryogenic properties are the 
electrical resistivity in liquid nitrogen and in liquid helium, the effect of 
grain size on the RRR value, and the tensile strength in liquid nitrogen. 
This paper describes the cryogenic properties of ultra-high-purity copper in 
comparison with those of high-purity copper and oxygen-free copper. 

PREPARATION OF MATERIALS 

The materials used for the present investigation were prepared in the 
following ways: 

Ultra High Purity Copper (UHPC) 

This material was prepared from 99.95% pure copper by a two-stage 
refining process, i. e., a combination of two processes, sulfate
electrorefining and zone-refining. In the first process, the potential of the 
cathode electrode was maintained at a level of O. ZV (vs NHE) at 25' C to 
prevent the deposition of more active metals than copper. In the second 
process, the width of the molten zone was made smaller than the diameter (16 

Advances in Cryogenic Engineering (Materials), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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TABLE I. GDMS analysis of UHPC. HPC. and OFC 

Elements B Na Mg AI Si P S K Ca Cr 

UHPC NO NO NO NO 0.03 NO NO NO NO NO 

HPC NO 0.01 NO 0.06 0.2 0.01 0.2 NO NO 0.03 

OFC NO 0.04 NO 0.06 0.3 0.01 2.8 0.05 0.1 0.1 

Elements Fe Ni As Se Te Ag Cd Sb Pb Bi 

UHPC 0.02 NO NO NO NO 0.03 NO NO ND NO 

HPC 1.0 0.05 NO NO NO 0.45 NO NO NO NO 

OFC 0.9 0.1 NO NO NO 13.5 NO 0.3 0.3 NO 

NO; not detectable 

mm) of the copper rod to obtain a higher refining efficiency. The material 
was a 16 mm diameter rod having a RRR (pm.! P<.2K ) value of 5000. 

High Puritr COQQer (HPC) 

This material was prepared by vacuum casting after being refined by 
sulfate-electrorefining under the same conditions as the preparation of UHPC. 
It was in the shape of 20 mm diameter rod. 

Oxrgen Free COEEer (OFC) 

This material was one currently produced by the Dip Forming Process at 
Fujikura Ltd. It was in the shape of a 17 mm diameter rod. 

Table I shows the results of the Glow Discharge Mass Spectrometry (GDMS) 
analysis of UHPC. HPC and OFC. 

EXPERIMENTAL PROCEDURE 

Wire specimens were prepared from these materials following the steps of: 
1. Swaging to 5.0 mm diameter. 
2. Etch-cleaning wi th ni tric acid. 
3. Drawing to 2.5 mm diameter. 
4. Etch-cleaning wi th ni tric acid. 
5. Drawing to 0.5 mm diameter (special diamond dies were used for drawing UHPC 

speci men). 
6. Aging at room temperature for more than 30 days. 

Etch-cleaning and drawing through special diamond dies were performed for 
the prevention of contamination. 

For specimens annealed in a N2 gas atmosphere at 300, 400. 500 and 600' C 
for two hours and specimens aged at room temperature. resistivity measurements 
were performed by the conventional four-terminal method at room temperature 
(298 K). in liquid nitrogen (76 K) and in liquid helium (4.2 K). Before 
annealing. these specimens were wound around a silica glass tube to prevent 
them from being strained during the measurement. Voltage taps were arranged 
with a spacing of 1 m. A current of 1.0 A was fed to the specimens at all 
temperature. and millivolt voltages were obtained at 298 K and 76 K and 
microvolt voltages at 4.2 K. The temperature dependence of the resistivity of 
each specimen annealed at 500'C was measured by a germanium thermometer 
calibrated for temperatures up to 100 K. 

The specimens annealed at 300, 400. 500 and 600' C were observed for 
microstructure and then measured for grain size by the intercept method. 

At room temperature and in liquid nitrogen, tensile tests were made on 
specimens annealed at 100 to 260'C for 30 minutes and specimens aged at room 
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TABLE I I. RRR(p298K/p •. 'K) values of specimens aged at room temperature and 
annealed at 500' C 

Specimens UHPC HPC OFC 

As aged at room termperature 550 
for more than 30 days 

58 44 

As annealed in a N, gas 4100 824 207 
atmosphere at 500°C for 2 hours (3200)-

- no etch-cleaning 

temperature for more than 30 days. The specimen length was 50 mm and the 
strain rate was 1.7 x 10-3S-I. 

RESULTS AND DISCUSSION 

Electrical Resistivity 

Table I I shows the RRR (P298K/P4.2K) values of the specimens aged at room 
temperature and of the specimens annealed at 500·C. In spite of etch-cleaning 
and use of the special diamond dies. the UHPC specimens exhibited a lower RRR 
value than the starting material due to contamination in the drawing process. 
However. the RRR value of the UHPC specimen annealed at 500'C without etch
cleaning had a still lower RRR value of 3200. 

Of the specimens aged at room temperature. UHPC exhibited a much higher 
RRR value than HPC and OFC. This distinct difference seems attributable to 
two reasons. Firstly. the quantity of impurities (Si. S. Fe. Ag. etc.). which 
increases the resistivity of copper. decreases extremely as shown in 
Table I. Secondly. the quantity of crystal defects (grain boundaries). which 
reduce the conductivity of copper. decreases because UHPC recrystallizes even 
at room temperature. The RRR value of UHPC aged at room temperature was 
higher than that of OFC annealed at 500' C. When used as a stabilizing element 
for low-temperature superconductors. UHPC. even unannealed. would give a 
higher conductivity than OFC. 

Figure 1 shows the temperature dependence of the resistivity of the 
specimens annealed at 500' C. In the temperature region above 20 K. the 
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FIG.!. Temperature versus resistivi ty of UHPC. HPC. and OFC annealed at 500' C. 
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UHPC 

OFC 

HOTO. l. Microstructur e in cross-s ecti on 
of specimens ann ealed at 500 · C. 

differ ences in resistivity betw ee n the three sp ecimens became smaller with 
increasing temperature and was virtually negligible in the vicinity of 76K. 
This r esult suggests that UHPC should be used at temperatur es below 20 K in 
order to ensure th e superiority in conductivity of this mat erial at all t i mes. 

Photograph 1 shows the microstructure in cross-section of the specim ens 
annealed at 500' C. There are distinct differ ences in grain size (area of 
grain boundaries) be tween UHPC. HPC and OFC. It was presumed from this fact 
that grain size exerted effect on the resistivity at low temperatures. In 
view of this. th e RRR values of UHPC. HPC and OFC were determined as a 
function of the grain size. Th e r esults a~ e given in Figur e 2. Ev en with the 
same grain size. th ere are distinct differenc es in RRR valu e between th e three 
specim ens. therefore. these differ ences in r esistivity at low temperatur es 
seem to depend mainly on the quantity of impurities. Moreov er. it has be en 
found that the RRR value of annealed OFC does not depend on the grain size. 
while that of annealed UHPC largely depends on the grain size . 

Tensil e Str ength 

Figures 3 and 4 show the annealing characteristics measured at room 
temperature and in liquid nitrogen. respectively. UHPC softened simply by 
aging at room temperature. but HPC did not soft en. Therefor e. it can be said 
that the activation energy for the recrystallization of UHPC is much 
influ enc ed by impuri ties whose concentration is even of the order of 0.1 ppm . 
As seen from Figures 3 and 4. in the case of UHPC there is virtually no 
difference between the annealing characteristic at room temperature and that 
in liquid nitrogen. while the tensile strength in liquid nitrogen is about 30 
to 40% higher than that at room temperature. The same phenomena can be 

752 



www.manaraa.com

o o o ,.... 
X 
ui 
41 
:::l 
iii 
> 

a: 
a: 
a: 

o 

HPC 

o • ..-<' 
~ OFC 
-f:j.-I:::.--"-

20 40 60 

Grain Size, 11m 

80 

FIG, 2, R R R ( p,,,./ p •. ,.) val u e s 0 f U H PC, H PC, and 0 F Cas a fun c t ion 0 f g r a ins i z e. 

200 ,I 
25 j 100 

I 
140 

I 
180 

I 
220 

Annealing Temperature, °c 

I 
260 

FIG. 3. Annealing characteristics measured at room temperature. 

300 '-;2~5"JI'---:1;-;\b:;;-0---:1~l:;;-0----;1;:;80;;---;:2;;20;;--"2::;;~0'----

Annealing Temperature, °c 

FIG. 4. Annealing characteristics measured in liquid nitrogen. 

753 



www.manaraa.com

observed for OFC and HPC. Further. between OFC annealed at temperatures above 
240' C and UHPC. there is virtually no difference in tensile strength in liquid 
nitrogen as well as at room temperature. If UHPC is used as a stabilizing 
element for low-temperature superconductors. which requires annealing after 
drawing. this stabilizing element would be able to exhibit a tensile strength 
similar to that of OFC while maintaining a high conductivity. 

CONCLUSIONS 

From the facts described above. we may conclude: 
1. The RRR value of UHPC annealed at 500' C is 4100. 
2. The RRR value of UHPC. even unannealed. is higher than that of OFC 

annealed at 500' C. 
3. The RRR value of UHPC largely depends on the grain size. 
4. UHPC softens simply by aging at room temperature for more than 30 days. 
5. Between UHPC and softened OFC. there is virtually no difference in 

tensile strength in liquid nitrogen as well as at room temperature. 

If these characteristics are given due consideration. UHPC would be much 
more suitable for use in the superconducting field. We are aiming to prepared 
an optimum grade of copper for applications in low-temperature use and think 
that this can be attained by making more studies on cryogenic properties. 
refining method and processing technique. 
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MAGNETIC SUSCEPTIBILITY OF INCONEL ALLOYS 

718,625, AND 600 AT CRYOGENIC TEMPERATURES 

ABSTRACT 

Ira B. Goldberg, Michael R. Mitchell, Allan R. Murphy 
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Ronald B. Goldfarb, Robert J. Loughran 
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In June 1988, the Discovery Space Shuttle mISSIOn was delayed because of a 
malfunctioning hydrogen fuel bleed valve system. The problem was traced to 
the linear variable differential transformer (L VDT) which produced erroneous 
readings for the valve position. Near liquid hydrogen temperatures, Inconel 
718 used in the armature of the LVDT became strongly magnetic. The AC 
magnetic susceptibility of three samples of Inconel 718 of slightly different 
compositions, one sample of Inconel 625, and one sample of Inconel 600 were 
measured as a function of temperature. Inconel 718 behaves as a spin glass. 
Its susceptibility reaches a maximum between 15 and 19 K, near the liquid 
hydrogen boiling point, 20 K. The susceptibility increases by an order of 
magnitude as the iron content increases by 1.2% and the nickel content 
decreases by 1.5%. The nominal composition is 12-20% iron and 50-55% 
nickel. Inconel 625, which contains about 4% iron, was paramagnetic. 
Inconel 600 exhibited spin glass properties below 6 K, short-range 
ferromagnetism between 6 and 92 K, and paramagnetism above 92 K. 

INTRODUCTION 

The launch of the Discovery Space Shuttle, the first flight after 
resumption of the space program in the summer of 1988, was delayed 
because of an apparently faulty hydrogen fuel bleed valve. This valve 

Advances in Cryogenic Engineering (Maleria/s), Vol. 36 
Edited by R. P. Reed and F. R. Fickett 
Plenum Press, New York, 1990 
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Table 1. Chemical composItIOns (mass percent) of Inconel 
alloys 718, 625, and 600 

Inconel Inconel Inconel Inconel Inconel 
Element 718-1153 718-1094 718-1 625 600 

Nickel 52.08 52.80 53.59 60.61 72.0 min 
Iron 19.23 18.46 18.02 4.39 6.0-10.0 
Chromium 17.42 18 .22 18.07 21.90 14.0-17.0 
Molybdenum 2.93 2.99 2.99 8.56 
Niobium 5.14 5.05 5.19 3.71 
Manganese 0.14 0.15 1.00 max 
Titanium 1.05 0.96 0.91 0.20 

-------

appeared not to close completely. Inspection of both the valve and linear 
variable differential transformer (L VDT) position sensor in the laboratory 
showed that the valve did in fact close completely, but that the valve position 
was indicated incorrectly by the LVDT. This, in turn, led to close inspection of 
the LVDT and its components. 

The L VDT consisted of three coils as shown in Fig. 1. The inner coil was 
the drive or primary, and the two outer coils were the differential pick-up or 
secondaries. A high permeability armature was connected to the valve by an 
Inconel 718 armature extender. With the valve closed, the Inconel armature 
extender was within the right secondary when the armature was inside the 
left solenoid (Fig. O. However, with the valve open, the armature extender 
was outside the coil assembly. The fact that the LVDT performed well at 
temperatures greater than 35 K (-397°F), but not near its operating point of 
about 20 K (-424°F), led to this investigation of the magnetic properties of 
Inconel alloys. 

Limited data exist on the magnetic properties of Inconel or nickel
chromium-iron alloys. The most current data for Inconel 718 is given in the 
Handbook on Materials for Superconducting Machinery.! Neither the 
geometry of the samples nor the composition is given. Magnetization plots 
for temperatures between 4.2 and 50 K, presumably corrected . for 
demagnetizing field, show that the material does not saturate at fields up to 

ARMATURE 

POSITION WITH 
VALVE CLOSED 

IS SHOWN 

ARMATURE 
POSITION WITH 
VALVE OPEN -

Fig. 1. Schematic diagram of a Linear Variable Differential Transformer 
(LVDT). 
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5.6 MA/m (70 kOe).· One other report2 provides useful information on 
Inconel 750, but it is not directly applicable to Inconel 718. No literature 
data were found for Inconel 625. Relevant studies have been carried out on 
Ni-Cr, Ni-M0 3,4 and Ni-Fe-Cr5,6 alloys. While the nature of the measurements 
is quite different from ours, they provide some useful guidelines for 
predicting trends in the magnetic properties of such materials. 

SAMPLES AND EXPERIMENTAL MEASUREMENTS 

Inconel 718 was chosen for the armature extender because of its high 
strength at low temperatures.? ,8,9 Thus, in addition to samples of Inconel 
from the armature extenders, other Inconel alloys were investigated. Three 
samples of Inconel 718 were examined. Two samples from the L VDT were 
part of the threaded portion that connects the armature to the valve 
assembly. One sample, designated 718-1153, was from a malfunctioning 
LVDT. A second, designated 718-1094, was cut from a useable LVDT. A third 
sample, designated 718-1, was a cylinder received from the manufacturer. 
Samples of Inconel alloys 600 and 625 were in the form of small rods, 
approximately 6 mm diameter by 12 mm. The Inconel 625 sample was 
received from the manufacturer, and the Inconel 600 was received from 
Argonne National Laboratory. The nominal compositions of the alloys can be 
found in Ref. 1. The analyses of the Inconel 718 and 625 samples used here 
are given in Table 1. The chemical analysis of Inconel 600 given in Table 1 is 
nominal. 

Demagnetization factors were assumed to be average or magnetometric 
values. The Inconel 718 materials from the L VDTs were threaded rods, but 
were treated as cylinders. The average diameter, d, was calculated according 
to the equation 

d = (4 m /1t P L)1/2 ( 1) 

where m is the mass, p is the density, and L is the overall length. The 
average demagnetization factor was determined from the ratio of the length 
to the diameter. 1 0 

Measurements on all samples were carried out using an AC 
susceptometer11 and on several samples using a vibrating sample 
magnetometer (VSM). AC measurements were carried out at applied 
alternating magnetic fields of 8, 80, and 800 A/m (0.1, I, and 10 Oe) rms, 
and frequencies of 10, 100, and 1000 Hz. No DC field was applied to the 
sample for AC susceptibility. Results were slightly dependent on field and 
frequency. 

VIBRATING SAMPLE MAGNETOMETRY 

The results obtained using the VSM were similar to those previously 
reported in that the samples did not saturate even at fields as high as 5.5 
MA/m (70 kOe). Using a reference temperature of 4.4 K, at the maximum 
applied field, the data reported 1 for generic Inconel 718 indicates a 
magnetization of 1.13 x 105 A/m (113 emu/cm3) while that of sample 718-
1094 is 1.18 x 105 AIm (118 emu/cm3) and of sample 718-1153 is 1.33 x 
105 A/m (133 emu/cm3). These results are in fairly good agreement with 
each other. 
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Table 2. Temperatures and values of the maximum susceptibility of 
Inconel 718 and 625 samples 

718-1153 718-1094 718-1 625 

Applied field (AIm) 800 800 8 800 800 
(Oe) 10.0 10.0 0.1 10.0 10.0 

Temperature (K) 
at maximum 
susceptibility 19.0 16.1 15.7 15.2 <5.3K 

X at 10 Hz 13.3 3.26 3.94 0.0030 at 16K 
X at 100 Hz 12.8 3.19 3.70 0.0031 at 16K 
X at 1000 Hz 12.7 3.13 1.51 0.0034 at 16K 

AC SUSCEPTffiILITY 

Inconel 718 Alloys 

AC. susceptibility measurements were carried out, primarily because this 
mode of measurement most closely corresponds to that of the Inconel 
armature as it is used in the L VDT. 

The three samples of Inconel 718 exhibited similarly shaped plots of 
susceptibility vs. temperature. However the magnitudes of the 
susceptibilities were significantly different as shown in Fig. 2, even though 
the elemental composition of the alloys varied by only 1.5% in nickel, 1.2% in 
iron, and 0.65% in chromium. It is noteworthy that the peak magnetic 
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Fig 2. Susceptibility of three Inconel 718 alloys as a function of temperature. 
Alloy compositions given in Table 1. 
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Fig. 3. Plots of the inverse AC susceptibility of three Inconel alloys. Data for 
Inconel 718-1153 are shown. 

susceptibility varies by a factor of eight over this concentration range. The 
temperature at the maximum susceptibility also increases with higher iron 
content as shown in Table 2. 

The Inconel 718 alloys appear to be spin glasses at temperatures below 
about 16 K and are paramagnetic above that temperature. Evidence that 
points to the spin glass state is derived from the VSM and susceptibility 
measurements. Key factors are that the magnetization of the sample does not 
saturate, even at fields of 5.5 MAIm (70 kOe), the AC susceptibility exhibits a 
maximum, and this maximum shifts slightly to lower temperature with 
increasing AC field.1 2 The paramagnetic phase is demonstrated by nearly 
linear plots of the inverse susceptibility vs. temperature for temperatures 
significantly greater than that of the peak susceptibility (Fig. 3). This is 
consistent with Curie-Weiss behavior. 

Whether or not Inconel 718 can be used as a nonmagnetic material will 
depend on the temperature, the exact composition, and the limit of magnetic 
susceptibility that can be tolerated for a given application. Ironically, the 
peak susceptibility is close to the boiling point of hydrogen at atmospheric 
pressure. The AC data suggest that iron exhibits the largest effect on 
susceptibility. In contrast, the VSM data show that the high-field 
magnetization is relatively unaffected by composition. Thus, Inconel 718, 
when used at liquid hydrogen temperatures, may interfere with certain 
measurements. The effect would be much larger if inductance (such as in the 
L VDT) rather than bulk magnetization is measured. 

Inconel 625 

Inconel 625 exhibits a decreasing susceptibility with temperature above 
5.7 K. Measurements were not carried out at lower temperatures. The 
paramagnetic behavior is shown by the linear relationship between the 
inverse susceptibility and temperature in Fig. 3. In this case, the iron 
content is only 4.4% even though the nickel content is greater than in the 
samples of Inconel 718. The combined iron and nickel in the Inconel 625 

759 



www.manaraa.com

sample is 64.6%, in contrast to 71.3 to 71.6% for Inconel 718. However, the 
chromium and molybdenum contents are greater in Inconel 625 (30.5%) than 
in any of the Inconel 718 materials (20.3 to 21.2%). These elements can 
couple antiferromagnetically with the iron and nickel, and therefore reduce 
the magnetization or susceptibility by a factor that is greater than they would 
as inert diluents. 

Because of the relatively low susceptibility, Inconel 625 would be a 
useful "nonmagnetic" material for many cryogenic applications. Values of the 
susceptibility are compared in Table 2 near the peak susceptibility of Inconel 
718. However, the strength of Inconel 625 is lower than that of Inconel 
718. 1,7 

Inconel 600 

Inconel 600 has greater nickel compOSItIon than either of the other 
alloys, but is intermediate in iron content as shown in Table 1. Both the real 
and the imaginary components of the susceptibility (X' and X", respectively) 
are shown in Fig. 4. Three magnetic phases are evident. The first phase 
appears to be a spin glass below about 6 K. The second phase, which exists 
between 6 K and 92 K, appears to be a ferroglass. 13 Such phases are 
characterized by ferromagnetic correlation over a finite length, in general 
longer than that of a spin glass. At temperatures above 92 K, the material is 
paramagnetic. A plot of the inverse susceptibility as a function of 
temperature is shown in Fig. 3. 

CONCLUSIONS 

The most significant conclusion is that Inconel 718 alloys apparently 
exhibit a spin glass state below 16 K. Experimentally, this is concluded from 
data obtained using VSM and AC susceptibility. AC susceptibility shows that 
Inconel 600 exhibits three different magnetic phases. The lowest 
temperature phase (below 6 K) appears to be a spin glass somewhat similar 
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Fig. 4. Susceptibility of a sample of Inconel 600, corrected for the geometric 
demagnetization factor. Measurements were conducted with an 
applied field of 80 AIm (1 Oe) at 10 Hz. X" is multiplied by 10. 
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to that of Inconel 718. The intermediate temperature phase (6 to 92 K) may 
be ferroglass. At elevated temperatures, all of the Inconel alloys are 
paramagnetic. 

The magnetic states of the Inconel alloys and the magnitude of the 
susceptibilities appear to be strongly dependent on the exact composition of 
the alloy. Not investigated in this study were the effects of cold working and 
of heat treatment or annealing, which may be significant. 
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THE MAGNETOCALORIC EFFECT IN NEODYMIUM 

ABSTRACT 
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The adiabatic temperature change upon magnetization, b.. T s, and the field 
dependent heat capacity of Nd have been measured between 5 K and 40 K in applied 
magnetic fils up to 7 T in order to assess its potential for use as a magnetic refrigerant in 
an active magnetic regenerator (AMR). The b.. T s of Nd is proportional to temperature 
between 4 K and 10 K, with a maximal value of 2.5 K at 7 T and 10 K. Nd thus shows 
some applicability to AMR use. 

INTRODUCTION 

Neodymium is a rare earth metal which magnetically orders below 20 K. It has 
been suggested l ,2 for use in passive magnetic regenerators3 in gas-cycle refrigerators due 
to its exceptionally large zero field heat capacity at temperatures below 20 K. Nd is 
malleable and machinable, and is thereby usable in geometries such as thin sheets which 
are difficult to fabricate for the more brittle intermetallic compounds. Because the large 
heat capacity is of magnetic origin, it is reasonable to consider the use of Nd in an active 
low temperature magnetic refrigerator stage. Such an active magnetic refrigerator4 (MR) 
uses a changing externally applied magnetic field to cause a magnetic material to 
undergo a thermodynamic cycle. To date, only the zero or low field heat capacity of Nd 
has been measured.5,6 In order to determine the applicability of Nd to magnetic 
refrigeration, the thermal response to an applied magnetic field must also be known as 
well as the zero field heat capacity. Therefore, we have measured the field dependent 
heat capacity, CB, and the adiabatic temperature change upon application of an external 
field, b..Ts' for Nd in applied fields up to 7 T. These quantities allow the thermodynamic 
cycle and performance of a MR to be estimated'? 

EXPERIMENTAL METHOD 

The sample of neodymium used in this study was machined from a 
polycrystalline ingot of 99.9% atomic purity with respect to other rare earths. The ingot 
was produced by Research Chemicals of Phoenix, AZ. 

The heat capacity and temperature change of the sample upon change in applied 
field were measured by an adiabatic method. The sample was brought to internal thermal 
equilibrium at a temperature Ti, before either a known heat pulse, for CB, or a known 
change in external magnetic field for b.. T s, was applied, and then the final temperature T f 
was observed. Correction for heat lost to the surroundings was done by a simple linear 
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extrapolation to the middle of the heat pulse or field change. This correction was quite 
small because the time constant for intemal thermal equilibrium of the sample was 
typically several orders of magnitude shorter than the time constant for equilibration with 
the surroundings. Excellent thermal isolation was ensured by suspending the sample via 
linen threads, using high resistance leads for the heater and thermometer, winding the 
heater directly on the sample, and placing the thermometer in a snug hole at the center of 
the sample. The sample was surrounded by a can maintained at a temperature 
intermediate between the initial and final temperatures of the sample. This can was 
surrounded in turn by two more isothernlal cans sharing a COIllmon vaCUWll. The 
temperatures of the sample and the surrounding cans were measured by carbon-glass 
thermometers whose field dependence was less than 0.1 K. The sample thermometer was 
calibrated by the manufacturer to 40 mK and was checked at 4.2 K at the start of each 
run. 

The corrections for the heat capacity of the thermometer, heater wire, threads and 
varnish attached to the 0.022 kg sample were typically less than 5%. For LlTs, the 
measured values were corrected for addenda by multiplying by the ratio of the total heat 
capacity of the neodymium and addenda to that of the neodymium alone. The heat 
capacity values used for the corrections were the average of the values at the initial and 
final applied fields. The approximately ellipsoidal sample had a length to diameter ratio 
of 3.0 and was oriented with its long axis parallel to the applied magnetic field. 
Demagnetization corrections to the applied field have not been made but magnetization 
data8 indicate these corrections are small. 

Because the time constant for conduction cooling the sample and surrounding 
cans is extremely long, all the data were taken under computer control in a stepwise 
warming mode, with the temperatures of the cans and the sample stabilized before each 
heat pulse or field change. Before each run, the sample was cooled from greater than 100 
K to 4.2 K in zero applied field. For heat capacity measurements, the length of the heat 
pulse was about 1/4 of the thermal time constant of the sample and the power of the heat 
pulse was chosen to warm the sample by 0.2 - 1 K. 

RESULTS 

Figure 1 shows the measured field-dependent heat capacity of Nd. The two 
conspicuous magnetic transitions are due to ordering on the hexagonal sites (19 K) and 
on the cubic sites (8 K). The low temperature transition is not quite as sharp as seen 
previously,5,6 presumably due to the nominal 0.1 % impurity content of the sample. 
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Figure 2 shows the measured i1Ts for Nd as the magnetic field is increased from 
zero up to the stated value. The two magnetic transitions correspond to the two peaks 
seen. Clearly, the 8 K transition on the cubic sites couples more strongly to the external 
field than the 19 K hexagonal site transition, a difference that may be partly explained in 
the polycrystalline specimen by the much stronger anisotropy observed in the hexagonal 
plane8. The large anisotropy ensures that only the component of the applied field in the 
plane of easy magnetization in a given crystallite contributes to the ordering for the 19 K 
transition, reducing the observed i1 T s' Note also that below 8 K, Nd cools when a 1 T 
magnetic field is applied. This is typical behavior for an antiferromagnet,9 for which an 
applied field hinders the ordering. 

Figure 3 shows the entropy of Nd as a function of temperature for five applied 
magnetic fields. The curves for each field were calculated by numerically integrating the 
measured heat capacity at that field divided by temperature. The additive constants to the 
entropy due to the unknown values of the heat capacity at temperatures below the lowest 
temperature attainable by the apparatus were determined by requiring the horizontal 
spacing between the entropy curves for the various fields to be consistent with the 
measured adiabatic temperature changes. This was done by a least squares fitting 
procedure. 

DISCUSSION 

Neodymium has its maximal i1T s in the 5 K to 20 K temperature region, as 
expected from the presence of ordering transitions at approximately 8 K and 19 K. The 
maximal value of i1 T s is 2.5 K, which is relatively small. Several mechanisms may 
explain the reduction in i1 T s compared to a material such as Gd which has i1 T s of 14 K 
for a 7T field change. 

• Nd has the double-hexagonal close-packed structure. This means that there are 
two crystallographically inequivalent sites in the crystal. The Nd moments at these two 
sites order at distinct temperatures (8 K and 19 K), halving the amount of field-dependent 
entropy available at each ordering temperature relative to the total entropy of the crystal. 

• Antiferromagnetic ordering geometry in Nd (also in Er, Tm, Ho) prevents a 
strong enhancement of the external field by the exchange field near the ordering 
temperature, i.e., the magnetic field fights the ordering rather than enhancing it; and 
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Table 1: The Magnetocaloric Properties of the Rare Earth Elements 

Observed 
Maximal Temperatun 

Ordering 
Highest Saturation 

MagneticRE 
Temperatures8 Temperature 

::~~n~8 
Value of of Max 

Element Ordering ~TS at 7T ~TS 
(K) 

Geometry 8 (J.!B) (K) (K) 

Pr 0.03 AFM a 2.7 

a antiferromagnet 
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Figure 3. The entropy of Nd as a function of temperature for five applied 
magnetic fields. The curves were calculated by integrating the measured 

heat capacity divided by temperature. 
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• The crystal field interaction in the light rare earths is greater than the exchange 
interaction, opposite to the situation in the heavy rare earths. The weak exchange causes 
the ordering transition in Nd to occur at very low temperature, but apparently much of the 
entropy available in the magnetic system has already been removed by the crystal field 
above 20 K The ground state of Nd in the crystal field of the pure metal is a doublet. 10 
Because the total entropy of magnetic ordering is Rln(2J+ 1), the doublet ground state 
restricts the total entropy available at temperatures low compared to the crystal field 
splitting to Rln 2, instead of Rln 10 in the absence of a crystal field splitting. When a 
strong magnetic field is applied, the upper magnetic states may get mixed into the ground 
state, partly canceling the desired entropy reduction from the alignment of magnetic 
moments. 

The third factor suggests that the other light rare earths (Ce,Pr,Sm) will probably 
not be effective magnetic refrigerants. Previous thermomagnetic property measurements 
have been done on Dy,Er,Tb,Ho,Tm, and Gd.9,l1,12,13,14 Europium is the only magnetic 
rare earth element left to be investigated. Europium undergoes an unusual first order 
antiferromagnetic transition at 94 K However, magnetization experiments on europium 
show that only 15% of the full 71lB saturation magnetization is obtained in fields of 7 T, 
both above and below the Neel point.8 The small moment suggests that Eu will not be a 
good magnetic refrigerant at accessible magnetic fields. 

A summary of the observed ~ T s for the pure rare earths is given in Table 1. One 
can see that materials with significant ~ T s are available for almost the whole temperature 
region from room temperature to about 10 K, but choosing a set of pure rare earths to 
match a specific ~ T s versus T curve desired may be difficult. 
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