IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

1953

Some studies on the diffusion of sodium in sodium
tungsten bronze

John Francis Smith
Towa State College

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
b Part of the Physical Chemistry Commons

Recommended Citation

Smith, John Francis, "Some studies on the diffusion of sodium in sodium tungsten bronze " (1953). Retrospective Theses and
Dissertations. 12924.
https://lib.dr.iastate.edu/rtd /12924

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com



http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/139?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/12924?utm_source=lib.dr.iastate.edu%2Frtd%2F12924&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

NOTE TO USERS

This reproduction is the best copy available.

®

UMI






SOME STUDIES ON THE DIFFUSION OF SODIUM IN
SODIUM TUNGSTEN BRONZE

by
John Francis Smith
A Dissertatlion Submltted to the ,
Graduate Paculty in Partial Fulfillment of

The Requirements for the Degree of
DOCTOR OF PHILOSOPHY

Major Subject: Physlcal Chemlstry

Approved:

Signature was redacted for privacy.

In Charge of Major WOrK

Signature was redacted for privacy.

Head of Major Department

Signature was redacted for privacy.

Deah of the Graduate Collége

Iowa State College
1953



UMI Number: DP11986

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform DP11986

Copyright 2005 by ProQuest Information and Learning Company.
All rights reserved. This microform edition is protected against

unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346



AC1EH

Smbls

I.
I,

III.

Iv.
V.

VI,
VIIL.
VIII.

i

TABLE OF CONTENTS

m&miﬁ‘rlﬁﬁ Q-Qﬁtnidoiwiﬁaiboﬁtnqiblﬁudttﬂ»
REVIEW OF PERTINENT LITERATURE seovacvonsvns

A, Sodium Tungsten BronzZes ....eeescevscess
B. Historical Background of Diffusion .....

'53' %QGW »ut*&ai&&on»nbtﬂnoﬁawtﬂtvutwh‘ait

[ N E NS NN IR R R

A, @Wat&l @:‘tmth FHREEF TN SRR I U BB OO R
B. Establishment of Concentration Gradient.
C. Measurement of the Gradient FERBERE AN b
‘ th af ?’xf’@ati% mg& *Q“‘*‘&OQ'*“."

RE&'@L‘I‘E I R R Y I Ty e T
Iﬁﬁﬁgﬁl@ﬁ Iéi‘\&‘i#i&ﬂ'i@l"’ii(*l“idﬁ'l‘_ﬁl
A. This Iﬁvﬁstigatian VebhebuENeRbaSe RS AEn

B. S8uggested Problems for Future
InV@ﬁ%iﬁ&ti@ﬁ S R e I

513:" BB BEB A F LIRSS IR AR P E IR OSBRSS
K‘Imam axm ’hi‘blQ‘Oﬁ"ﬁbi’tiﬂt"ﬂ'l’b!ﬁd.
ACENOW

"**‘-g' BAA SO EREN VIO ERIEFINIEE IR

710534

11
17

22
22
24
32
45
48
63
63
69
73
75

78



I, INTRODUCTION

An understanding of the process of diffusion in sollds
is rundam&ntai to the understanding of many related phenomena.
This 1s particularly true in the field of m@t&llufgy. Dif~ -
fusion ig often the rate controlling factor in such diverse
phenomena as sintering, phase change, corrosion, and preci-~
pitation. In addition it plays a part in grain growth,
annealling, surface hardening, and other important metallurgi-
eal processes., Considering the wide range of applicabllity,
1t is not surprising that a great deal of interest and a
large amount of time are currently being devoted to the sub-
Ject, The object of the experiments described in this thesis
waa to collect reliable data with the hope that these data
would contribute in some small way to the undevstahding of
the general problem of lattice diffusion in the solld state.

Diffusion is the process of migration of atomic, ionic,
or molecular species through a solld, liquid, or gaseous
medium, Btudies of lattlice diffusion in the solid state
involve the determination of the rate of migration of a
glven atomic specles through & single phase region. The
term lattice, or volume, diffusion 1s used in contrast to

graln boundary diffusion and surface diffusion.



A large amount of research has been devobted to the study
of solid state diffusion processes in the past sixty years,
and a great deal of information is avallable in the lltera~
ture. However, certain fundamental experimental conditlions
make the acquisition of good gquantitative diffusion data
difficult. A comparison of results between similar ex-
periments by different investigators have shown wide dige
erepancies., This non-reproducibility of resulis has led to
difficulsy in interpreting the phenomenon of diffusion from
a theoretical point of view. Only very recently has there
been any indication that a method has been found which yilelds
consistent results, 'This will be elaborated further in the
next sectlon.

It is certainly desirable that a method of obtaining
reproducible results be avallable, However, an explanation
of the discrepancies in previously obtalned measurements is
also desirable. The effect of varlation in concentration
gradients upon the diffusivity might shed some light on this
problem.

The discovery of the xxrkanﬁall.affeaﬁl* has shown one

of the reasons for dlscrepancies. This effect shows

*ﬁupa?saript numbers refer to references listed In
Section VII.
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definitely that the rate of diffusion of two independent
species in the same solid solution is different. S8tated in
this way, this effect does not sound too surprising. The
net result is, however, that more mass moves across a given
cross section of a diffusion couple in one direction than in
the opposite direction., It 1z not the purpose of this thesls
to delve inte the Kirkendall effect, but 1t 1s so important
in the field of diffusion that it should be mentlioned. The
literature subsequent to the discovery of this effect ade-
guately points out that when one studies diffusion one must
define unequivocally what is meant by the diffusion coeffi-
clent., Often in the past what was measured was a net diffu-
sion coefficient of two specles rather than a diffusion
coefficient of an individual species,. |

The mechanism of the process of diffusion is still not
declided with any degree of certainty. Currently there are
at least four prominent possibilities® to explain the
mechanism of diffusion in solids, These are: (1) inter-
stitial diffusion, (2) direct place-exchange, (3) Zener's
ring mechanism, and (4) the vacancy mechanism, The first
of these, interstitial diffusion, involves the migration of
atoms through the intersticies of a crystalline lattice.

This seems to be a reasonable explanation for the diffusion
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of small atoms such as hydrogen and carbon through lattices
of larger atoms such as iron, and this mechanism is widely
accepted as the explanation of the diffusion of asmall atoms
through fairly open lattices of large atoms. However, slze
considerations m&wﬁ to preclude its general applicablility.

Direct place-exchange iz merely fthe interchange of two
atoms occupying neighboring sites wm the lattice. Calcu-
lated activation agmwmw@&w for this mechanism are much
larger than measured values. The calculations are based
upon the energy necessary for an atom %o move from an
equilibrium position to an activated {or saddle) position
midway between two equilibrlium sites.

Zener's ring awawwummww is & more elaborate hypothesis
for having the atoms exchange places, In this instance
several atoms move gimultaneously. For example, in a four-
membered ring composed of atoms A, B, ¢, and D, atom A
moves to site B, B to ¢, ¢ to D, and D to A, 8o that the
eyele is completed, Activation energy calculations based
upon thisg mechanism show that the number of atoms forming
the ring which rotates with minimum lattice distortion is
structure dependent. ZEnergy calculations for this mechanism
show considerably lower activation energles than for direct

interchange, though still higher than measured values,



The vacancy mechanism hypothesizes the exlstence of
vacant lattice asites. The atoms are free to move into the
vacant position upon the accumulation of relatively small
activation energles. Effectively, this causes a migration
of the vacancy with an attendant redistribubtion of the posi-~
tions of the atoms of the lattice, The activation energiesd
caleulated on the basis of this mechanism agree with
meagured values better than the other mechanisms although
the values are atill somewhat higher than meagured activa-
tion energies. Inferentially the Kirkendall effect supports
this mechanism, since a net mass transfer across a glven
eross section could be accounted for by the ecreation of
vacancies on one side followed by annihilation on the other
side. Much of the current interest in diffusion 1s due to
the interest in the establishment of a relationship between
diffusion and dislocations since dislocatlions are believed
to be capable of serving as sources and sinks for vacancies.
No direct method for proving the existence of vacancies has
been devised; all of the evidence is circumstantial,

one additional aspect of the problem of diffusion upon
which a considerable amount of work has been done is the
treatment of the problem upon the basis of thermodynamic
activities rather than upon the basis of concentrations,
It has been hoped bthat substltuting activity gradlents for



concentration gradients would eliminate the dependence of
the diffusion coefficlent upon concentration. Two factors
have worked agalnst a satisfactory solution upon this basils,
The first of these is that thermodynamic activities are
usually equilibrium measurements while the diffusion process
is a kinstic process. The second factor is that there is no
way of evaluating the activity of the activated state. Re~-
stated, this means there is no way of measuring the activity
of the atom in a position which ie iIntermediate between two
equilibriun positiona,

The particular problem chosen for this invaétigatian
was the diffusion of sodium in the sodlum tungsten bronzes.
No activity data are avallable for bronges of different
sodium concentrations, but the data from this investigation
may be re-examined should such information ever become avall-
able, In view of the difficulties encountered by previous
investigators in applying activity values to diffusion cale
culations, 1t was not considered profitable in time ex~
penditure to institute a program for activity measurement.

The sodium tungsten bronzes were chosen for this ine
vestigation because of their interesting properties,
particularly their struecture. The formula for the bronzes
is NayW03. The value of x varies from O to 1. A deter-
mination of the value of x thus determines the number of
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sodium sites occupled and the number of sodium sites vacant
in a continuous W03 lattice. With this interesting fact in
m&nﬁ, it wag thought that & study of the rate of sodium
diffusion in the bronzes might possibly be of some value in
learning more about the phenomenon of solid state diffusion,
Before any measurements were taken it was hypothesized that
the diffusion rate would be relatively high with low activa-
tion energies. The concentration dependence expected was a
decrease in sodium diffusivity with an increase 1in sodium

concentration.



II. REVIEW OF PERTINENT LITERATURE
A. Sodium Tungsten Bronzes

The sodium tungsten pronzes® were first reported by
F. Wohler in 1824, The bronzes, NayWO3, exhibit typical
metallic luster and exhlbit good electrical conductivity.
The bronges crystallize in the cuble peravakit&7 structure
(Figure 1) when the value of x lies between 0,3 and 1.0,
The bronges become less metallle in appearance as the sodium
concentration decreases. At high sodium concentrations with
x near 1.0 the color is a golden yellow, and as the sodium
content decreases the color shifts through orange, red,
violet, %o blue at low sodium concentrations.

The state in which sodium is préasn@ in the bronzes has
been subject to some guestion, B. W, Brown and E. Banks9
on the basis of a minlmum in electrical resistivity near
x = 0.7 hypothesized that sodium is present in an equilil-
brium state, partly ionized and partly neutral atoms,
F. Kupka and M. J. Sienko?, on the other ha
that the sodium is almost completely dissociated into

nd, suggested

dlamagnetic lons and free electrons. This suggestion is

baged upon magnetlic susceptlibility measurements.



UNIT CELL OF Na, WO, PEROVSKITE
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CUBIC SYMMETRY FOR RANGE
- 0.3¢x<1.0 \

Figure 1. Structure of Cubié Phasge  of
NaxW03
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W. Gardneri® has recently conflrmed that the sodium is
present as di&magnaﬁi@ ions and free electrons. His data
was obbained by measuring Hall coefficlents in addition to
electrical conduetivity. The minimum in reslstance accord-
ing to Gardner's data 1s attributable to a maximum in
electron mobllity.

The following methods!l have been used for the prepara-
tion of the sodium tungsten bronzes:

1. 3 NaghOy ¢+ 2 W03 + W —— 6 Na W03

2. NagWOy + W0 ——>2 NaW0g

3. NagWOy ¢ WO3 + Hp —> 2 NaWO3 + HpO

L, 2 NaWO3 + x Ip —> 2 Naj.xW03 + 2x Nal
Only the first method was used for growing single crystals
of the bronzes for the diffusion experiments. By varying
the ratios of the reactants, bronzes of different sodium
concentrations could be obtained. The stolchlometric equa-
tion as written l1s misleading because the bronze of composie
tion x = 1 is extremely difficult to prepare. COrystalline
cubes of the bronzes were obtained by this method which
were up to one half centimeter on an edge. These crystals
could be broken away from an intergrown matrix with the
preservation of one or more well developed faces. DIffi~
culbty was encountered in growing large crystals below
% = 0.6,



No phase diagram for the sodium tungsten bronzes is

- available. The nearest approach 1s the system NagpWoy -~ W3
which was reported by F. Hoermannl®, It is known that for
sodium concentrations below x « 0.3 there is a phase change
t0 a tetragonal modification}l, Reduction of the sodium
gontent to less than x = 0.1 leads to moneclinic tungstic

oxlde.

B, Hisborical Background of Diffusion

The study of the process of diffusion has been in pro-
/gveﬁs for nearly a century. As early as 1855, Adolf Pick}3
developed the basic equations describing the diffusion pro-
cess, This is one of the instances in which the mathemati-
©osal d&@@l@pmanﬁ preceded any experimental work. Rarly
raaaﬁrch was limited to ges and liquid systems. Later it
was shown that the phenomenon also occured in solid mater-
ialala* In 1868, Tchernoff placed two pleces of steel in
contact and heated them sbove the Ag point. This treatment
caused the two pi@caﬁ to unite. Spring, in 1882, pressed
powdered solids under high pressures to form a compact

mass. In 1896, this qualitative evidence was confirmed by
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I+ [J3/)z] dz « D (D ¢/d z) - D(B%%)/J z[ dz . {1b)
By subtraction
JIfz = J(Bg%)/bz . (2a)

However, the flux diffevence, JJ/A 2, equals the negative
rate of concentration change, 8o that

defdt » - (D)W 2 .‘ (2b)

Originally D was considered independent of concentration and
was taken outside of the differential, This step ls valid
for many examples of gaseous diffusion, but experiment has
shown that this procedure iz subject to error for most
1iquid and solid diffusion couples. An exception is the
cage of self-diffusion where the radiocactive diffusing
speclies 1s chemically identical with the matrix,

The solution of the second law equation is determined
by the boundary conditions of a particular experiment. One
method allowing a stralght forward solution is to design
an experiment ylelding steady-state values. A second
method of solution is that proposed by L. B@iﬁﬁmamnis in
1894, Belbzmann proposed the substitutlon of a'minglé
variable, u = a/%%; for the time and distance. This #ubw
stiltution transforms the equation to a solvable form., The

substitution has been Justifled empirically.

]
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The method used in analyzing the sodium tungsten
bronze data was to take the first law as definitive for
diffusivity. The complete detalls will be found in the
experimental section.

Experimental approaches in diffusion studies have been
diverse, Materlals of different concentration are usually
placed in proximlity and a concentration gradlent established
by heating. The methods for obtaining close proximity have
included welding, electrodeposition, sputtering, supplying
the diffusing specles as a vapor or liquld, and simple
mechanical contact. 7The analyses of the gradients have
also included a large number of methods: wet chemical,
spectroscople, x~ray lattice parameter, and a few less
orthodox methods, At the present time the only common
experimental techniques which allow the measurement of dif-
fusivities in the absence of a chemlcal concentration
gradient are (1) the radloactive tracer technique, (2) the
internal friction matﬁaﬁlé, and {3) the method of @. C.
Ku&zynsh117. Kuczynaki's approach utilizes the measurement
of the bond length between & metallic particle or wire
sintered to a metallic block as & function of time. The
principle of the internal friction method is that, in gen-
eral, the appllcation of a stress to a random solubion will

change the configuration t¢ a non-~random one, Atomic
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redistribution must follow, A relaxation time may be ob-
tained from inbernal friction measurements, and from this
relaxation time diffusivities may be calculated. The only
thing that need be sald about radioactive tracer technigues
is that the gradient analysis seems to be more rellable 1f
the sample is sectiloned and mmaaweﬁm are counted than if
the count is made of the face of the sample after each suc-
cesslve cut,

In choosing an experimental technlque for the experi-
ments with sodlum tungsten bronge a large number of factors
were consldered. In order to measure the actual rate of
atom movements which are continually occcurring in all sollds,
it is certalnly desirable to meagure diffusion coefficients
in the absence of any gradients. This is tantamount to de~
fining Flck's first law as a 1limiting law with the value of
the diffusivity being equal to the rate of atom movement
when the concentration gradient approaches zero. Until
very recently the diffusion neasurements of different in-
vestigators have shown c¢onslderable variation in value,
Now, however, the evaluation of self-diffusion in silver
has been determined and checked by three different investi-
mgwaﬁawmx all using the radiosctive tracer techniqgue, It
peemg, therefore, that a reproducible technlgue for self-
diffusion has been worked out, One of the remaining prob-

lems then seems to be why have discrepancles occurred in
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diffusion measurements made on binary couples. A. 3.
Nowick'® hypothesizes that one possible explanation for the
variagions was that different investigators made their mea-
surements with a variety of concentration gradiente. The
presence of & ateep concentration gradient might cause
localized strains, distortions, or dislocations which would
facilitate diffusion. He clbes as evidence the fact that
measured activation energles for the diffusion of a forelgn
golute lon are invariably lower than the activation energy
for self-diffusion, The single exception noted was the ex-
periment of W. A, Jobnson?® who measured the diffusion of
gold in silver with a four per cent gradient. The activa-
tion energy calculated from these experimental dabta is within
one kilogram calorie per mole of the asctivation energy of
self-dliffusion for silver. This ls corroborative evidence
that steep concentration gradients affect diffusivity
values, The sodlum tungsten bronze experiments were de~
signed with the purpose of obtaining a considerable amount
of data concerning time, concentration, and concentration
gradient at a given temperature. It was hoped that some
correlation between diffusivity and concentration gradient
could be made. In @QWP@waﬁ data on the relationship between

diffusivity and concentration were sought.



The actual experimental technigues should be designed
to be as simple as possible, With this in mind it was de-
clded to utilize the rather high volatility of sodium to
ast&%iiﬁh the concentration gradient of sodium in the sodium
tungsten bronges. This effusion method can only be used
where the diffusing element is of considerably greater vola-
tility than the matrix. Using effusion to establish a con-
centration gradient is not new. It has been used freguently
in the copper-zinc 3ya®emal gince the volatlility of zine is
conslderably greater than copper.

The analysis of the concentration gradient was done by
a determination of & precision lattice parameter. Copper
x-ray radiation has a high absorption in the sodium tungsten
bronges, and it is possible to determine what is essentially
a surface lattice paramebter which in turn is a function of
the surface sodium concentration. The method is simllar to
that used by A, H. Sully®® in his studies on nickel-

chromium diffusion.

€¢. Theory

A stralght forward development of the diffusivity as
a function of the Jumping freguency of sodivm atoms is glven

for the sodium tungsten bronzes. This development is
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patterned upon the treatment of A. G. Gu&g3 of the problem
of interstitial diffusion. ILet N" be the number of atoms
moving from left to right per gecond; let f be the Jumping
frequency; and let n be the number of sodium atoms per
square centimeter in a (100) plane, There are six possible

pogitions into which a given sodium might Jump. Therefore
B = (1/6) £ n . (3)

If the number of atomz making the reverse movement per

gecond from the adjacent plane is N', then
N' = (1/6) (£ + .g%%% az) (n + 8 az)  (4)

where z is the directlon of diffusion. The increment of
the Jump, dz, in this case is equal to the lattice para-
meter a,. Making this substitution

Nt = (1/6) (£ 4»{}%-{}@ as) (n + f%% ag) . {5)

Subtracting equation & from equation 3 and neglecting the

squared terms, the result is
H = N" - N

= - (1/6) (£ +n L) S0y . (6)

N is the net number of sodium atoms which are transferred

from left to right, If the concentration, ¢, is specified
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in grams per cublce centimebter and the lattlce parameter in

centimeters, one may make the following substitution for n:
n = a8y (Ng/A) ¢ . (7)

Nj is Avagadro's number, and A is the gram ata&ie welght of
godium, The resulbtant dimensions of n are grams per sguare

centimeter, Then
(Infoz) = ay (Np/A) (depz) . (8)

8ince W represents the net number of sodium atoms moving
from left to right per second, the relation to the mass

transfer will be

N = (Np/A) {am/at) . (9)

After rearranging equation 9 and substifuting from

the previous equatlons, the result is
(am/dt) = - (AMa) (1/6) (£ + n 35) ©nfz) a
- - (1/6) (£ + n 3L) (Fepz) a2
- - (1/6) (£ + ¢ 9E) Popz) a5 . (10)

When comparing thls equation to Pick's first law, it is
readily apparent that

D= (1/6) (£ +c95) a5 . (11)
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C. Wert and C. Zener®' derive the following expression

for the Jjumping frequency:
f = 6 fy exp (- AF/RT) . (12)

The symbols are: R the gas constant, T the absolute tempera-
ture, AF the free energy of activation, and f, the frequency
of vibration of the sodium atom. The partial derivative of

f with respect to ¢ ia

(3£/3¢0) = - (£/RT) (DA F/Je) . (13)
Substlituting equation 13 inbto equation 11, one obtains
; 2 . ¢ JAF ,

This equation shows the dependence of measured diffusivities
upon the concentration gradients. In the absence of a con-

centration gradlient the equation simplifies to

D= fy ag exp (- AP/RT)

= fo a2 exp (AS/R) exp (-AH/RT) . (15)

The entropy of activation, A 8, is very nearly temperature
independent so that it may be incorporated with the other
constants. The equation then reduces to the ordinary form
which 1s commonly used to describe the temperature dependence
of the diffusivity:
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D = Do exp (- AH/RT) . (16)

Since this last equation has often been used to calculate
activation energies from diffusion experiments, it is
apparent that the variation of some of the reported activa-
timn'ansrgiﬁa between different investigators might be due
to concentration gradients.

An independent evaluation of {5 from Debye temperature
measurements would be of value in trying to correlate diffu-
sion theory with diffusion measurements. The Debye tempera-~
ture could be obtained from the varlation of the intensity
of x~ray reflexions with temperature or from heat capacity

mesgurements,
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IITI. EXPERIMENTAL PROCEDURE

The principal objective 1in awwa investigation on the
diffusivity of sodium in the sodium tungsten bronzes was the
determination of the diffusion coefficients for sodium at
various temperatures., From the temperature dependence of
the diffusion coefficlents, 1t should be possible to deter-
mine frequency factorg and activation energiles., In addition
it was intended that the measurements be examined for de-
pendence of diffusion coefficlents upon concentration and

upon concentration gradient.

A. Crystal Growth

8ingle crystals of sodlum tungsten bronze were used in
all experiments. ﬁﬁm,@mwa«wwa were grown from a melt of
sodium orthotungstate, tungstliec oxide, and tungsten metal.
These materials were combined in an approximate mole ratio
of 6,5:4:1, vVarlations in this ratio were made to control
the sodlum content of the resultant bronze. The crystals
were usually grown in one thousand gram batches which were

heated to 1000° €. in porcelain cerucibles. The a»xwaﬁ@m
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were held at this elevated temperature for two 0 eight
hours in order to insure complete fusion. The temperature
was then gradually lowered to about 600° ¢. at which tem~
perature the power to the heating furnace was shut off. The
slze of the crystals grown depended upon the rate at which
the temperature was decreased. The largest crystals were
grown from melts that were cooled slowly for two to three
days before the power was shut off,. Using prolonged cooling
times erystal faceg were obtained which measured up to one-
half centimeter on an edge. The normal hablt of the erys-
tals grown in this manner was an intergrown matrix of cubes,
The cube faces were usually (100) planes, although occa-
slonally a (110) plane would appear as a face.

After removal of the crucibles from the furnace, it
was necessary to destroy the crucibles in order to remove
the crystals. The excegs sodlum orthotungstate was dils-
solved away with hot water, Followlng the dissolution of
the orthotungstate the fine particles of porcelain which
adhered to the bronzes were removed with an agueous solu-
tion of hydrofluoric acid., S8ingle crystals were then broken
away from the matrix manually.

Crystals whose sodium content in the formula NayWOg
ranged between x = 0.6 and x = 0.8 were grown most easily.

Large erystals for concentrations oubside of this range were
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- not obtalned, As & result of this limlitation all measure-

ments made in this investigation were made on crystals whose

initial concentration was within this range.

B. Establishment of Concentration Gradient

Diffusion experiments of the ordinary type may be con-
sidered in three stages: (1) the establishment of a gradient,
(2) the measurement of the gradient, and (3) calculation of
desired information from the measurements. The establish-
ment of a concentration gradient in the sodium tungsten
bronzes was accomplished by sodium effusion under a vacuum
at elevated t@mpavaﬁﬁraa. This procedure was chosen as the
simplest method for establishing a concentration gradient.
Several other methods were tried without much success.

It proved impossible to weld two crystals of different
concentration together. Several methods were tried. In-
variably one of two things happened. Either there was no
fusion, or the crystals decomposed. As a result of this
inability to secure & weld, an attempt was made to deter~ -
mine the melting point., HNo success was attained by heating
in a resistance furnace or by arc melting. It was estab-

lished that rapld decomposition occurred between 950° ¢, and
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1000° €. A search of the literature also falled to disclose
a successful measurement of the meiting point. HMechanleal
Jjoining of two crystals was not attemplted since it was not
considered & sufficlently reliable contact for reproducible
diffusion.

Contact of a single crystal with 1iquid sodium resulted
in chemical reduction of the godium Lungsten bronze by the
sodium. An x-ray diffraction pattern of the water insoluble
powder resuliing from such a reduction waa compared with the
diffraction pattern for pure tungsbten as sbown in Table 1.
These patterns showed that tungsten was one of the decom-
posltion products. The other lines were probably due to
one or more of the lower oxldes of tungsten,

8ince thegse methods for establishing regiong of concen~
tration difference had falled, an attempt was made to estab-
lish a gradlent by diffusing sodium into the bronze when
the sample was surrounded with a scdium vapor atmosphere.
This approach appeared feasible but was not studled exten-
sively since the method of effusion into a vacuum appeared
to be a simpler technigue.

The sodium effusion technique involved nothing more
than heating the uvronze crystals under reduced praaaur@a
of the order of 19”5 to lﬁ“g mm. of Hz. The apparatus used

is pletured in Pigure 2, The vacuum was obtained by using



Table 1
Interplanar Spacings and Intenslties

Watér 1néalub1e

reduction resldue Tungsten powder
. 0 ' :

{(in &) Intensity* d {in R) Intensity#*
4,68 3

2.88 8

2.71 VW

2.47 8

2.00 3 2.02 vvs
1.88 VAL

1.7¢ V4

1.63 W

1.58 W

1.46 VYV 1.44 W
1.40 Vv

1.31 VAL

1.27 VALL

1.17 M 1.18 M
1.11 W

1,08 W

1.02 YV 1.02 W
0.986 VVVW

0.922 M 0.924

0.865 Vi

0.863 VW 0.854 W
0.837 W |

0.801 8 0.803

0,794 VW

0.774 VW 0.772 W

*The symbolg used are as follows:

1

strong
medium
- wesk
- very

<EROD
t
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Front View

Rear View

Figure 2. Heating Furnace and Vacuum System
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a Welch Duo-Seal Model 1400 backing pump, a Distillation Pro-
ducts VMF 20 diffusion pump with Octoll~8, and a liquid air
cold trap., The pressure in the high vacuum side of the
gystem was measured with a Natlonal Research ionization
gauge, while the forepressure was measured with a Hastings
thermocouple gauge.

Prior to heating, the crystals were thoroughly cleaned
in aqueous hydrofluoric acid %o insure clean surfaces,

A technlique was developed which allowed crystals to be re-
moved individually from the effusion furnace without dise
turbing the vacuum or cooling the furnace. It was thus
possible to obtaln data on several crystals at the same
temperature with time as an adjustable parameter. A maxl~
mum of seven crystals could be placed in the furnace at one
time.

The furnace was a TH0 watt elecbrical resistance heater
consisting of two halves which were hinged together. This
consbruction made 1t possible to bring the furnace to tem-~
perature before being placed around the quartz tube con~
talning the samples. The result was a very short time
lapse in bringing the samples from room temperature to the
equilibrium temperature for the run., The quartz tube was
one and one-fourth inches in diameter and fitted snugly in
the bore of the furnace. The quartz tube extended out
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either end of the furnace for a distance of about one foot.
Wound around the tube, lmmediately adjacent to the furnace
on elther end, were copper coils through which water was
circulated to keep the system outside the furnace from
rising above room temperature, At the extreme ends of the
tube were soft rubber stoppers whilch were seated with
aplezon grease. The tube was connected to the vacuum system
through a ground glass seal.

The crystals were placed in the furnace in the following
manner, The individual erystal was first placed in a short
length of quartz tubing (Figure 34) whose bore was just
large enough to accommodate the orystal. On elther side
of the crystal were placed rings (Figure 3B) cut from smaller
diameter quartz tubing. Niobium wire was wrapped around the
whole (Figure 3C). Nobtches were ground in the outer tubing
to prevent the wire from slipping. The quartz rings pre-
vented the erystal from falling out of place or from making
contact with the nioblum wire while still leaving a large
orifice through which the evaporated sodium might pass.

The overall size of this assembly was approximately one inch
long by three-elighths inch in diameter,

The crystals thus mounted were placed inslde the gquartz
tube which was to be evacuated. The nlobium wire had one

end which was left sufflcliently long so that it c¢ould be run



Flgure 3.
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Quartz Contalner Assembly
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perpendieular to the axls of the cylinder. Pressures of
the order of 6,000 p.s.i. were used in gaiymavizing the
bakelite powder, These pressures were slightly higher than
those normally used, but the increase resulted in a harder,
more machinable mount.

Machining of the specimens in order to take off incre-
ments was a difficult problem. The sodium tungsten bronzes
were extremely hard and brittle. The only hardness value
that was obtained showed a Vickers hardness of U425, This
measurement was made with a load of one kilogram. Increasing
the load Iractured the crystal., Attempts to obbtain values
from other crystals resulted in fracture even with one kilo-
gram loads.,

It proved possible to machine increments from tungsten
bronze samples by using a cubtting tool with a tungsten car-
bide tip. A smooth {inish was retained using cuts up to
0,003 inch; heavier cuts led to pitting and crumbling of
the sample. The cubtting of a shoulder in the bakelite
mounting (Figure 5) helped to position the sample in the
lathe chuck. This shoulder was cubt by mounting the plastic
¢ylinder in & collet chuek. The axis of the cylinder waa
aligned with the axis of rotation of the lathe by bubtting
the tallstock of the lathe against the base of the cylinder,
This alignment procedure made certaln that the plane of the



Flgure 5,

e

Bakelite Crystal Mount
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shoulder was parallel to the plane of the surface. When the
nounted crystal was subseguently placed in the lathe chuck,
the shoulder fitted snugly againgt the chueck Jaws. Thia it
allowed the sample to be put on the lathe with the knowledge
that the (100) plane of the crystal would be perpendicular
to the axis of rotation. Without this shoulder a tedlous
alignment was necessary for each turning.

Measurements to determine the amount which was machined
from the crystals were made with a micrometer, This miefov
meter wag equlpped with a vernier scale which permitted the
readings to be made to 0.0001 inch, The micrometer measure~
ments were more reproducible and rellable than similar
measurements made with a dial gauge.

Sodium concentration was measured by an x-ray determina-
tion of a precision lattlce parameter. Vegard's law has
been found to hold throughout the entire cuble range of the
bronzes, The validity of the law for the bronzes has been
established independently by three different investilga-~
tors26. The following equation for the Vegard relationship
iz the most recent, and 1t 1s considered to be the moat

gosurate

8o = 0.0820 x + 3.7845 . (17)
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The preclsion lattice parameter, a,, was measured in true
angstroms. The sodium content in the formula Na,WOg was
represented by the x in the equation. There was disagree-
ment among the three investigators as to the value of the
intercept in the equation. The magnitude of the variation
in the intercept value was 0.006 1. However, all three
investigators have agreed concerning the value of the slope.
The disagreement in the value of the intercept arose from
the difficulty in preparing stolchiometric scdium meta-
tungatate,

The high absorption of the sodium tungsten bronzes for
copper x-radlation was advantageous. Due to thlis high ab-
sorption, an x-ray diffraction pattern taken of a bronze
crystal represented a diffraction pattern of the surface
material. In Figure 6 were plotted the calculated absorp-
tion curves for two of the reflexions used in obtaining a
precision lattice parameter., These two reflexions repre-~
sented the extremes of absorption; the absorption curves
for the other reflexions used in the parameter determina-
tion lay between the two plotted curves. These calculations

were based upon the following relationships:
d1/I = f/ﬂh dp

= - A4 (2/sin ) dz . (18)
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My = Bﬂé%}EaXEﬁa M Ity ﬁ“éf)GBMé]‘f%/Mb - (19)

The intensity 1s designated by I, path length is p, @ is

the Bragg angle, and 2 18 the perpendlcular depth from the
crystal surface. The subscript b refers to the bronges,
while the other subscripts refer to the elemental components
of the bronzes. The mass absorption coefficlents®! ar&//g?,
M repregents the gram molecular welght, and x is the sodium
concentration. The linear avbsorption coefficlent, 4, cal-
culated for a sodium tungsten vronze of x = 0.8 was 928.6
per cm. for Cu K « radiation and 642.2 per em. for Cu K /3
radiation. The mass absorpilon coefficlent of tungsten for
Cu K A radiation used in these calculations was obtained by

an 1nharpalatiom§g based on the following relationship:

A 1is wave length, % is the atomic number, and ¢ is a pro-
portionality constant for a given spectral regilon,

A second caleulation was made to determine the average
depth of penetration of the radiation contributing to the
various reflexion peaks., These values are tabulated in
Table 2. The calculations were based upon the average
value theorem:
4/;:amp (~24/81n0) dz
ﬁxﬁ (-84/sind) dz

B
H

. (21)
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Table 2

Average Penetration of X~radistion Contributing
to Rellexions

Refl&xmfa | 6 in deg. Zin cam;matem
(500 &) 65,0 0.706 x 1073
(400 « ) 53.5 0.434 "

(400 3) 46.5 0,564
{300 o) 37.0 0.325 "
{300 3) 33.0 | o g4 "
(200 «) 23.5 0.216 "
(200 6) 21.3 . 0.282 "

The symbols represent the same values as in previous equa-~
tions. These calculations verified the assumption that a
diffraction pattern of a bronge crystal could be used to
obtain a precision lattice parameter which represented,
essentlally, a surface concentration of sodium.

The concentration gradient was measured in the following
manner. A crystal containing a concentration gradient was
mounted in bakellite in the manner already deseribed., An
x-ray diffraction pattern was run using a Norelco X-ray
Spectrometer Goniometer, The crystal was then removed from

the spectrometer, a measured increment machined from the
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gpecimen, and a diffraction pattern was then run on the new
surface, The whole process was repeated until the region
of uniform concentration in the crystal was reached. This
procedure made it unnecessary to collect the turnings re-
moved {rom the crystal.

The geometry of the Norelco unit is analagous to that
of a Seeman-Bohlin camera, However, the radlus of the circle
of focus of the Noreloco unit is a function of the diffrac-
tion angle while that of the Zeeman-Bohlin camera ls fixed.
The Noreleo unit utllizes a Gelger tube for the detectlon
of the diffracted radlation., The Geliger tube 1s connected
to an electronic panel which ineludes a counter circult and
a strip chart recorder, This method of detection eliminates
£1ilm shrinkage errors in precision lattice determinations.
The Geiger tube is mounted on the end of an arm which ro-
tates at twice the speed at which the sample rotates. Thus
the Gelger tube rotates through an angle 26 while the
erystal rotates through an angle €, The physical con-
struction is such that the x-ray source, the surface of the
crystal, and the entrance slit to the Qelger tube determine
the circle of foeus,

Extrapolation 1s a conventional means of obtaining pre-
eislon lattice parameters. Errors in lattice parameter

approach zero as the Bragg angle approaches 90°. This is
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apparent from the following relation which 1a derived from

the Bragg equatlon:
Sa/fo = - cote &6 . (22)

In this equation & is the lattice parameter. The errors in
angle determination, € , arise from absorption and from
geometrical errors. The evaluation of this function varies
with the type of camera under consideration. A, J. C.
wilson® has considered this problem for the case of the
Noreleo unit, In his paper he has considered the following
errors: absorptlon, angle settlng of the crystalline sample,
angle setting of the Gelger tube, and displacements of the
erystal surface from tangency to the axis of rotation. His
conclusions show that the shapes of the reflexion peaks

are very sensitive to some of these errorg but that the
center of gravity of the reflexlion intensity is considerably
less sensitive., For this reason the measurements of 26

in this investigation were done by using a planimeter to
determine the coordinate which divided the reflexion into
equal areas. After selecting this coordinate, its numeri-
ecal value could be measured to # 0.002°. Wilson has
pointed out that whlle the precision of the spectrometer
goniometer isg as good or better than precision cameras the

absolube accuracy may not be quite as good, This results



43

from the fact that the zero setting [or the spectrometer
goniometer is made by calibration with a standard such as
silicon or guartz. %he unit used in this investigation was
calibrated with a silicon sbandard.

A blank was run to determine the reproducibility of
the lattice parameter in & crystal, This was done by
mounting a erystal with no concentration gradient and
measuring the lattice parameter after each of several
lathe turnings. The results are shown in Table 3. The
extrapolations were made by plotting the lattice parameter

caleulated from a particular reflexion against the functlon

%(in : + °°s§ ‘9) evaluated for the reflexion. It was
found experimentally that plotting agalinst this function
gave a mcre linear p’l&ﬁ than a aimple cose & extrapolation,
The use of this Tunction was originally proposed by J. B.
Nelson and D. P. Riley39, and tables of the function for
various angles may be found in their paper. Filgure 7 com~
pares an extrapolation against this functlon with an extra-
polation against cos? &,

Unfiltered copper radiation was used when running these
diffraction patterna. A total of nine (h 00) reflexions
were obtained, These included both K o and K 8 reflexions,
The geven reflexions of hilghest Bragg angle were used for

extrapolation,
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Table 3
Reproducibliliby of Lattlce Parameter Measurements

Iﬁar&m&nt‘in | ﬁattiaa Deviation from

Ho, centimeters __barameter average
A 0 x 1073 3.8318 o x 1074
B 2.0 " 3.8314 -y
¢ 1.8 ¢ 3.8319 *1 "

D 5.8 3.8319 S
E 9.9 " 3.8320 +2 "

Average 3.,8318 » 0.0001 3

D. HMethod of Treating Data

If the diffusivity was consldered to be concentration
dependent, the experimental conditions of this investiga~
tion presented a difficult set of boundary conditions for
the solution of Fick's second law equation. In this effu-
slon experiment there was a discontinuity in concentration
at the crystal surface for all time values,

In order to avold questionable assumptlonsg, 1t was de-
cided to seek diffusivity values from Filck's first law and
to use the first law as the definitive expression for the

diffusivity. The firet step in the procedure was to plot a
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family of curves of sodium concentration versus distance
from the origlnal crystal surface. This famlly of curves
were plotted with time as the parameter, These curves re-
presented values measured at a single btemperature. The
slope of any curve represented the concentration gradient
at that point.

From the first family of curves, a second group of
curves vwere plotted, These latter curves were of mass trang-
fer agalnst time with depth as a parameter, The mass trans-
fer values were obtained from the firat family of curves by
measuring the area between the line representing the original
eoncentration, (t = 0), and the line representing the final
concentration at the time of interest, (t = ¢y). This area
was measured from infinite depth to the parametric depth.
Infinite depth in this case represented the region of con-
atant sodium congentration. The measured area represented
the mase of sodlium which had moved through unit cross-
sectbional area at the parametric depth dupring the period of
the time parameter. The slopes of this second group of
curves represented the rates of change of the mass transfer.

Piokts firset law can be rewrlitten as

[(Jm/ﬁ'@)g = ﬂjj £ =ty

- wjiaa/Ua)g = b .-

‘1

D (c) = . (23)




Thus diffusivity values are ghown to be the ratio of two
slopes. By measuring the slopes of the two familles of
curves discussed above, it was possible to calculate dirf-
fusivities, It was necessary that the measurements be made
at corresponding coordinates, This correspondence in co-
ordinates is shown by the subscripis in the equation. The
subseripts inside of the brackets represent the parameter
of the curve whose alope was measured, The subscripts out-
side of the brackets represent the abscissa &t the polnt of
measurement, Diffusivity ﬁaka&a at different concentrations
gould be obtalned since a particular combination of time

and depth repregented a single concentration.



IV, RESULTS

The diffusivity of sodlium in Nag’73w03 was measured at
832° ¢., 752° C., and 664° ¢, The concentration-depth
curves for these three temperatures are shown in Flgures 8
te 10, The validity of the shape of the curves was inferred
from additional measuvrements made on separate crystals when
establishing the feasibllity of effusion of sodium into a
vacuum,

The mass transfer-time curves have been plotted in
Plgures 11 %o 13, The pointe for the mass transfer-time
curves were obtained by integrating the concentration-depth
curves with a planimeter. The slopes of the two sets of
curves were measured by the mirror technique3l, The mea-
gured glopes and the calculated diffusivities are shown in
Tables 4 to 6,

Since the measurements on the crystals were made at
room temperature, the true diffusivity is found by correct-
ing for the lattlce expansion occurring between room tempera~
ture and the temperature of diffusion. The expansion
coefficlents were obtained from lattice parameter measure-
ments made with a high temperature camera designed by
P. Chiott132, The data tabulated in Table 7 has been fit

to the following formula by a least squares treatment:
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-52-

MASS TRANSFER Vs TIME
AT VARIOUS. DEPTHMS.
 (SAMPLE GROUP I¥)

s |

4004 X10, "

LN ot
C o " qm

100}—

' MASS TRANSFER IN g/cm®
‘ @ O
2O

Figure 11.

=
N

'Mass Transfer Versus Time for -
~ Sample Group IV at 832° c.



MASS TRANSFER IN G6/CM®

-3

MASS TRANSFER
va

e AT VARIOUS DEPTNS Zro
o (SAMPLE GROUP IX) /
45 o)
40

3% Z 0.5

ol
o

n
(4]

N
Q

(¢

)

8 X10

TIME IN SECONDS

Figure 12, Mass Transfer Versus Time for
Sample Group II at 752° (.



—5l -

MASS TRANSFER IN G/Cm?

MASS TRANSFER
VS. DEPTH
(SAMPLE GROUP III )
664° C, lz=0 |
130lx167
12
1o
10
o)
9oi( ,
70 ‘ /zm.r
40—
30— » =0
2
10 ///

TIME IN SECONDS

Figure 13. Mass Transfer Versus Time for
Sample Group III at 664° (.



b

Table 4

Coordinates, Rate of Mass Transfer, Concentration
gradlent, and Diffusivities for 832° C.

| Depth  Pime ;§y9§ in Ja/?%ain B in
in cm. in sec. cm® sec., g/om om®/sec,

» - - -

* & ¥ @

« F ¥

. @ & *» -

- - -

COCe OOy UITUTUIWR W RN e o000

* %

x 103 6.81 x 102 ?Z,ﬁ x 10-11 35.1 2.15 x 10~11
.4 5’ 13 )‘r ‘é b3 4“»6 1‘67 H

95

" 3.3 ™ 62.1 " 12,9 4,81 ¢

" 2,49 " 53.7 " 11.4 4,73 "
3 " 6.8 " 74,9 f 13.1 5.72 ﬁ
3 " 5.95 " 75.5 F 12.2 6.19 !
3 " 3.36 " 50.9 " 8.00 6,36 "
3 " 2,49 % 38.7 * 8.70 4,45
g5 " 6£.81 ¢ 6,5 " 8.13 .93 "
5 5.9 ¢ 65.4 " g.12 g.as "
5 ¥ 3.36 " 46,2 z 5.35 B.64 ¢
5" 2,49 0 ® 29.8 6.22 4,79 ¢
g 6.81 g 54,9 : 6.48 8.47 "
o3BT B2 ih AR
g &239 " a&:x " 4.68 5.15 "
I 6.81 " 5L.1 " 5,14 g.04 ¢
I 5,95 44 .8 ﬁ 4,52 9,91 "
) B 3.3 " 24,5 ¢ 3.19 T7.68 *
i " 2.4 * 11,3 * 2.35 4,81 ¢
SR R IR I

5.95 34, , 05 49

4 om 2.3 " 8,1 " 2,29 T.90 *
g " 6.81 " 22,8 2.52 9,05 "
g " 5,95 M g ® 2.4 g9,11 "

Average Diffusivity: 6.8 # 0.5 x 10711 om2/sec.
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Table 5

Coordinates, Rate of Mass Transfer, Concentration
Gradient, and Diffusivites for 7529 C.

Depth Time a Ja/bz in
in em. in sec. g ' &aa. b eme/sec,

o x 10°3 7.94 x 105 10.8 x 10-11 4.4 7.5 x 10~12

0 6.86 9.1 10.2 8.9
1.3 7.94 6.5 10,3 6.3
1.3 6.86 5.9 8.56 6.9
2.5 T+ 94 4,6 8,80 5.2
2.5 6.86 4,2 6.89 6.1

Average Diffusivity: 6.8 + 0.7 x 10712 ema/éac.




Pable 6

Coordinates, Rate of Mass Transfer, Concentration
Gradient, and Diffusivities for 6640C C.

Depth Time Anzég in de/dz, in D in
in cm. in sec. /fem® sec.  g/emt  cm?/sec.
0 x 10-3 4.46 x 105 23.0 x 10-12 19.7 11,7 x 10-13
0 5.31 23.0 36.3 6,34
0 6.17 23.0 B4 5,18
0 8.50 23,0 34,4 3.04
0.5 B.46 9.24 5.54 16.7
0.5 6.17 10.4 10.7 9.72
0.5 8.50 11.3 13.9 13
1.0 5.31 5.06 .59 11.0
1.0 6.17 5,74 5.15 11.1
1.0 7.14 5,96 5.89 10,1
1-6 3150 6171« 7«23 9«'38

Average Diffusivity: 9.7 # 0.8 z 10~13 emé/ae@.




Lattice Parameter Change with Temperature

Table T

for wa5*8%93

T@mperaﬁmﬁs

Lattice

| in °¢. parameter in g
lst cyele 129 33,8450
233 3,8469
335 3.8518
2nd eyole 2h 3. 8423
ne ey 164 3.8453
254 3.8495
408 3.8547
465 3.8657
513 3.8571
616 3.8589
680 3.8608
ird cycle 20 3.8422
580 3.8579
é%ﬁ 3.8895
T47 3.8620
Sheck 23,8424

Data used to

expansion:

caleulate coefficlents of linear

=

i

"

27

Lo (1 # « T +872)
8.81 x 10~ per ©°¢.

-1.92 x 10"9 per %¢.2




o

Table 8

Temperature Corrected Diffusivitles, Frequency
Pactor, and Actlivation Energy for ﬁagﬁ?ngB

Tenm- Correction

pera- Measured factor for Corrected

ture diffusivity expansion diffusivity
832° ¢, 6.8 x 10°11 onmB/sec, 1.0116 6,9 x 1011 emﬁ/gee.
752° ¢. 6.8 x 10712 " 1,0107 6.9 x 10712 "
664° ¢, 9.7 x 1073w 1.0096 9.8 x 10713 v

Calculated guantities:
0.04 em?/sec,
(2) Activation energy: AH =z 51.8 + 0.7 kecal/mole

(1) Frequency factor: D, = 0.87

i+

LzLo (1 +aT +.03 72)
The calculated expansion coefficients were

o

"

8»81 X 1(}“6 per 00@

4 ~1.92 x 1@”9 per 0{;‘9

i

The uncorrected diffusivity, the correction factor, and the
corrected diffusivity are listed in Table 8.

The temperature dependence of the diffusivities are
ghown in Figure 14, The graph shows that the data fit an
equatlion of the Arrhenius type:
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Temperatures: 832° ¢,, 752° ¢., 6640 ¢,

10"
] o ]
' TEMPERATURE DEPENDENGE
OF DIFFUSIVITY FOR Nag, ,4WO,
040£7S%*
o™
8
k3
Em-m
-
>
g
&
o
\
.o-lSl

07 0.8 0.9 ) T 12 x10-3
v REGIPROGAL ABSOLUTE TEMPERATURE

Figure 14, fTemperature Dependence of
Diffusivity for Na0.78w03
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V, DISCUSSION
A. This Investigation

Two conclusions may be made on the basis of this in-
vestigation. PFirst, the exlstence of a large number of
yacant sodium sites does not give rise to the rapid diffu-
glon that was expected. B8econd, the experimental technlgues
used in this investigation combined with the data interpre-
tation based upon Flck's first law provide a feasible
approach %o the study of diffusion.

Within the author's knowledge, the evaluwation of diffu~
sivities by taking the ratio of two slopes has not been done
previously. The precision of this experimental method,
taken as a whole, 18 not as good as that of the radicactive
tracer technique. In addition the amount of time consumed
in determining the diffusivity at a single temperature is
greater than that consumed when using the tracer technique,
The disadvantages are counterbalanced to some degree by the
fact that several evaluations of the diffusivity at a given
temperature can be made from one set of data., In general
the method would not be recommended for studies in which
the radiocactive tracer technique could be used unless some
particular advantage resulted. A specific example where
the method might be used advantageously is the case in
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which the effect of concentration gradient in diffusion is
to be studied. The advantages in this latter case include
a wide range of concentrations and concentration gradients
yluﬁ the re%eﬁhien,ef'aﬁﬁep gradients after very long per-
lods of time. The disconbinuity in concentration at the
sample surface produces steep concentration gradlents even
after long periods of time wherears in the normal diffusion
couple the gradients shallow with increasing time. It 1s
evident that an effusion technlque is limited to systems
having one volatlle component.

Before any measurements were made, it was expected that
the rate of sodium diffusion through the sodium tungsten
bronzes would be comparatively rapid. This expectation was
based upon geometric considerations. If one assumes spheri-
cal packing and uses tabulated values33 of the doubly
charged oxygen ilon, it is found that there is a hole
1,06 R in diameter through which the sodlum must pass when
diffusing, This hole 1s cenbered in a square whoge corners
are occupled by four oxygens. S8ince the tabulated radius of
the sodium kernel (singly charged sodium ion) was 0.98 X,
it was thought that the lattlce distortion caused by pas~-
gage of the sodium through the hole would be small., On
this basis it was expected that the number of vacant sodium

sltes would govern the rate of diffusion. The number of
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such vacant sites in the erystals used in the reported

experiments was approximately one in five,

The actual measured activation snergy was 51,8 kilo~

gram calories per mole,

Table 9 ig included for a compari-

gson of the measured activation energy for sodlum 4iffusion

in ﬂ&@‘?gWQS with the activation energles found in other

syetems.

Table O

Comparison of Some Reported Activation Energles

&ya%am

Reference

ﬁ@tivation
energy

Ag in Ag
Au in Cu
go in Co
Co in N1

Na ;n Kagg?gﬁﬁgl (%&;& r&yarh)‘

(34)
(34)
(35)
(35)

45,9 keal/mol
44,9
61.9
58*3

51.8




The measured activation energy was higher than expected.
In a discussion of vacancy diffusion, ﬂ.gan@r36 has stated
that the activation energy may be broken into two components:
the energy necessary to form a vacancy of either the
Prenkel or Schottky type, and the energy necessary for the
diffusing atom to move from its equilibrium position to a
position corresponding to the maximum of the potentlal bar-
rier, Since the bronze crystals under consideration already
had a conslderable number of vacant sodlum sites, the mea-
sured sctivation energy must represent the energy of lattlce
distortion caused by wmovement of the sodium from itz equili-~
brium posltion to the Jump site at the maximum of the poten-
tial energy barrier. Assumpbion of spherical packing and
the use of tabulabted radil is at best crude, but on the
basis of the size considerations discussed above it would
appear that the effectlive sodlum radius 1s much greater than
1ts tabulated ionic radius and that the valence electron
which the ssﬁium has contributed to the conduction band is
8till closely assoclated with the sodlum kernel, Certainly,
the presence of the sodium in the sodium tungsten bronzes
as diamagnetic ions and free electrons does not mean that
the sodium 1s ilonic in the sense that sodium is ionic in
sodium chloride.

An approximation of the entropy of activation may be

made on the basis of an eguation developed by €. Zener in
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the paper cited above:
Dy = Ya2 2z exp (OS/R) . (25)

Y is a geometric factor which for the sodium tungsten
bronzes 1s unity. The lattice parameter is a.»is the
Debye frequency for the diffusin specles, and a reason-
able order of magnitude for its value 1is 1013 per second.
Using the measured value of the frequency factor and the
appropriate values for the other terms, the entropy of
activation, O8, is shown to be of the order of 0.01 kilo-
gram calorie per mole degree. Zener has also proposed in
his paper an independent method of approximating this en-
tropy. An independent evaluation of the entropy of activa~
tion would constitute a check on the m@&éﬁr@d frequency
factor. However, this evaluation makes use of the temperaw
ture dependence of the elastic modull and the melting point,
Nelther of these quantities is known for the bronzes.

An approximation of the frequency factor may be made
on the basis of an equatlon proposed by 8. Dushman and I.
Langmuir37, Their equation is

Dy = 8% AH/N h . (26)

N is Avagadrot's number; h 1s Planck's constant; AOH is the
activation energy; and a is again the lattice parameter.



Substituting the appropriate values for the constants, the
lattlce parameter, and the measured activatlion energy shows
the order of magnitude of the frequency factor to be 0.1
em?/sec. The measured value of the frequency factor was
0.87 cm/sec., This is consldered satisfactory agreement
gince the Dushman-Langmuir equation is semi-empirical in
nature and not as rigorous ftheoretically as Equation 19. 1In
nddition a relatively large error could be tolerated in the
frequency factor without seriously affecting the accuracy of
the activation energy since the activation energy is an
exponential term.

The shape of the mass transfer-time curves is in agree-
ment with what was expected., The rate of mass transfer is
proportional to the product of the diffusivity times the
goncentration gradient. At any given depth, the sodium con-
centration will remain constant until some time (t > 0)
when the concentration will begin to decrease and the mass
transfer will become different from zero. An examination
of the experiment will show that the concentration gradient
at any depth other than the surface iz a monoctonically in-
creasing function of time. The surface is excluded because
it is the locus of discontinulty in the concentration gra-
dient. For small concentration ranges, the diffusivity would

be expected o remaln nearly constant. S8ince the experiments
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were carried out with the explicit purpose of keeping the
concentration range small, the diffusivity would be only a
proportionality constant, and the man&%énia inerease of the
concentration gradient would reflect a proportional mono-
tonlc increase in the rate of mwass transfer. This behavior

is observed in the experimental plots.

B. Buggested Provlems for Pubture Invesbtigation

A 1ist of problems for fubure investigatlon which might
be suggested on the basis of the results obtained is:

1. Confirm the valldity of the measured values by an
independent experimental procedure, preferably the
radiocactive tracer technique,

2, BStudy both the activation energy and diffusivity
as functions of concentration,

3. Repeat the experimental procedure used in this
investigation using prolonged heating times to
obtain very large concentration changes. It
might then be posslble to obtain some correlation
between diffusivity and concentration or between
diffusivity and concentration gradient.

4, Inbroduce impurities when growing the crystals to
determine what effect the lattice strains, disg-
locations, and lmperfections assocliated with the
impurities have upon the diffusion rate.

A second determination of the activation energy and fre-
quency factor by an independent method is desirable. The

radioactive tracer method of determining diffusion values is
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the most reputable. The major problem in applying that
method to the study of sodium diffusivity in the sodium
tungsten brongzes appears to be the problem of bonding a
thin layer of radiosodium to the bronze surface. This layer
should have a high specifle activity and preferably be car-
rier free, One possibility that seems worthy of investiga-
tion 1@ to bombard magnesium with deutrons. This produces
the positron emitting Kaﬁﬁﬁ The Na@g could be separated
from the magnesium matrix and plated onto a bronze erystal
with a mass spectrograph. BExperimentation would be necessary
to determine the feaslibility of this procedure,

The investigation of activation energy as a function
of sodlum concentration would provide information as to the
relative roles of the number of vacant sodium sites and of
the distortlion energy accompanyling & sodium Jump. It seems
inescapable that the number of vacant sodium sites must
affect the rate of sodium diffusion. This would seem to be
especially true at high sodium concentration because the
probability of a particular sodium atom being adjacent to
& vacancy decreases as the number of occupled sodium sites
increases. Hence, the diffusivity would tend to decrease,
and gince on theoretlcal grounds the frequency factor is
expected to remain between 1.0 om2/sec. and 0.01 om®/sec.,

the activation energy would be sxpected to increase. On
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the other hand, 1t is concelvable that the activation energy
might decrease with increasing sodium concentration since
the lattice 1s expanded at higher sodium concentratlons and
less strain would be expected %o accompany sodium diffu~
glon,

Analogles between diffusion of sodium in the sodium
tungsten bronzes and diffusion in systems involving substi-
tutional solid solubion should be made with caution. It is
true that for high sodium concentrations the sodlium tungsten
bronzes may be considered as having a defect lattice., How-
ever, the situation differs from the ordinary defect
lattice because the vacant sites in the bronges are supposedly
capable of being occupled only by sodium. In this sense the
cage of sodium diffusion in sodium tungsten bronze, even at
high sodium concentration, should be considered more nearly
analagous to interstitial diffusion. Even so, studies of
diffusion rates in bronzes of high sodium concentration and
with a relatively small number of vacant sites might provide
some information relevant to the vacancy mechanism of dif-
fusion., These studies would be even more interesting if
they were enhanced by measurements made on crystals known
to contain dislecations and imperfections since dislocations
and imperfeoctions are thought to be one source of lattice

vacancies, The use of steep concentration gradients provides



one method of obtalning such dislocatlons and imperfections;
a second method is to grow crystals containing introduced
impurities, The sodium tungsten bronzes seem to be the un-
usual case of an interstitial sclld solution which is

capable of becoming saturated.



VI. SUMMARY

This investigation was undertaken to study the process
of sodium diffusion in single crystals of the metallic so-
dium tungsten bronze. Concentration gradlents were estab-
lished by effusion of sodium from single crystals into a
vacuum. The concentration gradients were measured by means
of an zx-ray determination of a precision lattlce constant,
subsequently making use of the Vegard's law relationship to
evaluate the sodium concentration. Advantage was taken of
the high absorption of copper x-radiation in the sodium
tungsten bronze in order to measure the lattlce parameter
of an exposed crystal surface,

The diffusivity was evaluated by a method which to the
author's knowledge has not been previously suggested or
used. Thls method was baged upon PFick's flrst law rather
than his second, The data obtained from a series of cry-
stals held at constant temperature for varying times gave
a family of curves showing the aonecentration as a function
of depth with time as a parameter. PFrom these curves the
mass of sodium transférraa through & plane parallel to the
surface and at any particular depth was plotted as a func-
tion of time. The slope of this curve divided by the
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concentration gradient, both evaluated at the same tlme and
depth, was the diffusivity for the corresponding concentraw
tion.

Three such series of crystals were runs one each at
6649 ¢,, 752° €., and 832° ¢, Diffusivities were evaluated
for a bronze formula of Nag -gW03. The evaluated diffu-
slvities were it to an Arrhenius type equation:

D = Dy exp (—4H/RT) (27)
Dy = 0.87 om?/sec
AH 2 %1.8 keal/mol ,

In conjunction with the diffusion studies it was neces
sary to debermine the coefficlents of linear expansion, PFor

Nag gW0; the following expansion formula is valld:
Lwby (1+881x1001r-1,02x 109 72) , (28)

In this equation L is any linear length and T is the tempera-

fure in 0.
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