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FOREWORD

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 form 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, under 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.

F. R. Fickett
R. P. Reed
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BEST PAPER AWARDS

Awards 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

xxiii



1989 INTERNATIONAL CRYOGENIC MATERIALS

W. Collings .

M. Scanlan .

W. Morris . .

I. Braginski.

F. Clark . .

Evans . « «

R. Fickett .

Foner . . . .

C. Freyhardt.

Hartwig . . .

C. Larbalestier

Y. Li . . . .

Okada « « « &

P. Reed . . .

CONFERENCE BOARD

Battelle Memorial Institute
Columbus, Ohio, USA

Lawrence Berkeley Laboratory
Berkeley, California, USA

University of California
Berkeley, California, USA

Westinghouse Research and
Development Center
Pittsburgh, Pennsylvania, USA

National Institute of Standards
and Technology

Rutherford Laboratory
Oxfordshire, England

National Institute of Standards
and Technology
Boulder, Colorado, USA

Massachusetts Institute of Technology
Cambridge, Massachusetts, USA

University of Goettingen

Goettingen, Federal Republic of Germany

Institut fur Technische Physik
Karlsruhe
Karlsruhe, Federal Republic of Germany

~ University of Wisconsin

Madison, Wisconsin, USA

Institute of Metal Research
Academia Sinica
Shenyang, People's Republic of China

Faculty of Engineering
Osaka University
Osaka, Japan

National Institute of Standards

~and Technology
Boulder, Colorado, USA

XXV



THE VAMAS INTERCOMPARISON IN THE AREA OF SUPERCONDUCTING AND
CRYOGENIC |STRUCTURAL MATERIALS

K. Tachikawa

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

ABSTRACT

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 Nbz;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) !'. The
TWP meeting has been convened five times since then, 1st in April 1986
at KfK, FRG, 2Znd 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 ian July
1989 at UCLA, USA. Two subgroups, 1i.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 NbsSn multifilamentary wires.
1.2 AC loss measurement in Nb-Ti multifilamentary wires

Advances.in Cryogenic Engineering (Materials), Yol. 36
Edited by R. P. Reed and E. R. Fickett
Plenum Press, New York, 1990



Table 1 List of Participant Labs in the Round Robin Tests on
Superconducting Materials

Ic measurment on Nbs;Sn Wires

AC Loss Measurment on Nb-Ti Wires

Europe

Atomnist. Ost.Univ. (Austria)

Inst. Expml. Phys. Ost. Univ. (Austria)
S.C.K./C.E.N. (Belgium)

S.N.C.I., C.N.R.S. (France)

Europe

Atominst. 0st. 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)

KfX (F.R.G.)

Siemens (F.R.G.)

Vakuumschmelze (F.R.G.)

E.N.E A., Centro di Frascati (Italy)
Univ. Nijmegen (The Netherlands)
Clarendon Lab (UK)

Rutherford Appleton Lab (UK)

Usa USA

Brookhaven National Lab. Battelle

Francis Bitter National Mag. Lab. Brookhaven National Lab
Lawrence Livermore National Lab N.L.S. T

N I.S.T.

Univ. Wisconsin

Japan Japan

Center Res. Inst.Elec. Power Ind
Electrotechnical Lab

Electrotechnical Lab
Furukawa Electric Co.

JAER I J.AER L
Hitachi Kyushu Univ
Kobe steel. Nihon Univ.
NR LM NRILM
Osaka Univ. Tohoku Univ.
Tohoku Univ. Tokai Univ
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;Sn WIRES

Critical current measurements on multifilamentary Nb3Sn 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 Ic 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, B and C in no specific order.
The specification and respective heat treatment conditions of three wires



Tabie 2 Specifications and Heat Treatment Conditions
of NbsSn Test Samples

Sample A Sample B Sample C

Fabrication process Bronze Bronze Internal Sn

Wire diameter (um) 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

Filament diam. (un) 3.6 4.5 2.7

No. filament 10, 000 5, 047 5,550

Heat treatment 700°C X 96h 670°C < 200h 700°C X 48h
are indicated in Table 2. Upper critical fields , Hcp, for sample A and
sample B are enhanced by additions of Ta and Ti, respectively. Each
laboratory was asked to prepare two specimens 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 reound robin test results were intercompared to examine the effects

of test holder materials, specimen mounting methods, measurement details
etc. on the scatter in measured Ic. To ensure a meaningful inter-

central laboratories (A), (B), (C) :NRIM(Japan), BCMN(EC), NIST{(USA)

sampie distribution of sample _collection of
fabrication samples mounting mounted samples

—
% participants
1

[
| central lab. (A) |+ central lab (B) | participants — central lab (B)

—

central lab (C) participants {— central lab (C}

heat treatment redistribution of measurement
heat-treated samples _

participants

‘ :
-~—4; central lab (A) i central lab (B) [— participants

?
L central lab (C) }- participants

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 W/m versus magnetic field for central heat-treated
NbsSn sample B. The bars on the Ic curve indicate standard deviation
¢ at respective field. o/ave. is coefficient of scatter.

comparison, homogeneity in Ic values of sample A and B was inspected, and
found to be within *ca.l %, good enough for the intercomparison. The
homogeneity in Ic of sample C was not inspected. Preliminary reports on
the present round robin test on Ic have been published in elsewhere 23,

Fig. 2 is an example of the test results that shows averaged Ic data
and coefficient of data scatter on sample B as a function of magnetic
field. The semilogarithmic plots show that for samples A and B the logs
of the Ic 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 similar way, and start to drop off above about 12 Tesla.

Coefficients of scatter of Ic’s at 10 W/m and 12 Tesla are about 7, 5
and 19% of the averages for samples A, B and 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 measurement method, and variations in instrument

calibration.

Alumina - o] o)
SUSFRP/nene o o) Fig. 3
Comparison of Ic’s
FRP/Grease coo measured on different
FRP/stycast | O 006 0000 o sample holders. Ic’s are
for central heat-treated
SUS/Solder - o o NbsSn sample B at 12
Tesla. Holder/bonding
SUS/Crease - oo materials are indicated
Thick wall L on vertical axis.
FRP/stycast °© © ©

! 1 1 1 1 1
1307140 150-160--170 180 190
I at 12T (A)



Fig.4 Cross-sections of wires E and F. Left: wire E, outer diam. 0.35mm,
filament diam. 6.3 un, No. of filaments 760. Right: wire F,
outer diam. 0.14mm, filament diam. 0.50 um, No. of filaments 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*. 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 Hc, of these samples; sample C has a relatively low
Hc, 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 Ic, 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 Ic
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 NbsSn 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 supplied. 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. Meanwhile, 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 D are 0.74 nm and 4.6 um
(10980 filaments), respectively, while those of wire G are 0.20 mm and
0.18 mm (242892 filaments), respectively. The wires F and G were wound
into test coils, and then circulated for the round robin test. The
Lengthpofawirespingthepcoidlofpandgcoil G were 590 @ and 250 m, respec-
tively.



Table 3  Comparison of Hysteresis Loss Measurement for a
0—1—0 Tesla Cycle on Nb-Ti Test Wires

Laboratory Measurement Cycle Hysteresis Loss (mJ/m)
Method
Wire D Wire E
a Integration 1/2 5.0 0.47
b Calorimetric 1/2 5.7 0.54
d VSM 1 4.3 0.48
e Integration 1/2 4.39 0.412
f VSM 1/2 4.78 0. 475
g Integration 0. 7%
h VSM 1/2 0. 46
i Integration 1/2 0.54
k Integration 1/2 4.88 0.508
m Integration 1/2 5.89 0.531
n Integration 1/2 5.6 0.60
0 VSM 1/2 4.5 0.45

% Bmax=0.42T, full cycle loss. 1/2: half cycle [0-1]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 tand 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 ®. The round robin test
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% 100+ Total power loss in Nb-Ti coil G as
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Table 4 List of Participant Labs in the Round Robin Tests on
Cryogenic Structural Materials

Tensile Measurement Fracture Toughness Strain Gauge

Measurement Calibration
Europe Europe Europe
Tech. Univ. Wien (Austria) KfK (F.RG.) Atominst. Ost. Univ.  (Austria)
KK (F.R.G.) Inst. Expml. Phys. Ost. Univ. (Austria)
EMPA (Switzerland) KfK (F.RG.)
Rutherford Appleton Lab. (UK) Ansaido (Italy)

IMGC (Italy)

INFN-LASA (Italy)
EMPA (Switzerland)
Rutherford Appleton Lab. (UK)

USA USA USA
Lawrence Livermore Natl. Lab. N LS T N LS.T
Master. Res. Engr. Inc.

NIST

Teledyne Engr. Service

Japan Japan Japan
Hitachi Hitachi Hitachi
JJAERIL Kobe Steel Kobe Steel
Kawasaki Steel NR LM NRIM
Kobe Steel Tohoku Univ. ’ Univ. Tokyo
Nippon Kokan Toshiba,

Nippon Steel Univ. Tokyo

NRILM

Tohoku Univ

Toshiba

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
recomiended to be low. Instead, detailed measurement condltlons were
reported along with the mechanical properties.

In general, tensile 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 deformation, was important.
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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 NbsSn wires with 24 participant labs from 9 different countries
was successfully completed. The coefficient of scatter of Ic depends
both on the wire manufacturing process and the measuring techniques.
Several parameters affecting Ic have been extracted. The strain in the
sample was suggested to be a major origin for the scatter in Ic.

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 Ic and AC loss measure-
ments with more strictly defined experimental 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 internmational cooperation. The worldwide
technical exchanges would be also enhanced through such cooperation
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THE RESISTIVE STATE OF A RANDOM WEAK LINK NETWORK

M.G. Blamire and J.E. Evetts

Department of Materials Science and Metallurgy, Cambridge University
Pembroke Street, Cambridge CB2 3QZ, U.K.and

Interdiscipiinary 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 subgrains. The simplest 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 of T and diamagnetism in superconductor / non-superconductor composite structures<-9. 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-linearities 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-D SIS tunnel junction array. As the applied current reaches the critical current i, of
each of the junctions there is an increase in the voltage of the array corresponding to twice the gap voltage A.
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(l)) against various parameters; and since the voltage increment due to each junction
entering the resistive state is constant, plotting dV/dI gives directly the probability distribution of i¢s fli¢).

If the weak links all have the same i, the transition will be sharp; however, for a normal flis) the n-value
of the transition will depend on o, the sgandard deviation of f{i }, and inversely on the mean critical current
<i>. The application of a magnetic field to such a system resufts in the partial or complete suppression of a
number of weak links within this distribution.

Fig. 2 shows a plot of n vs the electric field (E) for a sample of YBagCugO7; 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 publication? 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 n/ng and B/Bg,. where n, is the n-value in zero
magnetic field at a particular electric field criterion, and By 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 fli;) 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 11
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Fig. 1. Current vs voltage plot for a series array of 600 Nb/AlOx/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 cell4.5. J; 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 superconducting 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 samplel0. 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 Jgq 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 uniformly spaced, but
which vary in height in a random fashion. In sucha 2-D array there is a time-averaged translational

100
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o
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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=nv, where 1 is the
vortex flow viscosity, and f is the net driving force on the vortex which in this example may be expanded so
that flx)=5(x)+glx), where f; 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
a 1

E=BL L If, 1+(g(“a))2+ dx W
n fo(x) ' fo(x)

0

This shows that as the random force term becomes small compared to periodic term (which includes the
Lorentz driving force} then the electric field tends to

a -1 :
_B 1 2
=5 Lﬂ)(x) o

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 Jg. 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 microbridges 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 treated12-14 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 LINK NETWORKS

In discussing this problem two key terms will be employed: (a) the global critical current distribution
flic); this is the probability 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.

13
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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 superconducting 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 (I5) is thus simply the sum of the critical currents of all the weak links in the set.

K
Iem= 2 ick,m K]
0

where K is the number of weak links normal to the net current flow direction. The distribution of critical
currents in the sets F(Io) is gaussian by the central limit theorem, and consequently the standard deviation
of F{I¢) is given by op(1c) = Sffic) /NK. The problem thus reduces to a series array of sets, each of which behaves
as a single weak lin(I( 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 flic) is a d
function, 6f(jc) 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 flic) 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 transverse 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 length 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.i 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 WEN (since these completely specify the problem). A first order calculation of A is
presented below.
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1 72 Fig. 5. A single node from a 3-D cubic lattice.
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THE CALCULATION OF A FROM THE PROBABILITY DISTRIBUTION

This calculation of A is based on the probability of transverse current transfer from a single node
exceeding the critical currents of the available 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 i,] 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 (iz9). In
other words 11,1 _1,91#0. 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. i

(2) If this applied current exceeds either of the critical currents i,) and i,o then in order to maintain the
critical state in the region of this node a finite current (It) must be transferreﬁ2 to 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 probability
of the critical currents of the four transverse junctions being less than I;. The total transverse critical
current is Iyy (=ix]+ixg+...); 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 Pellt>lxy). and
so it isreasonable to derive one from the other, provided the latter is defined as before as the critical 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 1-p; = e-T/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
direction may be summed. Following the previous example, this will produce a 1/VK reduction in ofiy); thus

o) = of(io)V (/af @
It has been shown elsewhere6 that for a gaussian critical current distribution n is inversely proportional to
standard deviation, so that
0 0 (Of(igyln(1-po)) ! = 1/ O ype ®
which implies that
_ no 1/pe ®
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 pg, it can be seen that a fall in n with
increasing current would be expected from this result.

MONTE-CARLO CALCULATION OF A

A monte-carlo solution of the inequalities describing p. was performed. This calculation sampled the
critical currents I,;-9 and Ixy1-c from a global critical current distribution, where C is the transverse
connectivity (C=4 fgr a cubic [a tjcg. The following criteria were then applied to each set of sampled values

() If 1=I,; and I < I,5 where I is the mean current flowing longitudinally through each node, then the
result was false.
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(0 If 121,) and I >L,5 then the result was true.

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

This calculation was performed for comparison with two different types of data. Firstly results obtained
from sintered YBagCugO7 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 YBagCugO7 wires fabricated by a
polymer precursor processing route. Both the preparation route and the experimental arrangement have
been described more fully elsewhere?. The samples had a uniform circular cross-section of = 0.8mm
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 Nb/AlOy/Nb whole wafers by the SAWW processing
routel5. The mask set was designed with a single 46x148 2-D rectangular array, and two 400 junction 1-D
series arrays on the same 0.5"x0.125" chip. Although the masks were designed to produce constant 5x5um2
Jjunction areas, the small size 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 recorded 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 departures from linearity, and to demonstrate the variation of n-
value with current and voltage, plots of dLogE/dLogJ 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 previouslyl.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 fli) which was gaussian in zero magnetic fleld 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 n/ng against B/Bg (fig. 3} also shows these
modelled results determined for different connectivities and flic) 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 zerol, 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 flelds (OmT crosses and 1.3mT diamonds). Solid lines represent theoretical
curves modelled using the 1-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 1-D arrays could be measured and
analysed to directly give flic). Since the 1-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 flic) at each value of magnetic field. A plot of n vs Log(l) 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 modelling
calculations, using the 1-D flig). 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 modelling 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-
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Fig. 8. Plot of critical current distributions from 1-D (upper curve) and 2-D (lower curve) tunnel junction
arrays.

17



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 1-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.i. A plot of the critical current distribution from the 2-D array F(I) compared with the 1-D flio) is
shown in Fig. 8. F(Ig) is neither gaussian, and is even skewed in the opposite direction to fli). 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 T, 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
superconducting 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 sintered 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

L -1
E= BL 1 4y
n Jo foG+8(0

where L is the length of he integration path. Using a mean field treatment described in a previous
publication11 and splitting the integral into one over a sum this may be agproximated by

@Ay

a -1
La (V]
E= B.L 2 -1
n oo fo(ma+x)+g(na+x)

L/0 d
Now since fj is a periodic function with wavelength a, and since g is a random function with no phase
information this may be rearranged to give
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This can then be expanded as a Taylor series to give
a 1
L/a 3
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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 T, AND ENERGY GAP FOR MOST

SUPERCONDUCTORS, ESPECIALLY THE CERAMIC OXIDES

Mario Rabinowitz

Electric Power Research Institute
Palo Alto, CA 94303

ABSTRACT

A generalized Bose-Einstein gas model is sufficient to derive reasonable estimates of T,

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-1 dimensional states. Analysis of the new high-
temperature ceramic oxide superconductors determines upper limits of T 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 Q1 dimensions.
Interpreting the ceramic oxide case as one in which the interchain interactions are equal to the
intrachain interactions, leads to

Te=(Te1 Te2)M2 = (300K x 40K)1/2 = 110K = 100K

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 (1K to 109K 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, T¢. 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¢. 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.

Ad_vances in Cryogenic Engineering (Materials), Vol. 36
Edited by R. P. Reed and F. R, Fickett
Plenum Press, New York, 1990



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 original BCS theoryl,
Tc = 1.14 (hv/k)exp[-{N(ER)V}-1] where, 1)

h is Planck's constant, k is the Boltzmann constant, v is the average phonon frequency (much
like the Einstein frequency), N(Ep) 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 < € < hv. Because of the exponential dependence of
T, the parameters must be known quite accurately, as there is a correspondingly larger
uncertainty in the calculated value of T¢. 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, for different classes
of superconducting materials in different dimensionalities. There can be many mechanisms
which poison T to lower temperatures, but it is of some value to be able to put an upper limit
on T, 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-Einstein 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 Tg, it is
necessary to modify the usual condensation derivation which yields a condensation temper-
ature >>T¢. Superconductivity can occur if the Fermi particles pair near the Fermi level.

When this happens, the paired particles have integral spin and obey Bose-Einstein statistics
rather than Fermi-Dirac statistics.

At temperature T< T we have

A4 = (ng)-1/3, where : (2)

ng ~ (kT/Ep)n. 3
n is the number density of free charged particles, ng is the number density of particle pairs
whose condensation temperature is T¢, k is the Boltzmann constant, and E is the Fermi
energy.

Ef £ (h2/8m)n2/3, “
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]1/2=h/[4m(f/2)kT]1/2, )

where f is the number of degrees of freedom per particle.
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Combining eq's. 2,3,4, and 5:
Te~h2n2/3/(8£)3mk = Bg/643k = (W6DR2)/[21312 (fm)3k], (6)
where Dp is the density of states at the Fermi surface.

In order to estimate T, 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 Y1BapCu307.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 Epp or Eg1. Eq. 6 is also obtained for lower
dimensions, as these systems are 3-dimensional with respect to Ep and thermal equilibrium,
and only the degrees of freedom of the paired fermions 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 f7 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 ‘

Te = (Te1 Te)V/2 = (300K x 40K)1/2 = 110K = 100K )

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,2A. 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 < 2A, 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 A per particle which must be provided to
break up a particle pair. The energy gap is designated 2A, 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

2ApCs = 3:52kT . ®)

Twice the number density of particle pairs is roughly the fraction (A/2)/EF of conduction
electrons that have a strong interaction near the Fermi level, where 2A 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,

2ng ~ (A /2)n/EE €)
Eqgs. 2,4,5 & 9 yield

2A =8(4fKT)3/2ER1/2 =128(2m) 1/2(fkT()3/2h-1n-173 . (10)

Asbeforeyequl0iisobtained forquasi=2:&quasi-1 dimensions.2-3
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Table 1. Comparison of Estimated T and 2 A with Data for Wide Range of Matter

Material n Dim. Est. T¢,K Tc*K  2A,meV 2Agcs.meV
Heavy elec‘ 1029/m3 3 0.5'5 0.5"1.5 0.68 0.304
metal
Q 2-20 - 2.9 -
Q! 10-100 - 11 -
Mettalic
Supercond. 1029m3 3 50 23.2 10 7.04
Q 200 - 140 -
Q1 1000 - 560 -
Ceramic 1028/m3 3 10 13 19 3.95
Oxide
Q 40 35 44 10.6
Q1 300 125 110 38.0
Li-Be-H 5x1029m3 3 200 - 160 60.8
Q2 500 - 330 -
Q1 4000 " 2600 -
MetalicH  1030/m3 3 300 120-260 180 79.0
Q 800 - 520 -
Q1 7000 - 4800 -

Neutron 1043-1029/m3 3 108-109 1010-1011  1.8x1010  3.04x109
Star
Q2 108-109 - 1011 -

Q1 109-1010 - 1011 -

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

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

2A = 8kT,¢ 11
in good agreement with the ceramic oxides. Using experimental values of T causes the ratio

2A/KT 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 T 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.

1t 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 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¢_ i.e. poison the superconductivity.

The mass variation appears to work well for the heavy electron metals, where T¢ o< 1/m,
as predicted by eq. 6. Crystallographic data can help determine f. The combination of
different dimensions, such as Q1 and Q2 in the ceramic oxides, may be an important factor in
determining Tj.
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FLUX CREEP IN MULTIFILAMENTARY CONDUCTORS OF NbTi and Nbasn*

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

Brookhaven National Laboratory
Upton, New York 11973

ABSTRACT

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 1lnt 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 0.3T, < T < 0.8T,. 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 T, material’. However, this decay, which had
been observed by early researchers?? of type II superconductors did not
generate much interest in traditional low T, superconductors like NbTi,
since the effect was small and well understood within the context of the
critical state model? of critical currents and the Anderson® theory of flux
creep.

During the commissioning of the ring of sugerconducting 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 b,. At injection field, most of the b, 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
magnets’, that b, indeed decays with a logarithmic time dependence at a
rate which is consistent with the observed 1nt chromaticity changes seen in

% Work done under the auspices of the U. S. Department of Energy
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the Collider operation.8 There are now other published reports that record
similar behavior in Superconducting Super Collider SSC model dipole
magnets9 and Hadron-Electron Ring Accelerator HERA magnets10

Kuchnir'! 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 1lnt 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 Nb,Sn multifilamentary wires in transverse applied
fields.

THEORETICAL BACKGROUND

The Critical State Model

The magnetization of multifilamentary NbTi and Nb,Sn is well understood
within the framework of the critical state model.? 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.. If MY(M) denotes the increasing (decreasing) applied field
branch of the magnetization loop, then the irreversible part of the
magnetization, M, at a fixed temperature is given by

2M,(H) = (M* - M) €Y
where for a cylindrical wire sample in transverse field
= (2/37) X J (H)d (2)

A is the volume fraction of superconducting filaments of diameter d in the
wire. J, 1is a function of both temperature and field.

M, = (M + M) (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.? was explained by Anderson’s® theory of flux
creep due to thermally activated motion of flux 1lines which are normally
pinned at defect sites in the material. The theoretical details of this
mechanism was described by Beasely et al.3 They verified their analyses
by careful measurements of magnetization decay of solid cylindrical rods of
PbT1l alloys using a superconducting quantum interference (SQUID) device to
record the flux changes. They showed that the observed lnt 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.? have reexamined the theoretical treatment of Beasley et al1.3
and have expressed the creep rate as

dM/d(int) = - (KT/U,") ¥, (1 * §) (4)

where U " | B| (aU/aIVBI) is an apparent pinning potential. The
relatlonshlp of U, to the true barrier height, Up, depends on the nature
of U-versus- dr1v1ng force relation. For non-linear dependence of U on
IVBI, Ub* as determined from Eq. (4) can be much less than U,. § 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 um filament diameter NbTi wire sample
in transverse field. The 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 p M and pH, where p, = 4m x 107 H/m 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 Nb,Sn internal-
tin wire. Since the Tc of Nb,Sn is higher than NbTi, the Nb,Sn sample was
measured at several temperatures ranging from 3K to 12K. Preliminary
results of the temperature dependence of the creep rate are given.
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Figure 2. Magnetization decay at several fields for IGC5212 sample at
4s5KennMynis the first measurement for the time sequence.
Time is measured in seconds.
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Table 1. Parameters of NbTi Wires

Wire Filament Jec(5T) A/mm2
Dia.mm A Dia. um
1GC5212 0.65 0.370 15.0 2400
SC12006 0.81 0.385 6.0 2650
0ST1738 0.81 0.385 5.0 . 2560
SCN2120 0.65 0.357 2.6 2010

NbTi

Fig. 1 shows the 4.5K hysteresis measurement for sample IGC5212 which
has 15 pm filaments with an interfilament spacing of > 4 um. 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. M, is the first measurement taken
in the time sequence. We note that the decay is not always linear in 1nt.
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/dlnt) is proportiona} to (W/Ugﬁ,
then from the known field dependence of M; we infer that U, and hence Up is
decreasing slowly with field. (2) After a cycle to high field and back to
H=0, 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 § << 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, at 5T. The comparison is made at 1T and 2T where the
filaments are in the critical state and known to behave independently.
SCN2120 has 0.5% Mn doped copper in the interfilament region to suppress
proximity coupling of the filaments.'® Table 2 lists the average creep
rate measured for the various wires. From this table we note that although
M. changes by almost an order of magnitude, the normalized creep rate R =
(1/M;) (dM/dlnt) varies only by ~ 30-40%. This establishes the fact that
the creep rate is proportional to M;, and hence to d, for similarly
processed wires.

Nb,sn

The sample of Nb,Sn measured is an internal-tin processed wire with 3.5
pum filaments. The percentage of superconductor in the wire is ~ 13%. 1In
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 M; at 1T and
2T versus temperature shows that M linearly decreases with temperature for
T > 4K. By extrapolation, T, at 1T was found to be 14.3K and at 2T it was
13.2K. The magnetization decay at 1.0T for different temperatures is shown
in Fig. 5 where the ratio M(t)/M; is plotted against Int Here too we
observe that for a long time the decay is constant in Int. Although the
ratio of M(t)/M, 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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Table 2. Flux Creep Data_at 1.0T and 2.0T

1.0T 2.0T
Sample M dM/d(1nt) R M dM/d(1nt) R
(mT) (mT) (mT) (mT)
1GC5212 9.95 0.059 0.0059 6.56 0.052 0.0079
SC12006 4.63 0.034 0.0073 2.87 0.026 0.0091
0ST1738 4.46 0.035 0.0079 2.77 0.028 0.0101
SCN2120 1.65 0.0153 0.0093 0.96 0.0094 0.0098
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Figure 3. The creep rate dM/d(1lnt) 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 Nb,Sn sample at 4.5K.



Table 3. b, decay rates in dipole magnets

Fil. Dia. of Field Cycle to 1 db

= 22
Magnet Conductor (um) (T) Field b, d(1nt)
(0.8 m Model)? 0.32 0+ 0.32 0.0065
TEVATRON 9 0.65 0 -+ 0.65 0.014
0.65 0-+4-0.4-0.66 0.036
HERA Dipolel® 14 0.17 not known 0.04
SSC Model® 6 0.33 0 -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.'! At 0.15T they measured an R ~ 0.002
for the 9 um filament TEVATRON Cable. This compares favorably with low
field values ~ 0.0035 for the 15 um 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 b, 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

(1/b,) db,/d(1nt).

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
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Figure 5. Normalized magnetic moment at 1.0T plotted as a function
of vlntyforpvariousntemperatures as-indicated in the
figure.
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large compared to the short sample data presented here and (2) from the
TEVATRON magnet data, the b, decay at the same field of 0.65T is seen to
depend on the cycle followed to reach that field. Clearly, to correlate
short sample measurements of dM/dlnt to b, 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 Nb,Sn have shown that the rate
(dM/d1lnt): (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 0.3T, < T < 0.8T,. These conclusions are essentially
similar to those reported by Beasley et al.? Correlation of short sample
data to magnet observations have yet to be established.
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THEORY OF FLUX PENETRATION EFFECTS BELOW H_; IN
MULTIFILAMENTARY SUPERCONDUCTORS

A. J. Markworth*, E. W. Collings*, J. K. McCoy*, and D. Stroud**

*Metals and Ceramics Department **Department of Physics
Battelle Memorial Institute The Ohio State University
Columbus, Ohio 43201 Columbus, Ohio 43210

ABSTRACT

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,! the 1nterf11amentary magnetic field was calculated for the case of a system of infinitely
long, parallel filaments, having equal circular cross section, and arranged on a hexagonal
lattice. The externally applied magnetic field was taken to be perpendicular to 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, H,;, 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 problemyas,before is examined except that the flux-exclusion
assumption is relaxed, the London theory being used to describe the field inside a given
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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 THE 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 xy 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 xy plane and characterized by constant permeability, g, in this
plane. An effectively uniform (constant) magnetic field, Hy, 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,! 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, r and 8, 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, ¢,, which is given by

b= (% + pr)coso @)

where a; and f; are constants to be determined by imposition of boundary conditions. The
pertinent H field is given by H; = —V¢,. In addition, the B fields are given by B; = p;H,
with g; = pg and p, = 1.

Clearly, we must set §; = —H, . Also, self-consistency requires that we set a; = 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.

@ 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 arca
assthe-Wigner-Seitz cell.
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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, By, 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 4, we use the London equation, expressed as follows, for Region 3:

Vx (VxB;) + By =0 ()

where g (which has no relation to the p; 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 B, can be calculated as follows: First, since V - By = 0, it follows that Eq.
2 can be expressed as

VB; - f’B; =0 . ®)
We now assume that B; can be expressed in the following general form:
B; = eu(r)cosd + ezv(r)sing ()]

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

B, = glr(ﬂrl (e,cos8 — ey€(pr)sing) ©)
with
(= 2 - 1 ©)

wheire C.is.a constant.and [ is,in general, a modified Bessel function of the first kind of
order n.
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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:

B, = By(e,cosd — egsind) = Bge, , @)
b d o[l <1+

~ ¢ [(1 ~ ) ('2)2 +1+ po] sino} , ®)
e A »
= (), (10)
C=T7x +2(?0— e | T an

The quantity By is equal to pyH,. Moreover, ), defined in Eq. 10, is clearly the area fraction
occupied by filament cross sections in the xy plane. In addition, e, is a unit vector in the x
direction.

It should be emphasized that By is not the externally applied field, B,. The latter is
the uniform field taken to exist in space, parallel to the xy 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 xy plane by the constant,
effective permeability, g, 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

14+ X+ (1= Né(fa)

B =
T + (8w - 1

B, (12)

where p = d/e, and where the fields By and B, are both parallel to the x axis. Clearly, B, is
a function of A, fa, the bundle-shape parameter, p, and the magnitude, B,, of the applied
field.

Finally, we calculate one additional quantity of interest: the total magnetic flux, &,
passing through unit length of one filament.  This can be obtained from the expression

w2
= [IBy@b)lado (13)

-2
where B,, is the r-component of B;. From Egs. 5, 11, 12, and 13, we obtain
4B a

P
1+ g + x(,, 1) l€cp) — 1

(14)

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

The effective permeability, g, is seen in Eq. 9 to be a function of both X and fa. One
interesting limiting case is that for which fa — ®, which corresponds to complete flux
exclusion. For this case, one can show that §(fa) — fa, and p, becomes dependent only
upon A, as seen from Eq. 9. Moreover, the value that p, 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, §{(fa) — 1, and we
find, as expected, that gy — 1.

The variation of p, with A, as predicted by Eq. 9, is illustrated in Fig. 3 for selected
values of fa. We make several observations: First, the tendency for g, to decrease with
increasing \ can be seen, although this tendency becomes less pronounced as fa becomes
smaller. Second, effects of flux penetration become quite important as fa decreases (for a
fixed value of \), with g, increasing toward unity as fa decreases toward zero. Finally, it
should be noted that our model actually does not apply all the way to A = 1; for example,
nearest-neighbor circles arranged on a hexagonal array would touch at a value of 7/y/12
(20.907) 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 A and f 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 § = 1.5/b.
However, for the larger value of g (i.e., smaller penetration distance), flux exclusion is much
more pronounced and its dependence upon A\ 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.

c/a
0.4 0.3 0.2 0.1
1 1 T T T
——8a-1 |
0.8
\
0.6
3
Po
0.4+
10
0.2 %o
0 1 1 1
0.5 0.6 0.7 0.8 0.9
A

Fig. 3. Variation of g, with X for selected values of fa.
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X=(2/3)2, B=15/b, Ba=i X=(2/3)2, B=15/b, Ba=10

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

The quantitative relationship between the flux that penetrates a filament and the
parameters fa, A, p and B, is given in Eq. 14 for the particular case of an elliptical filament
bundle. To illustrate this relationship, contours of constant R = /(2B,a) are plotted in Fig.
5 as a function of X and fla 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 < land 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 fa becomes smaller, although
even for the larger values shown (fa 2 10) substantial flux penetration can still occur. As
expected from Eqg. 14, no dependence of flux penetration upon X 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 fa of reciprocal penetration depth times filament
radius, the area fraction X 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.
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ABSTRACT

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 (I.) requires
the measurement of extremely low voltages,* on the order of 1 uV.
Consequently, the I, 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 I, measurement
system is susceptible to sources of interfering voltage that might be
negligible for many other measurements. Ground loop and common mode
voltages® 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.
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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 I, 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 I, 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 I, 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 voltage
or even a flux-flow voltage. This is particularly true of the high-
transition-temperature (high-T.) superconductors because their V-I
characteristics are not as well understood as those of the conventional, or
low-T., materials. The zero resistance test effectively simulates an ideal
superconductor where the V-I characteristic is V(I) = 0.

Ideally, the test is carried out with the measurement system configured
exactly as it would be for an I, 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. 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
currentpispeycledypispanginterfering voltage. The important point is that
all of the electrical current paths that are present for an I, measurement
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are preserved in this configuration and the common mode voltage applied to
the input terminals of the voltmeter is also the same. The only difference
is that the differential voltage has been eliminated to allow easy
recognition of any interfering voltages.

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 I.. 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 I, measurement.

The interfering voltages that present a problem for I, 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 I
measurement system as possible. For example, all instruments that are used
during I. 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.

DIFFERENTIAL _
7] VOLTAGE TAP ()
| PAIR

0) NULL VOLTAGE
O () TAP PAIR WITH

NULL VOLTAGE (% {y ENHANCED

TAP PAIR ><‘ :‘;_ INDUCTANCE

Fig. 1. TIllustration 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 I, is the
measurement of the n value. The parameter n is defined by the approximate
intrinsic voltage-current (V-I) relationship,

V= Vo(I/Io)n;

where I, is a reference I, at a voltage criterion V,, 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 I, 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 10* 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 I, measurement. The simulated values of the I, 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 I, 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 ecm. All of the tests made using this specimen were
conducted at room temperature. Two different I, measurement systems were
used for these tests. The details of these measurement systems are given
elsewhere.? 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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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 nQ. 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 pQ-cm.

The actual resistivity of the copper is probably closer to 1.7 uQ-cm.
The discrepancy is probably due, primarily, to the lack of precision in the
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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 *5 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 I, measurement, the interfering voltage
would be detected along with any differential voltage, thus altering the I,

n
[=1

1 1] 1 TT T
‘ I
Ap il | ]
10 ‘.J.J\ | l A
- T e |
|- 11 ) -
> S WIATLR LT
2 [N VY ’.\.*“44 ]
F_‘—E‘ J " 1 E v~ *
2 I s 1
o
ol ]
0 1000 2000 3000

Current, A

Fig. 4. Unsuccessful zero resistance test,
voltagesversus current for a copper
sample.

48



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 I. of the superconductor, the
selected I, 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-T. 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 -

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

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

ABSTRACT

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, Al/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.

(2) Although the hydrostatic extrusion process was actually being used in
production in Japan24 and Europe® 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 preducts,
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.S. 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-fitted 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 fing-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 Figure 2 Die holder, container

conventéor;al extrusion i and ram fabricated for the press
proposed for conversion to conversion.

permit hydrostatic extrusion.

«

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 (I/d) 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-fitted 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 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 (S/D) 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 um 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 #8PND-1 incorporates
monofilaments that were annealed (800 °C) prior to assembly. Billet #8PND-2
incorporates monofilaments that were heat treated (375 °C) prior to assembly. Both billets
were hot isostatically pressed (593 °C, 108 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 unextruded 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 biliets 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 CwNbTi 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.19.11 More recently, Lee has shown that
the pre-strain can be reduced to 4 if high homogeneity Nb 46.5 wit% Ti alloy is used with a
420 °C heat treatment.’2 Reduction of the pre-strain to lower values could form

Widmanstatten o-Ti and/or o 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 extrusion 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.3 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
S/D 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

°C for 1.5 hours. The second billet of each series contains filaments that received an o-Ti

precipitation heat treatment (40 hrs at 375 °C) rather than an anneal at the same
intermediate size followed by a second heat treatment (40 hrs at 375 °C) as a hexed
monofilament. All four billets were hot isostatically pressed (593 °C, 103 MPa, 4 hrs)
prior to extrusion to ensure bonding of all billet components.

The billets are identified as follows:

Billet Number Method of Extrusion Condition of NbTi # of Heat Treatments

SCN-1 conventional annealed 3or4
SCN-2 conventional heat treated 50r6
SCN-3 hydrostatic annealed 3oré4
SCN-4 hydrostatic heat treated 5or6

Conventional extrusion of billets SCN-1 and SCN-2 took place after a pre-heat at 593
°C. 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 °C. Figure 6 shows a cross-section of the hydrostatically extruded biliet 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 °C) of the monofilament prior to assembly as a multifilament
(i.e. 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 °C) prior
to assembly as a multiflament 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. Al of the
intermediate precipitation heat treatments were 40 hours at 375 °C 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 multifilamentary
composite (BPND-1).
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Figure 6 Cross-section of
hydrostatically extruded
Cu/NbTi multifilamentary
composite (SCN-3).
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Figure 7 Flowchart of the thermo-
mechanical processing for billets
SCN-1 and SCN-3, both annealed at
800 °C prior to assembly as multi-
filament composites.

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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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 does retain
some degree 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.

TECHNICAL/ECONOMIC 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¢
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 Extrusion Ratio
101.6 12.3:1
88.9 16.0:1
76.2 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 billet is only 586 MPa (85 ksi). This means that the billet temperature will
have to be quite high, e.g., perhaps 650 °C 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 °C. 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 all 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 well 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 well as
the attendant greater product yield.

However, recommendation of a specific large press cannot be made until all 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 toll
basis; and

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

It seems reasonable fo 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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Table 1. Potential billet and product sizes possible with
hydrostatic extrusion on existing extrusion presses
at various assumed extrusion pressure levels

Product Size

at 20:1
Assumed Potential Billet Size Extrusion Ratio

Existing Extrusion
Press Size, Pressures, Diameter, Est. Filament, Superconductor Diameter, Length,

MN MPa mm Length(a). cm Weight(b). kg mm _m
137.9 1103 399 152 1842 88.9 30.5
1241 376 152 1637 83.8 30.5
1379 358 152 1488 81.3 30.5
124.5 1103 378 152 1660 83.8 30.5
1241 358 152 1642 81.3 30.5
1379 345 152 1334 76.2 30.5
106.8 1103 351 127 1188 78.7 25.3
1241 330 127 1052 73.7 25.3
1379 315 127 957 71.1 25.3
77 .4 1103 300 114 785 66.0 22.9
1241 279 114 689 63.5 22.9
1379 267 114 621 58.4 22.9
62.3 1103 269 89 485 61.0 17.7
1241 254 89 435 55.9 17.7
1379 239 89 386 53.3 17.7
48.9 1103 239 76 327 53.3 15.2
1241 - 224 76 290 50.8 15.2
1379 213 76 263 48.3 15.2
34.3 1103 198 66 195 43.2 10.1
1241 188 66 177 40.6 10.1
1379 179 66 159 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.

CONCLUSIONS

(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, AlI/NbTi, 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, Ic, 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 I. peak ranged 0.20-0.30 7%
and the reversible strain limit 0.8-1.1 %Z. 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, Ic, 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 Standau:ds).l‘3 The summary
report suggested that there exists a strong correlation between the scatter
of I. 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 I¢ measurements.

Advancesin Cryogenic Engineering (Materials), Vol. 36 61
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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. (um) 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 gager. Laboratories I and IL
used a short straight sample testing apparatus.®» Axjal tensile strain was
applied in the magnet bore perpendicularly to the magnetic field; the I¢ 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 Ic criterion of 1 uV/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 I¢ in wire C is
shown in Fig. 1. The Ic increases with strain to the peak, Icm, at €m where
compressive pre-strain in Nb3Sn induced by the other constituents with
different thermal contraction coefficients on cooling is released. It
decreasesron furthersstrainingsThe irreversible strain limit eirrev is
determined as a strain beyond which the I. value on unloading does not fall
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Wire C

B=15T

60+ Ec = 1pVicm
Em =0.20%

5 . Eirrev. 2 1.08 %

Eoirrev. = 0.88 %

Efracture=1.13%

Critical curret ( A)

20
Fracture
10F 12
1314‘
ol L 101112 1314
0.5 1.0

Strain ( % )

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 7
and Ic is reversible until the wire is nearly strained to fracture, €f.

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. 7,8

Comparison of Measurements Among Laboratories

Values of em, €irrevs and fracture strain ef obtained in each
The prestrain value ep agrees within
The ey values differ somewhat from the
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Table 2. Comparison of characteristic strain values

em(%) eirrev(%) e£ (%)

lab.I 0.18 >0.97 1.02
Wire A lab.II 0.18 >0.80 0.91
lab.III 0.25 - -
lab.I 0.25 0.85 >3.5
Wire B lab.II 0.31 0.82 >1.70
lab.IIT 0.20 - -
lab.I 0.20 >1.08 1.13
Wire C lab.II 0.21 >1.05 1.34
lab.III - - -

T T T T
j 1.0
bad x
o o
£ £
X 5
E : Eo.s
Il 1 1 1
0 0.5 1.0 0 0.5 1.0
Strain, € (%) Strain, € ( %)
a) b)

Ic/lc,max

0 0.5 1.0
Strain, €( %)

c)

dependence of Ic/Icm.




results obtained by others for laboratory III. The irreversible strain
limit values, or its lower limit values, agreed well, within 0.05 Z, in wire
B and are somewhat scattered in wires A and C. The reason for large scatter
of eirrev 1s that the reversible strain limit coincides with the wire
fracture strain at which I¢ 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 I. is normalized to that at peak
strain, Icm. The agreement of ep, 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 ey 1is 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 ep in wire A
is presumed to be the consequences of low R and S and the position of the
stabilizer.?

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, Be2; 19 T, 24.5 T, and 26 T,
respectively. The change in B¢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 I¢ in the wires
stabilized internally are more sensitive as compared with that in externally
stabilized wires.? However, it appears that these effects are masked by the
vast difference in Bce?2.

Ic/lem

=157 057

s Wire A
o Wire B
a Wire C

205 0 05
Intrinsic strain €-£€0 (%)

Fig. 4. Strain semsitivity of Ic (laboratory I).
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n-value
1
n-value

0 0.5 1.0 0 0.5 1.0
Strain (%) Strain (%)

Wire C
B=15T

n-value

Strain (%)

Fig. 5. Strain dependence of "n" value (laboratory I).

(Open circles are obtained on loading,
solid unloading)

According to a summary of the round robin test of I¢ determined by the
criterion of 10 uV/m, the coefficient of variation in I¢ data, s/Ave where
s is standard deviation and Ave is averaged value of I.'s, increases as the
magnetic field is increased. Further, the variance is larger in the order
of samples C, A, and B; s/Ave 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 I¢
measurements is closely related to the strain characteristics of the wire;
thegintrinsiegsensitivitygofgthegeonductor 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.1l 116
Wire B lab.IT 124
lab.III 107
lab.I 40
Wire C lab.II 41

1lab.IIT -

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 ey is to be
emphasized. Because the extent of change in I¢ is directly associated with
the strain sensitivity around the zero applied strain, the value of ep, the
deviation from the peak, has significant meaning not only for the I¢ value
itself but also the scatter of I. 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 B¢2, Iem 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 I¢ round robin tests, n values specifying the
relationship between the voltage V and the transport current I in a
empirical expression V « ID has been also evaluated. A larger n value
corresponds to a sharper transition in the specimen and is an index of good
homogeneity.ll The dependence of I¢ on criterion voltage is higher for
conductors of smaller n values.lZ2 Changes in n values determined within the
voltage range of 0.5 to 5 uV/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 Icp 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 I¢ if
Ic criteria is of high accuracy, 1 uV/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 ep,
irreversible strain eirrev, and strain sensitivity of Ic.

2. Scatter of I. measurement in the round robin test samples is mainly
ascribed to strain effects; strain sensitivity and magnitude of
prestrain.
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ABSTRACT

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
mn. 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 7 strain. The voltage taps are soldered at
a distance of 10 mm. The capacities in load and current of the apparatus
are 500 N and 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
atpthepbottompandyagmovabilegonepat 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. Walters% 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 )

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 I¢ 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
platesisspressedragainstosthesleft side of the gap by the spring. Strain
was determined to withim 0.05 Z strain. Load was applied to the pull rod
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Cam

Max current; 200 A
Max load ; S5S00 N
Size; 300 x 44 ¢ mm
(Total 2.2 m)
loading lever arm
Specimen:
Gage length; 17.5 mm
Volt. tap distance;
10 mm

Accuracy of strain
measurement;
0.05 % strain

strain calibrating

mechanism

Cu terminal
(FRP insulator)

Specimen

Clip on gage

l SuUs 310

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 7. 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.l 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
werespot=solderedrtorthersamplermear the middle of the gauge length. The
Ic criterion used was luV/cm. The critical current could be easily
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determined on the chart of a high sensitivity X-Y recorder of 5 uV/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 wtZ Sn-0.3 wtZ Ti submultifilamentary wire
prepared for VAMAS Japan specimen was chosen.’ The wire in diameter of 0.4
mm consisted of 721 filaments in diameter of 6.5 um 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 0.0l %, 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 I¢ and its change with strain are different. The prestrain,
em, of 0.2 7 as well as the reversible strain limit,eirrev , of 0.55-0.60 %,
however, are close to each other. The smaller ey 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.?

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.lo
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 techniquell was measured at 15.5 T. The 13-15
wtZ Sn composite, 10 mm in diameter was drawn down to 0.53 mm in diameter

T T T
500~ VYAMAS 0.4mm .

B=14.4T 4.2K
GL 17.75mm e
o 400 T -
5
~ 300 fracture |
0
n
@
= 200 .
----- conventional
100 (67) -
Il 1 ]
0 0.5 1.0 1.5

Strain (%)

FigswZ2eppStress=straingcurves of submultifilamentary
wire for VAMAS Japan sample.
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Fig. 3. Strain dependence of Ic.
a) measured using the present apparatus
b) measured using conventional apparatus
(Open circles are obtined on loading,
solid unloading)

together with Nb barrier and Cu 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 all0 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-15 phase. The T¢ of 18.0 K with a 50 mK transition width
and the Bc2 of 23.5 T were obtained.

bgraph of the Nb-Sn composite
d.
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The I¢ 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 7 and the eirrev 0.65 Z. 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.l2 This apparatus can be
operated remote from the HM-2 hybrid magnet in MRI, Tohoku University. The
I. 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

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

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

ABSTRACT

Increased resolution of NMR spectrometry will require the use of very
high field Nb3Sn superconducting 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 superconductors 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
He, considerable degradation of J. 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-

Table 1. Specifications of wires used in this study

Seven subelement wire

Diameters 0.42 and 0.92 mm
Nb Diffusion barrier 4% by volume
Stabilizer 50% by volume
Remaining non-copper fraction 50% by volume
27% Nb (1.25% Ti)
19.2% Sn

53.7% Cu matrix
Cabled wires

Diameter 0.615 mm

Nb Diffusion barrier 4.3% by volume

Stabilizer 62.5% by volume

Remaining non-copper fraction 33.2% by volume
20.5% Nb (1.20% Ti)
17.2% Sn

62.3% Cu matrix

78



Table 2. Test cable specifications

Cable configurations:

Packing factor Reinforcement
1. 6 around 1 84% none
2. 6around 1 90% none
3. 6around 1 84% central steel wire

0.615 mm diameter

4. 5around 1 84% central steé¢l wire
0.430 mm diameter

Cable dimensions

1. 1.774 mm diameter
2. 1.714 mm diameter
3. 1.774 mm diameter
4. 1.517 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.1 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 IGC 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.1 x 1014 Qem. The critical currents
reported are for the non-copper wire fraction.
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RESULTS

Jc 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 J. 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 (Jom) 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 (girrey) 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 J(€)/Jem, where Jc(¢) is the critical current at the
applied field and strain and Jem is the critical current at field and zero intrinsic

strain. Constant Jo(€)/Jem indicates no cyclic degradation. Decreasing Je(€)/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 average of tests on two separate specimens. Comparison of Figures 2 and 3

1.2 ]
1.0 B=15 T
0.8
E -
(3]
- E
S 0.6
- e
0.4
E o 0.42 mm
1 a 0.92mm
0.2 ‘
— Ekin
0.0
-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= 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.

80



Table 3. Fatigue effect on the critical current of internal-Sn Nb3Sn(Ti) at 15T

Stress Strain Cydles Je®)/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 €jrrey is comfortably high for
magnet designs that emphasize high fields and accompanying high stresses. As
anticipated, there was reasonable agreement with strain-induced J. 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
loadscyclessis;smallwFor 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 €jrrey 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 J¢'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 elements# 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 J.

Small changes in the conductor packing fraction showed no measurable
effect on the J. of small cables . Inclusion of steel reinforcement, on the other
hand, was found to reduce J. by as much as 50% at 14 T, presumably due to
thermalyprecompressionmnThisreffect 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
Jo, 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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ABSTRACT

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
deformation.

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.l 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, 2.6x10% 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 Jec. In this paper, the strain
characteristics of J¢ 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
othervexternally (wiresE)wnThercross-section as well as the specification
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Table. 1. Specification of wires

Internally Externally
stabilized wire stabilized wire
Dia. of wire(mm) 0.7 0.85
Dia. of fil. (um) 3.4 3.4
Number of fil. 7224 10285
Bronze/Nb core 3.3 2.8
Cu/non Cu 0.33 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 7 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, Ic, was 1 uV/cm.

RESULTS AND DISCUSSION

Change of I with Strain

The stress vs. strain relation in the course of measurement of strain
dependence of I¢ 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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5 um

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-1), the peak value of
Ic, Icms 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 gg,iryev
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 €Q,irrev indicates the strain limit for the damage 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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Table. 2. Strain characteristic values of wires
Wire H.T.time Icm(A) Jem(A/cm?)  en(%) €0.irrev(Z) ef(Z) n(max)
Int. Stab. 240h(I-1) 89 3.1x10% 0.25 0.50 0.92 30
963K 48h(I-s) 70 2.4x10% 0.35 0.6 1.12 20
Ext. Stab. 200h(E-1) 110 2.6x104 0.35 0.52 2.04 20
963K 50h(E-s) 105 2.5x104 0.32 0.47 1.86 20
non-Cu

of I. in the equivalent wire stabilized externally (wire E-1, Fig. 4),

following points are of interest.
I-1 (0.25 %) as compared to wire E-1 (0.35 %).

The peak strain em is smaller in the wire
The value of ep is known to

decrease with 1) reaction of (Nb,Ti)3Sn, as described above, and with 2)

increase of spacing of filaments.

Because the bronze ratio of wire I-1 is

slightly larger as compared to wire E-1, the factor 1) leads to larger ep

and the factor 2) leads to smaller ep.
is not solely ascribed to the arrangement of stabilizer.

Therefore, the difference in the ep
The values

relevant to the strain characteristicslare summarized in Table 2.

Strain Sensitivity of I.

Figure 5 shows the relation of I normalized to Ic¢y vs. intrinsic

strain in the wires I-s, I-1 and E-1.

a slope of curves.

wires I-s and I-1 are larger than E-1.

The strain sensitivity is defined as
In compressive strain region (e(0<0), the sensitivity in
In order to comprehend the role of

stabilizing copper on the strain dependence of Ic, a qualitative analysis
with rough approximation is tried here.
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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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
externally 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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Cu
Cu
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Fige 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.’/ 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-1 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 I, in
multifilamentary wires is generally described in the equation8

Ic(e) = Icm(l-aleq])™

where u=1.7, a=900 for €0<0 and a=1250 £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 egg =0
axial strain) and in the tension range (from €(Q=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 « I™ has been calculated in
these wires. Figure 8 shows strain dependence of n in three wires
determined in the voltage range of 0.5 to 5uV/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-1 is larger as compared to that of I-s. This is because of
higher I; in the former. The n in the I-1 is also larger as compared to
that in E-1. The I. 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, 15 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 ey 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
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ABSTRACT

The influence of transverse compressive stress on the current carrying
capacity of multifilamentary NbsSn 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 Ekin ', 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 foundz, 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 NbzSn. The effects ?f axial stress have been
studied extensively during the past 20 years. The current reduction pattern
of multifilamentary NbsSn 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 I. is reached at a
0.1 to 0.3 % overall strain for practical NbgSn 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 % I_. 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.
Ekin” examined a round multifilamentary NbsSn 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, Eué almost complete recovery was reported after unloading.
Specking et al. ’" 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 Nbs;Sn, 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 NbsSn 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
thepsamplenbyspulbingratvanwire=rope outside the cryostat. Due to the
leverage the applied force is multiplied with a factor ranging from 3 to 4,

94



Pressure block

)
[ R O ——
[e]e]
i
\
IS 1
\
— w
o
—
o]
o
G WN =

Wire-rope
Quartz rod
- - _ Sample
- | Plate
76 10
>4
4——""—\—‘ [ i
A-A
j—n _—__

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 um’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 1lid. 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 um 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 um) takes place due to the Lorentz force which amounts
aboutwlnton8ukN/maplnsthespresentation of the experimental results, only the
impressions of the samples at I, 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 0.80

Number of fil. 192 4500 6000

Matrix material Cu bronze bronze/Ta/Cu
Diameter of fil. (um) 22 5 5

Twist pitch (mm) none 50 50

Reaction time (hgs) 48 64 64

Reaction temp. ( C) 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 pV 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, I, could already be measured,
indicating that the original quench current was only a little less than I_

Experimental results of wire 1 are shown in figure 2. It can be seen
that I, 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.

580 580
560 S60F
_540 540t
= z A N
4 %)
520 520F
500
5000 20 40 60 0 20 40 60 80
G [MPa] d [pm]

Figmp2:p€riticalycurrentyassasfunction 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 degradation amounts 10 % for approximately 80 MPa, when the initial I,
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 MPa 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 I, 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.

280 280
275 275
—~ 270 ~270
< <
K, -
265 265
o cycle1 o cyclel
x cycle2 x cycle2
260
0 30 60 90 2600 20 40 60 80
G [MPq] d [pm]

Fig. 4. Critical current as'a function of applied stress and deformation
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
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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 I_. on applied stress was expected. Figure S5 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, I, 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 67a few curves are scaled logarithmically in order to check the
relation : U x I". 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,
I, 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 uv
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

10
1
curve n-value @ @ @ C
5 1 26
2 35
oy 3 30
3 4 52
2 S 31
)
1
0.5 *
200 225 250 275
1 [A]

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 Nbs;Sn
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 theastress distribution inside the wire. Preliminary results
are to be published.
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FURTHER STUDIES OF TRANSVERSE STRESS EFFECTS IN

CABLE-IN-CONDUIT CONDUCTORS

L.T. Summers and J.R. Miller

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

ABSTRACT

The effect of transverse stress on critical current has been examined for
Cable-In-Conduit Conductors (CICC'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 CICC
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 Icas 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,

Recently the effect of transverse stress on single wires of Nb3Sn has been
studied67.8 Investigators have found that degradation of I. 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 CICC 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 (¢ < -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-ofdoadscontacts 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 NbsSn 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 700° 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 6x1)3 6.33 0.71
30 (6x1)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 CICC.

The CICC'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
42K

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 CICC. 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 180° apart. Published values for the 4 K modulus of 304 stainless steel

Current contact ..J_L

Split Solenoid
Ram
: — Anvil
Pressure
Diagram
Voltage Taps

I

Figure 1w»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 I. was determined using a voltage criteria of 1 pV cmL.

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.
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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 CICC. This is particularly noticeable in the 30% void
specimen B which has less sensitivity to transverse stress than single wires.

onducting wires in this specimen is



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/Nb3zSn 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 MATERTIAL EVALUATION FOR NET'S

WIND-AND-REACT SUPERCONDUCTOR

Walter J. Muster, Jakob Kilbler, Christa Hochhaus
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Dlibendorf, Switzerland

ABSTRACT

The inner poloidal 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 Nb3Sn 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 1limit the number of possible jacket material
candidates.

Eight Fe and Ni base alloys with promising 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/700°C
(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 (>1000 MPa) in base and weld at 4 K, tensile
elongation >10%

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) compatibility wih the reaction schedule of Nb3Sn, meaning that the
properties of a) and d) can be guaranteed after a heat treatment of
50 h/700°C.
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Previous works showed that usual stainless steels such as AISI
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 192, 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 results 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 Fe 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/700°C; 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 8 investigated alloys (all
data by the materials suppliers).

Herein the steel S1 (316 LN + Nb) corresponds to the material de-
scribed by Shimada/Tone2, N1 to "Incoloy 9XA" (commercial designation
"Incoloy 908"), N2 to "Inconel 728", whereas P1 is of the type de-
scribed by Hiraga et al.4. s1, s2 and s3 correspond furthermore to the
steels JK1, JKA1 and JN1 mentioned in a paper of Nakajima et al.>3,
whereas the ageing behaviour and RT properties of S5 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 (ESR, vacuum treating
ete.).

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)ymthatywill 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
s1 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 13,1 2,6 1,9 - - - - rest
ss 0,016 0,33 22,3 16,5 3,2 5,9 0,18 =~ - - rest
N1<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
P1 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,! and Shimada et al.’.

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/700°C) state.
Averaged values from several measurements in the
base (b) resp. flash butt welded (w) material.

RpO, 2 Elongation Charpy impact value
(MPa), 4 K (%), 4 K (J), 77 K
b w b w b w
s1 994 1003 52 27 213 160
s2 1414 1458 7,6 2,7 19 9
s3 1501 1521 2,3 1,3 1 8
sS4 1109 1120 48 27 161 63
s5 1714 1611 4,9 2,5 16 11
N1 1152 1076 31 18 57 31
N2 1403 1390 12 14 13 15

P 950 840 30 10,3 64 32




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 700°C/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 vpa Vm
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
S2, S3, S5 and N2 there are finally 3 alloys that can be designated as
real jacket material candidates: S1, S4 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

Rp0,2 = 300 + 4000 N
(RPOQZ in MPa, N in Wt"%)

The main conclusion is, that with the exception of S3 the heat
treatment affects the yield strength only in negligible extent.
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Fig. 2. Yield strength at 4 K vs. Charpy impact value at 77 K
in a graph, demonstrating with arrows a drastic
degradation of toughness starting from the annealed
(only stainless steels) to the aged state (first base
then flash butt welded material)
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Fig. 3. Yield strength at 4 K vs N content. Data from
stainless steels S1 to 85, from literaturels?
and from unpublished additional investigations
by EMPA; comparison between annealed and aged
(50 to 75 h/700°C) state.

The situation is quite different for the Charpy toughness; 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 factor 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.! 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
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Fig. 4. Drop of the Charpy impact’éalue, measured
at 77 K, in dependence of the time of an

ageing process at 700°C. On the right side

the corresponding the content of C, N and

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 S2 to S5 a formation of inter-
granular precipitations was revealed, hardly visible and often only
localized in the case of S2 and most pronounced at S3. Qualitative in-
vestigations of isolated precipitations (selective etching of the
austenitic steel matrix) supports the theory that these consist mainly
of My3Cq carbides8. Thus it can be concluded that an addition of the
elements Nb and V in the case of S2 and S5 could not completely avoid
its intergranular precipitations during the ageing, or at least a
stabilizing procedure before, as it is described by Shimada et al.” 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 S1 and S4 were the only ones that didn't break
intergranularly. Thus the above mentioned poor toughness properties of
the steels S2, S3 and S5 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/908" the publication of Morra? is re-
commended.

Charpy impact L
value [J] 200 fracture mode

X transgranular

<100 e intergranular

Clwt %] Niwt %1

Fig. 5. Visualization of the dependence of the Charpy impact
value, measured on aged (50 h/700°C) stainless steels
at 77 K, on the content of the elements C and N. Some
Some 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°9C 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
Reed!0, 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™®

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

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

ABSTRACT

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
superconductors. 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 (I.) 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.1 Differential thermal contraction between the specimen
and its holder in cooling from room to liquid-helium temperature can cause
either a tensile or compressive strain of the specimen, either of which can
affect the measured I,.<: 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
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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.™:

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 ratio 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. 1In addition to thermal
contraction measurements of both rolled tubes and plate tubes, I.
measurements were made using both types of specimen holder to confirm the
relationship between thermal contraction and the I, measurement.

Fabric
Planes

Fig. 1. Geometries of fiberglass-epoxy composites.



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-11.
All of the rolled tubes were G-10 and the plate tubes were G-11. This was
not a matter of choice but, rather, one of material availability. The
thermal contraction of the G-11 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-11CR. The manufacturing specifications for the CR grade
materials are more stringent and their performance at cryogenic temperatures
is more predictable.

Thermal Contraction

All of the thermal contraction measurements were conducted between room
temperature and liquid-nitrogen (LNj) temperature. We assume that, if a
material’s contraction is well matched to a Nb3Sn-Cu wire from room to LNj
temperature, then the additional differential thermal contraction that
occurs between LNy 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 em 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 LNjp
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. For this measurement, two well matched 350 Q
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 LNy temperature. First, the resistivity of the
strain-gages'-grid-alloy-will.change with temperature. Since this change in



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 *5% of the measured value (for
example, 0.20% +0.01%).

Critical Current

For the I, 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 uV/m
was used for determining the critical current. The uncertainty of the I.
measurements may be as large as 15% 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 (Ad/d) is plotted as a
function of the tubes’ wall-to-radius ratios. The thermal contraction of
three different superconductors (the VAMAS I, round robin conductorsl) was
also measured. The dashed horizontal line labeled "Nb3Sn-Cu" indicates the
measured thermal contraction (0.28%) of the conductor whose I, 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.%»5 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. 1In 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 I, measurements are shown in Fig. 3, where the I, 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 I, 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 I, 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 mno 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 I.’'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 I,
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 I,
degradation increases with increasing magnetic field is consistent with a
strain effect. The magnitude of the change in I, and the _measured thermal
contraction are in good agreement with the strain effect. At 12 T, a 33%
reduction was calculated from strain-effect measurements® that were made at
14 T, and the measured I. 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 I,
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 I.. An apparent
solution to this problem is to use an isotropic material for the specimen
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 I. 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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Fig. 3. A semilogarithmic plot of I, at an electric field
criterion of 10 gV/cm as a function of magnetic
field.
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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-10CR and G-11CR plate,4’5 the thermal contraction of G-10 plate tubes
may be slightly closer to that of a Nb3Sn-Cu wire than the G-11 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 I, 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 I.
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 I, 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 I, 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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INTRODUCTION

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-situ wires are considerably better than those of the conventional
multifilamentary superconducting wires.[2] For practical applications,
it is necessary to demonstrate 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
smelting and casting by the calucia process. In this paper we report
our results on the development of this in-situ NbBSn 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 CalO 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 Ca0 mold or Cu mold.
Ingot (about 200 mm in length and 20~ 150 mm in diameter) with 207 40
wtZ 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
temperature). The critical current was measured in a transverse magnetic
field at 4.2K and defined as the current corresponding to a voltage of
1 uV/em. The overall critical current density, Jc, was obtained by
dividing the critical current by the total cross-section area of the
specimen.
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(a) (B)

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

0.1 mm

The effect of bending strain and the effect of twist on Jc had been
investigated. 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 Ca0 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 Ca0 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 inm

Nb dendrite solidified into CaO mold.
diameter. (B) 150 mm diameter.
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Fig. 3 Comparison of critical current on wires made from Cu-20Nb and
Cu-40Nb wtZ ingot.

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

Superconducting properties

The critical current for Nb concentration 20 and 40 wtZ as a function
of a transverse magnetic field,, Bo, is shown in Fig. 3. A relatively
higher Jc, 2 to 2.4 x 103 A/mm®~ at 10 Tesla, was obtained for the Cu-
4ONb 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 ’IO Tesla for

Cu=£40Nb=16Sn-and-Cu-40Nb-103n wires submitted to
final heat treatment at 800°C for 1 day.
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50 um

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 untwisted wires. A ratio of the twisted length (1lp) 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 Je 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-4O0Nb 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-4ONb wires as a function of the applied
magnetic field, Bo. Above 15 Tesla, small improvements in Jc values of

T T T T T T T

+ lp=w,6T
* lp=w,10T
o lp=4dw,10T
2 |p=6dw,10T

o
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Fig.7 Overall critical current density, Je, for in-situ NbBSn wires
as a function of the applied magnetic field, Bo.

Cu~-40Nb wires are obtained by addition of 1w1’f72él“i1ﬁxd TwtZTi + 1wtZ 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. 8A 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 Proogess.%6]
Je of the in-situ Nb,Sn core of 0.28 mm wire was 2290 A/m (heat
treated at 550°C for 10 %ays) and Je of 1.1 mm wire was 1675 A/mm”~ (600°C
for 7 days) at 10 Tesla, respectively.

(B)

ilized conductor.(A) 0.28 mm in outer

outer diameter.
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CONCLUSIONS

The "Ca0 smelting and casting process" appear to provide a cost-
saving and reliable method for preparing dendrite Cu-Nb alloys suitable
for the large scale production, 150 mm diameter large ingots have been
studied and good characteristics have been found. Critical current density,
Je, for Cu-4ONb,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-4ONb 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. ﬁ%re detailed studies of ac losses
in the twisted in-situ wires are being carried out.
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P. 0. Box 460 of Technology
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ABSTRACT

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 conductor 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 Nb,Sn 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).**?
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,®'® 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. Ve also
had to respond to concerns regarding the strand mechanical properties.

Advancesiin 'Cryogenic Engineering (Materials), Vol. 36 131
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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 Plating

0.78 mm

54%

157 Amps 10T, 10 ,V/m
178 Amps 10T, 10 4 V/m

210 kJ/m® (Wire)

308 kJ/m® (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 hysteresls loss data. In Figure 2, the calculated
variation of +3 T hysteresis loss is plotted as a function of Jec at 10
Tesla, 107*® om. Our database was matched at 10™* am 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 pV/em Ic (10T) values ranged from 164-178 amps and the +3 T
hysteresis from 161-233 kJ/m®.

One hundred percent of all wire ends shipped to the chrome plater
wvere metallographically 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.

r Strand - 0.78 mm diameter, 54%
sts per inch.



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 uV/m) 75-100 A/mm*® less than Je(10™*2 am)
for n between 25-30.

The chrome plated wire was divided into 975 meter lengths and layer
vound 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. 1In 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. Ve 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.

Figure 3. Chrome layer on the US-DPC conductor.
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TRIPLET

3%3

Figure 4. Cabling elements for the US-DPC conductor. The 3.2 mm heater
vas 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. We vent 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. We 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




TABLE II CRITICAL CURRENT FOR CABLED STRANDS BARE MIT 225 STRAND TEST CABLE

SAMPLE Ic (Amps 10 uV/m)

Uncabled Cabled Cabled

Control Control CRIMP CRIMP CRIMP

Field _ A B 1 II I I V. _a B _C
27 817 843 851 919 887 815 863 - 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
10T 164 168 169 178 170 159 162 162 155 159
12T 110 111 108 117 109 106 104 104 103 102
n(10T) 22 28 26 23 24 23 23 23 18 22

the 45 strand third 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 uV/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.® Ve investigated the
elongation, yield (0.2%) and ultimate tensile strength (UTS) of the wire

—

P

o ————
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JE
—#_1

I ——

Figure 6. Critical current coil sample with CRIMP A and B removed
frommunplated testncable. 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 Elongation Yield (0.2%) UTS 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. We observed not only a significant increase in
elongation with minimal annealing (3 hrs/210°C) but also an associated
drop in both yield and UTS. 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 vas measured by gauging the separation of notches cut
into the wire surface. Wires with lov 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. We 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. While 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
(uncabled) was tested by J. Ekin® 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 kmwwithra 1=2-micronslayer of chrome if demand is sufficient.
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. Ve recommend, when prototype cables are manufactured,
that sufficient overage be utilized to allow for difficulties.

We 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 Nb;Sn SUPERCONDUCTING WIRES WITH IMPROVED J; AND
REDUCED BRIDGING

D. W. Capone Il and K. DeMoranville

Supercon, Inc.
830 Boston Turnpike
Shrewsbury, MA 01545

INTRODUCTION

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 J¢'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 s/d (filament spacing/filament 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-J¢'s in the 7-9 Tesla range for the advanced
generator program. We have investigated the effect that changes in s/d have on filament
sausaging, J¢, 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 um are shown to greatly improve the critical current densities
in these materials, independent of filament sausaging. Jg's at 4.2K in applied magnetic

fields of 9T have exceeded 1500 A/mm?2 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¢
(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 J¢ while trying to avoid filament
bridging. The optimum spacing is dictated by the trade off between maximizing the local
bronze/NDb 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 s/d 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 Restack

(%]
Billet o.d. (cm) i.d. (cm) Barrier Local Overall Total s/d(round) # of filaments flat-flat{(cm)

AF3 5.08 4.45 .051 0.44 2.5 0.20 1,112 0.0762
AF2 5.08 4.45 .051 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 25 .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 s/d less than 0.22.
The range of the s/d'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 s/d 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 blllet 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 AFH1. 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 (HlP) to enhance bonding of all the subelements. Billets AF1-

6 N perature of 650°C. Two of the billets (AF1 and
eduction). 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 400°C 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.

19pm x1508 _30KkY

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

owing reacted filaments in a 0.036cm diameter
ent at 750°C.



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 Nb3gSn 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 s/d's of 0.25, 0.35, and 0.40
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 uV/cm 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, then the copper is chemically removed using a
solution of HNO3 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 J¢'s in the range of 1300 A/mm?2 are achieved
for these materials if the filament size is reduced to 1.6 um or less. This is similar to
results reported earlier by Furakawa 2.

As mentioned above, at an s/d = 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 600° 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 600° 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 s/d 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 Jg's in
bronze-route conductors at intermediate field ranges. This improvement, we believe,
results from the reduced grain sizes and more uniform rgaction 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 s/d'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 um
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 um.
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AN INTERNAL TIN CONDUCTOR WITH Nb 1 WT % Ti FILAMENTS
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ABSTRACT

A production program is underway at IGC Advanced Superconductors, Inc. to
produce 1200 kg of internal tin wire for the high field test facility (HFTF) upgrade which is
to be constructed by the Lawrence Livermore 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 1, particularly Nuclear Magnetic Resonance (N.M.R.)
magnets. Only in a few instances, however, has NbgSn been used for large high field
magnets. The reasons for this are partially technical and partially 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 (8T).

IGC reported high current densities in fine filamentary 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 of the bronze
process and relatively high J¢'s have been achieved, particularly in the low field region
45,6, These improvements have been achieved by better conductor design, addition of Ti
or Ta, reduction in filament 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.
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Figure la. Cross section of reacted internal ~ Figure 1b Cross section of early reacted
tin material made with an LAR of 1.8. 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 NbTiTa, 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.

LNL-HFTF Upgrade Nb3Sn showing uniform
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 NbaSn and may ultimately prove to be the factor limiting Je
for ac applications. This bridging is particularly prevalent where the filaments are closely
spaced as in the high J. 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 (LAR) 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 subelement 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 1b). The lowering of the overall Jg,
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 returnéd to an LAR of 1 but,
by changing the restack design, we have been able to increase the J. 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 la and b), we
are confident that the amount of bridging is very low.

THE PIECE LENGTH PROBLEM

In the early work with Nb filaments 710, 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
miultiple 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
ceitainly 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 THE 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 0.813 mm.
Copper stabilizer 42.8 %
Niobium barrier 8.7 %
Filament diameter 3.6 um.
Local Area ratio Cu : Nb 1:1

# of Subelements 19

Total # of filaments 4902

In view of the problems encountered in recent projects, the decision was made to
process one batch of material to final 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

Six 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
subelements are ready for tin insertion.

Figure 3. Longitudinal cross section of the

) barrier in some earlier
n stabilizer.



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

Stabilizer Tubes
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 5 b. Cross section of first restack
material at 1.6 mm. diameter.
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Figure 6. Cross section of trial sample before reaction.

unreacted at 1.6 mm. 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 O.D. of 19 mm. This was drawn down to 0.254 mm. diameter without
any breakage using the newly developed designs and fabricating procedures. This could
not be done using the previous procedures without considerable breakage.

of trial material after reaction.



Table 1

4.2 K 3.0K 2.0K
Field Ic Jc Ic Jcﬂ IC Jc
(T) 1] (A/mm?2) A (A/mm?2) A) (A/mm?2)
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 pv/cm Sensitivity 10712 Q+ cm
Field (T) Ic (A) Jc (A/mm?2) Ic (A) Je (A/mm?)
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) Ic (A) Je (A/mm?2) 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 filaments themselves are shown
in Figure 2 and, although some are slightly “sausaged”, they show very little lateral
distortion and bridging.

The high field J. properties of this trial material were measured from 16 to 20T at
MIT's Francis Bitter National Magnet Laboratory (FBNML) using a Brookhaven National
Laboratory (BNL) high field sample holder. The low field J. properties were measured at
BNLyTherhighifieldidataratithreerdifferent test temperatures is shown in Table 1,
measured at a sensitivity of 0.1 pv/cm., a common sensitivity for reporting Nb3Sn data for
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Figure 8. High field J. at different temperatures.
Sensitivity 0.1 uv/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 10712 Q- 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 Q - cm. together
with “n” values. All J; ’s are reported as in the entire non copper area.

Figure 8 shows the plots of J¢ at a sensitivity of 0.1 uv/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. at a sensitivity of 10-12 Q -
cm. at 4.2Kfrom3 t020T.

On the basis of these initial tests, the J at 16T (350 A/mm?) meets the LLNL
specification of 345 A/mm?2, at a sensitivity of 0.1 uv/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 subelement distortion, improve piece length and obtain higher
J¢'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¢ in the field range 3 -
20 T . The LLNL J. specification has been met.

10000

1000 o

Je (A/mm2)
g8

10 T T T T
0 5 10 15 20

Field (T)

Figure 9-dgdata a 4.2 K from 3 to 20T
Sensitivity 1012 Q - em.
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DEVELOPMENT OF NIOBIUM-TIN CONDUCTORS AT ECN

E.M. Hornsveld and J.D. Elen

Netherlands Energy Research Foundation ECN
Petten, The Netherlands

INTRODUCTION

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 NbSn) powder with the surrounding niobium at 700 C.
The results of a series of experimental wires with 36 to 1332 filaments

were presented earlier.!

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.?

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 mm to be
used in a model LHC cableZ or 1.0 mm 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 11 T of 105 samples is shown in figure 1. The average value is 2120
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non-copper critical current densi-
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Fig. 2. Non-copper critical current
density vs. applied magnetic field
of 192 filament Nb3Sn wire.

A/mm? 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 um, and an inner diameter of 23 um. From the point
of magnetization this is equivalent to solid filaments of 29 am at full

field penetration.%
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Fig. 3. Relative critical current values vs. strain at 16 and 18 T of a
192 filament NbgSn 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 um was approximately 0.2%. The irreversible strain value for the
present 192 filament wire having Nb3Sn layers with an outer diameter of 30’
m is measured to be 0.67%. 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 mm?2
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/mm? 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 117. At 12
tesla the values for the measured critical current of the cable and the
degradation due to compaction are 15.6 kA and 137, while at 13 tesla these
values are 11.8 kA and 197.
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Fig. 4. Critical current vs. applied magnetic field of a 36 strand cable
for an experimental dipole.
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The Rutherford-type cable for the 9 tesla ceil 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 keystoned 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 11, 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
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V.E. Sytnikov, N.A. Yakhtinskiy
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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 conductors 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 & sample 60 m long and 0,6 mm
thick. A corrugated tube with the outside diameter and length,
being 33 mm and 30 m, correspordingly, 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 mm 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°C to 250°C in the course of 24 hours.

2. Temperature increase up to 450°C in the course of 24
hours. Selection of short samples and choice of temperature of
final annealing providing formetion 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°C for the
period of 48 or T2 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 mm thick were formed on all samples. A cha-
racteristic microstructure after annealing is presented in
Fig. 1. X-ray analysis of Cu-Kx radiation using DRON-2 demon-
strated that the superconducting layer consists mainly of
Nb3Sn and a small %uantity of Nb%Sni 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 Nb3Sn
and the lattice constant show that the forming compound Nb3Sn
is on the upper border of homogeneity region. The critical
temperature of transition into a suverconducting state con=-

Fig.1. The microstructure of the sample 106 after thermal
diffusion treatment (x 220). 1 - bronze layer
Cu + 8nj 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-
ple Heat treat- ting layer nium layer
Ho ment condi-
tions Cu Sn Nb Ti Cu Sn Nb T4 Cu Sn Nb Ti

707 To=450°0C 73,4 0,5 7,5 97,1 1,0 95,6 3,0

t =24 25,9 0,2 0,4 3,3 0,3
103 To=700°C 83,5 0,1 3,6 71,4 1,6 92,5

t = 48 15,2 1,25 23,8 1,1 3,2 2,6
106 To=T750°C 85,4 0,4 "~ 3,6 69,8 1,3 95,4

t = 30 13,2 1,0 26,0 0,4 0,5 2,8

the sample cutted
from a long tube

firms this opinion, because the measured value Tc = 16,7 K
corresponds to tin concentration in the Nb3Sn compound, which
is 23,5 % at. /3/.

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 externsl magnetic field induction vector and the field
of circular currents is measured ag the difference of fields
ingide and outside the cylinder.

Pig.2. Arrangment of samples in the experiments on non-
contact measurements of the current critical den-
8ity. (&) The weld is in the plane Z0Y; (b) The
weld is in the plane XOY,

163



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 X0Y, two circuits of screen cur-
rents are induced by analogy with tests of & continuous super-
conducting cylinder., If the weld is positioned in the plane
Z0Y it divides one of the circuits into two smaller area
circuits,

Pield 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 cross-
section is filled with current, i.e, for the moment corres-
ponding to transition of the sample into normaslly conducting
stage;

- the metallographic analysis of the structure established
that the Nb3Sn grains have equal axis in the plane of the
underlayer, so it is assumed that Jey=Jcv 3

- current critical density Je= const(»,8).

The last assumption simplifies the calculations but in-
troduces the error into the quantitative estimations, especial
1y for small fields. But this is allowed because 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 which is equal to its diame-
ter, equal to 33 mm, below are presented solutions of equa-
tions, connecting the induction of screen current field with
linear density of the critical current for the case when the
weld is in the XO0Y plane:

ABg1=1,26.10"6j; (1)
for the case when the weld is In the Z0Y plane:
A Bgp=1,23.10"83¢, (2)

6?
v
4;
484, //

/]ﬁ

i -

A 8 58.1‘
0 k-

Fig.3. The experimental diagram for non-contact measure-
ments of the current critical density. +t - time of
the heater switching on; Bex ~ induction of the ex-
ternal magnetic field; Bp - induction of the magne-
tic field in the centre of the sample.
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Pig.4. Dependence of linear critical current density on
the induction of the extermal magnetic field based
on the results of non-contact measurements.

where: ABz - Z - induction component of screen current
field (T);
jo - linear density of critical current (A/m).

The calculated coefficients were checked in a model expe-
riment, using & cylinder with a gap, manufactured from a nio-
bium-titanium tape with a set value of critical current den-
gity.

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 "diamsgnetic" currents. During the work of the
heater screening is absent (DE). The heater is switched off
and the cycle is repeated.

Value AB,;, substituted into the equation (1) or (2),
allows to calciilate 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 gecond stage of the experi-
ment. Sample 102 was annealed in a vacuum furnace at a tempe-
rature of 700°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 T750°C for
30 hours with the aim of decreasing the annealing time. After
annealing the tube was cut into three equal lengths, and a
semple was taken from each length (104,105,106) for testing
in_order to control homogeneity of characteristics along the
full length. Pig.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,
ossessing 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 primery winding of which was made from the wire ¢ 0,36 mm
on the bagis of NbTi with the number of turns & = 4510 and
inductence 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 & length of corrugated conductor 600 mm 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 mm radius parallel to the corrugaeted conductor exis;
the length of P3P5 and PpPg solded connections was 150 mm.

X-Y
plotter

current control
source unit

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-tapes4435,6 - 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 gtudied using potential probes and Rogowski
coils.

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

Por 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 uV/cm
andquench reached 21,0 and 23,5; 31,7 and 33,0 kA, correspon-
dingly. Resistance values of the aonnections P3Pa and P3P6
equel, correspondingly, 5,26.10-10 and 5,53.10°18 Q2 an
practically did not change when transport current value varied
from 10 to 25 kA,

Magnetic field inductance values of the surface fo the
corrugated conductor corresponding to the critical current for
1 uV/cm and the quench current reached 0,324 and 0,455 T, ac-
cordingly.

During current tests at a frequency of 50 Hz Measurement
of electromagrietic energy losses was carried out by calorimet-
ric method according to the quantity of evaporated helium
uging 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 connections were also taken into
account.

Energy losses in a corrugatgd conductor were large and
reached, for exemple, 4300 uW/cm“ at & linear current density
of 2.560 A/cm.

High level of losses in the corrugated superconductor is
explained by presence of bronze and residual excessive tin on
the surface of NbaSn-layer and by excessive 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 15,3 kA, which corresponds to the rate of change of the
magnetic field induction on the surface of the conductor, equal
to 66,3 T/s. The corrugated conductor withstood prolonged cur-
rent transmission of 14,3 kA at a frequency of 50 Hz without
avalanche-type heating. The obtained data prove high stabili-
zation level of the corrugated conductor.

SUMMARY
The results of experimental investigations of the corru-
gated superdonductor on the bagis of Nb4Sn certify good pers-

pectiverof suging -the-described technology in production of
flexible superconducting conductors with a central channel for
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helium pumping in reference to cryogenic electrotechnicel d.c.
devices. Linear critical current density was equal to 2580 A/cm,
and the critical current density wa3n12,6.106 A/cm? in the
field with~0,32 T inductance at a temperature of 4,2 K. It is
evident that the current-carrying capacity of the corrugated
conductor and the critical characteristics of NbaSn-layer can
be greatly improved by increasing the conductor 3iameter and
choice of optimum chemical composition of the initial substrate
and conditions of thermal diffusion treatment during indirect
heating., It should be mentioned that rinal 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 capucity of the
conductor. With reference to the altermating current the cor-
rugeted superconductor and its production process need further
gtudy 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 (VAMAS), 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 pm, 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 pm.

INTRODUCTION

In support of the Versailles Agreement on Advanced Materials and Standards
(VAMAS), 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 gm) 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 J; calculation
from the results of I, 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  Fig. 2. Scanning electron micrograph of

Sample E (SL-E). 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 1/200™ 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-long 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 Sample E (SL-E) Sample D (SL-D)
Type Mixed matrix Copper matrix
Configuration NbTi/Cu/CuNi NbTi/Cu
Volume Ratio 21.5/44.1/34.4 42.0/58.0

Twist pitch, mm 6 13

Strand diameter, D, mm 0.35 0.742

Fil. diameter*, w, ym 5.79 4.62
Number of filaments 760 10,980

I, at 3 tesla, A 50 675 **

J*** at 3 tesla, 10°A/cm® 250 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 glem’.

-

NIST (manufacturer’s supplied value, 653 A).
ed NbTi cross-sectional area.
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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, Qp, as function of the field-sweep
amplitude, H . This is done in Fig. 7. According to the figure, there is good general
agreement between the BCD and NIST data over the entire ficld-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(J,, w, P, A), of: (i) the critical current density, J, 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-0. The simplest representational level, referred to here as Level-0, is Qp (Fig.
7) which derives directly from hysteresis-loss measurements on a known length, £, of
strand. At this level the various possible contributions to loss remain unspecified.
According to Fig. 7, under the Level-0 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-1. A more significant indicator of hysteretic loss, especially from an
~ngineering standpoint with a particular application in mind, would be to normalize Qp to
» I, of the strand (taken, perhaps, at some operating field of interest). In this next level
of refinement hysteretic loss, gauged by Qp/I,, responds only to differences in w and A.

Level-2. Finally, under Level-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 H, = 0.97 T, the per-cycle hysteresis loss in SL-E as measured at NIST was 6.7%
lower than the BCD-measured value; also at Hy, = 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-0 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 Q. /J, (Level-1) Approach. Following the well-known critical-state model® 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, Q,, is given in SI units by:

= GBOWI poHy
(or Q, = (0.8/3r) wJ_ H, in practical units) ¢))

ie, Rg = Q. = (837)wp, H,
(or Rg = Q/J, = (0.8/37) w H,, in practical units) : 2)

It follows that a plot of R versus Hy, should, under the Bean approximation, be linear
with slope proportional to w, the filament diameter. Departure of Ry, from its expected
value, poss1b1y as a result of proximity-effect coupling between the filaments, could then
be expressed in terms of some effective filament diameter?, we,. Within this framework,
the following figures-of-merit (FOM) might be selected: (1) at a given H, the ratio
Weg/W; (ii) at a given H, and H, the quotient Ry = Q/J(H). The use of J (H)
recognises that in practice J_ is not independent of field, and that for the purpose of a
criterion may have to be measured at some field different from H. Finally, we note that
in obtaining an experimental value of R, it is convenient to replace Q,/J, by its identical
equivalent, Qp/I, the latter being a ratio of directly measured quantities, Fig. 8.

For a pair of “ideal” multifilamentary strands, say A and B, the quotient
R a/Rqp at a given Hy, should be simply w/wg, the filament- dlamcter ratio. In the case
of the present strands, direct measurements have shown that wg/wp, = 1.25 (see Table 1
and its footnote *). At H, = 3 tesla, this may be compared to the magnetically obtained
value of Rqp/Rqp = 1.35. The interfilamentary coupling present in SL-D (see Fig. 4)
should cause R E/RQD 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 R
criterion to properly represent the presence of coupling. One such factor could well be a
difference between the field-dependences of J, for the two strands.
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The Q,/AM, (Level-2) Approach. According to the critical-state model for a
cylinder of diameter w in a transverse applied field, the total height, AM, (H), of the NbTi-
volume-normalized hysteresis loop (measured between the shielding and trapping '
branches) at some field H is related to J(H), in SI units, by’

AM(H) = (437 I . w
(or AM,(H) = (0.4/37) J_ w, in practical units) 3)

Bean’s model was of course based on the premise that J, was independent of field;
nevertheless, even Bean? and many others to follow, employed Eqn. (3) to determine the
field-dependence of J, as for example in Fig. 9. A more rigorous treatment of the critical
state would be to introduce a field-dependent I at the outset -- as in the work of Ohmer
and HeinrichS, who constructed a crmcal state model (for cylinders in the field-parallel
orientation) based on a modified Kim’ equation.
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The proportionality between AM,(H) and J (H) provides an opportunity to convert
Rq into a quotient that can be derived solely from the hysteresis loop, without recourse to
a separate J, measurement. From Eqns. (1) and (3), and referring to either unit-volume
or unit-length quantities, respectively:

Ry = Q/AM,(H) = Qp/AMp(H) = 2 po H,
(or Ry = Q/AM,(H) = Qp/AMp(H) = 2H_, in practical units) @4

Under a strict Bean criterion (J, = const.), AM is independent of H and Ry is linear with
slope 2.0. Fig. 10 indicates the extent to which this is obeyed in practice. In formulating
Ry as a new FOM it will be necessary to normalize Qp to a loop height measured at
some arbitrarily selected reference field, H,;. In Fig. 10, Ry is plotted versus H,, for
three values of H : (1/3)Hp, (1/2)H,, and (9/10)H,_,, respectively. An important
advantage of Ry, as an FOM lies in its independence of both J_ (as in the Level-0
criterion) and w (Level-1). Thus, Ry, 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 J, 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-loss criteria have been suggested. The simplest is Q,
or Qp (Level-0), 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
thatyincludes,both Igand wyand,which,emphasizes proximity-effect coupling and the
addenda.
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The criterion Ry = Qp/I, = Q/J. (Level-1), 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 I.) will have the
largest Rg. Next, the presence of an interfilamentary-coupling contribution to AC loss
could be identified directly by introducing the concept of an effective filament diameter?,

Wesr = Rq/(8/3m)Hy, (in SI units, see Eqn. (2)); the corresponding FOM (a quantity
intended to increase beyond 1 in proportion to increased coupling loss) would be w,g/w.

Finally, a Level-2 form of FOM that includes both J, and w has been suggested,; it is
Qg/AMp (see Eqn. (4)). Under a strict Bean criterion, in which J, is assumed independent
of H, AMp is constant and equal to AMp (H,,); a dimensionless Qp/[AMp (H,,).H, ] is then
equal to 2.0 (see Fig. 10). But in practice J, and hence AMp, decreases with H.
Consequently Qp/[AMp (H).H;] becomes equal to 2 only when AM is measured at some
intermediate value (H < H_)) of the applied field. An advantage of the Q/AM quotient is
that it can be obtained entirely by magnetometry, AMp substituting for an auxiliary J;
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 J, 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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AC LOSS MEASUREMENTS ON NDbTi SUPERCONDUCTING WIRES FOR THE
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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 1load. Several efforts have been carried out in recent
years to obtain superconducting composites suitable for ac
applications?: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.
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Table 1. Characteristics of tested samples and coil geametries

sample E F D G
characteristics (JPN A) (JPN B) (Us) (EC)
wire diameter (mm) 0.35 0.14 0.742 0.2
filament diameter (um) 6.3 0.5 4.6 0.175
number of filaments 760 14,280 10,980 242,892
NbTi/Cu/CuNi 21.5/44.1/34.4| 1/1/3.5 1/1.38/0 0.02/0.79/0.19
twist pitch (mm) 6 1.9 13 0.8
critical current (A) 56 (3 T) 10 (1 T) 675 (3 T) 42 (1 T)
sample coil dimensions
inner diameter (mm) 36.9 44.6 30.92 44.6
outer diameter (mm) 39.7 44.88 32.4 45
length (mm) 70 13 55 13
number of tumns 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 T/s.
The technique used is based on the electrical method developed
by Fietz® 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 1integrated
differential signal induced in the pick-up coils. The external
field H(t) is measured by the voltage across a shunt resistor.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>