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The diffusion coefficients of copper into lithium have been measured over a temperature range of 90
to 147°C. A single exponential fit of the data gives D = (0.3 4- 0.2) e (~1000*600/kT The golubility of
copper in lithium was found to be less than 5 X 10~ at. %. The value of the isotope effect fAK at
147°C was 0.11 4 0.03. The results are interpreted in terms of a dissociative mechanism of diffusion.

I. INTRODUCTION

An increasing number of examples of fast im-
purity diffusion’~!? have been reported in the past
seven years. Many of these examples were inter-
preted as due to diffusion by an interstitial mech-
anism. An analysis by Anthony et? al.'® suggested
that interstitial dissolution and diffusion would be
favored for (a) a polyvalent solvent, (b) a small
solute-ion size, and (c) a low solute valence. A
recent paper by Owens and Turnbull'® has shown
that although sodium diffusing in lead should fit the
above criterion for interstitial diffusion, the mea-
sured low diffusivity suggests that the sodium dif-
fuses by a vacancy mechanism. Dariel et al.? and
Barr® have also noted that effects other than ion
size and valence must play an important role in the
determination of whether certain impurities are
“fast” diffusers in a host lattice.

Although it is difficult to establish criteria for
impurity diffusion by an interstitial mechanism,
it is relatively easy to observe the features that
are common to all the “fast” diffusers. Indepen-
dent of whether the host lattice has a close packed
or open structure or is multivalent, two features
are observed: (a) The values of the activation
energy for impurity diffusion, @;, are significantly
lower than the activation energy for self-diffusion
in the host lattice, Q4. (b) The values of the pre-
exponential factor for impurity diffusion, (D),
are significantly lower than the pre-exponential
factor for self-diffusion in the host lattice, (D).

The vast majority of the measurements of “fast”
diffusion have been observed with noble metals as
impurities. In Table I, we have listed values of
the ratios @,;/Qy and (D,);/(D,)y that have been
found for noble-metal diffusion in various host lat-
tices. The interstitial mechanism has been used
to explain the diffusion process in these systems.
We have, therefore, not included values for host
lattices such as Al, a-Fe, y-Fe, Pt, and the no-
ble metals because in these lattices the ratio of
Q,/Qy is within 10% of unity. In such cases,
where the ratio of Q;/Qy is not significantly dif-
ferent from unity, impurity diffusion has been ex-
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plained in terms of a vacancy mechanism of dif-
fusion. 303!

The systems in Table I span a large range of
values in the ratios of Q,/Qy and (D,);/(D,)y. For
the interstitial mechanism, this spread of values
could be explained in terms of the difference be-
tween the various noble-metal-host-metal inter-
ionic distances.* The spread could also be ac-
counted for by the dissociative mechanism pro-
posed by Frank and Turnbull.® The dissociative
mechanism involves an equilibrium between the
concentration of substitutional solute atoms C, and
interstitial solute atoms C;. If D, and D; are the
respective diffusion coefficients of the substitu-
tional and interstitial solute atoms, then the solute
diffusivity is given by

_ Ci Cj
“C.+C.0it T4,

D, D, . (1)
Equation (1) would suggest that measurements of
the impurity diffusion coefficient over a wide range
of temperature could lead to curvature in the Ar-
rhenius plot. This curvature has notbeen observed
in the Arrhenius plots of the “fast” diffusers,
which would indicate that, for diffusion by a disso-
ciative mechanism, the first term of Eq. (1) is
predominant. Evidence obtained from centrifuge
studies (Au-Na, 3 Au-K,?® and Au-In*), indicates
that the noble metal dissolves to a large extent in
interstitial sites in the host lattice. These ex-
amples are from the first part of Table I, and, if
a dissociative mechanism is the operative process,
one might expect to find an increasing contribution
to diffusion from the substitutional solvent atom
for higher values of Q;/Qy.

Measurements of the diffusion of copper into
lithium?® have been interpreted to be the result of
an interstitial mechanism. The values of Q;/Qy
and (D,);/(Dy)y fit well into the latter part of Table
1. [The (D,);/(Dy)y ratio has been determined here
using the corrected value of (D), for the Cu-Li
system noted by Ott in a later paper.®] The rel-
atively high value of Q;/Q, would suggest that, for
a dissociative mechanism, the Arrhenius plot
could show some curvature. Although the data
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TABLE I. “Fast” noble-metal impurity diffusion.

Impurity Host Structure Q/Qy Do)/ Do)y Ref.
Au Tl (¢ axis) hep 0.12 5% 105 7, 20
Au Na bece 0.22 2x10% 14, 21
Au K bee 0.23 4x107 15, 22
Au Tl (a2 axis) hep 0.23 1x10%3 7, 20
Au Tl bee 0.30 7x10™ 7, 20
Cu Pb fec 0.31 8x 107 1, 23
Cu Sn (2 axis) tetr., 0.31 2x10 6, 24
Au In fet 0. 36 3x 1073 8, 25
Au Pb fee 0.39 9%x107 4, 23
Au La fee 0.40 1x10%? 11
Au Ce fee 0.41 7x10 9, 26
Au Sn (¢ axis) tetr. 0.43 7x10™4 5, 24
Ag Sn (¢ axis) tetr. 0.48 8x 10" 5, 24
Ag Tl (c axis) hep 0.49 7% 102 7, 20
Ag Tl @ axis) hep 0.52 1x 10" 7, 20
Ag Pb fee 0. 56 5% 102 1, 23
Ag Ce fec 0. 58 4x102 9, 26
Ag Tl bee 0.60 6x 1072 7, 20
Ag In fet 0.61 4x1072 8, 25
Cu Pr bee 0.61 6x101 10, 27
Au Pr bee 0.68 4x10" 2, 27
Ag In (@ axis) fet 0.68 1x 10" 8, 25
Au Sn (@ axis) bee 0.70 1x10% 5, 24
Ag Pr bece 0.73 4x10™ 2, 27
Cu Li bee 0.73 4x10" 28, 29
Ag Sn (z axis) tetr. 0.79 2x10% 5, 24

were linear within experimental error, it may be
that over the measured temperature range the
values of D; are insensitive to the varying contri-
butions of substitutional and interstitial solute
atoms. A more sensitive way to look at diffusion
mechanisms is by measurement of the isotope ef-
fect in diffusion. *

The equation for the isotope effect can be writ-
ten in the following general form:

Da/DB-1=fAK[(m8/mu)1/2"'1] ’ (2)

where D,, m,, and Dg, mg refer to the diffusion
coefficients and masses of the « and B isotopes;

f is the correlation factor; and AK is the fraction
of the total translational kinetic energy associated
with the decomposition of the saddle-point config-
uration possessed by the migrating atom. When
the diffusion process is the result of more than
one mechanism, Eq. (2) can be rewritten as

D,/Ds - 1=ZpifiAKi5mi , (3)

where the subscript ¢ refers to the ith mechanism,
and p; is the fraction of diffusion that occurs by
that 7th mechanism. The mass term has been
written as 6m;, since this will be a function of the
masses of all atoms involved in the jump process.
If the measured value of D,/Ds -1 is composed of
components of substitional and interstitial diffu-
sion, then, to determine values of p;, it is neces-
sary to have a knowledge of f;, AK;, and 6m, for

each mechanism. For both the simple substitu-
tional and the simple interstitial mechanisms, only
one atom is relocated at the conclusion of the jump,
and om; is given by

om;=(mg/m )31 . (4)

The simple interstitial mechanism is an inde-
pendent random walk of a single particle; there-
fore, fis unity. Although the value of AK is less
certain, it has been shown to be unity in some in-
terstitial systems®”® and is expected to be close
to unity according to theory®® and computer simu-
lations. r4!

The value of f; for substitutional diffusion is a
complex function of the jump frequencies of solute
and solvent atoms. Measurements of copper dif-
fusion in lithium® and lithium self-diffusion?®® al-
low an estimate to be made of the value of f;. The
value of AK for substitutional diffusion is also un-
certain, but recent measurements of the isotope
effect of both sodium and silver diffusion in lithium
allow AK to be estimated. %

The present experiments measure the diffusion
of copper into lithium over the temperature range
90-147 °C and also the effect of isotopic mass in
this system at a temperature of 147 °C. The ex-
periments have been performed in an attempt to
observe the two parts of the dissociative mecha-
nism and to obtain some measure of the proportion
of interstitial and substitutional diffusion.
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II. EXPERIMENTAL METHODS

The method used to obtain the diffusion profiles
was to observe by sectioning, the diffusion of a
thin surface layer of 8Cu. Most of the experi-
mental details have been described in earlier
papers. % The important differences in tech-
niques will be noted. The problems arising from
the low solubility of copper in lithium will be dis-
cussed.

A. Materials

The lithium with a purity of 99.98% was obtained
from the Foote Mineral Co. For the single-iso-
tope diffusion experiments %Cu was prepared by
the irradiation of copper foil of 99.999% purity in
the Argonne CP-5 reactor. Higher count rates are
required to measure the isotope effect in diffusion
than are needed for single-isotope diffusion exper-
iments. To overcome the problem of the low sol-
ubility of copper in lithium, the ®Cu had to be ob-
tained with a higher specific activity than could be
attained with the CP-5 reactor (flux ~6x10' n/
cm?sec). The isotopes of %Cu and ®"Cu with high
specific activity were purchased from Oak Ridge
National Laboratory. These isotopes are obtained
from fast-neutron irradiation of ZnO enriched in
87n and %Zn, respectively, and are subsequently
chemically separated. All isotopes used were ex-
amined with a multichannel analyzer, and no radio-
active impurities were observed. The measured
values of the half lives (%*Cu was 12.71+0.05 h
and ®"Cu was 62.5+0.3 h) agreed well with the val-
ues found by Rothman and Peterson. *

B. Diffusion Measurements

The surface of the lithium sample was cleaned
by a razor cut in an evaporator system evacuated
to a pressure of 2xX10™® Torr. The active copper
metal was evaporated from a tantalum boat on to
the clean lithium surface. The ®’Cu and %Cu iso-
topes prepared at Oak Ridge National Laboratory
were supplied in the chloride form. To avoid the
problems associated with the evaporation of salt
rather than metal, * the copper was electroplated
on to the tantalum boat from the copper chloride
solution. The technique closely followed that used
for electroplating silver on to tantalum.

The problem of determining the section thick-
ness of lithium has been discussed by Mundy and
McFall.* For the present measurements, we
determined the section thickness by the weight of
the lithium slices weighed as metal under a dry-
air atmosphere.

The counting procedures used to differentiate
between the ®'Cu and ®Cu isotopes in each section
followed closely those used by Rothman and Peter-
son.® The lithium sections were allowed to oxi-
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dize and then were dissolved in 2 mliter of dilute
HCl. Each section was counted nine times over a
3-day interval, each time to 10® counts. The ra-
tios of ®*Cu/®"Cu were determined by fitting the
counting data to the time ? elapsed since an arbi-
trary time zero

A=Age et Lt Ageett | (5)

where Ag, and Ag,; are the specific activities of
8Cu and ®'Cu at time zero, and )\g, and Ag; are
their decay constants. The count rates were cor-
rected for counters background and dead time to
an accuracy of 0.1%. The first nine sections were
diluted to an initial count rate of 5x10° counts per
min. A null-effect experiment showed zero depen-
dence of the isotopic ratio on counting rate.

III. EXPERIMENTAL RESULTS

Deposition of a thin layer of radiotracer and
subsequent annealing usually result in a Gaussian
dependence of the concentration, i.e.,

clx) =c(0)e™?/12t | (8)

Here c(x) is the concentration of tracer as a func-
tion of depth x, c(0) is the concentration at the
surface of the sample, and ¢ is the annealing time.
A plot of Inc vs x? should lead to a straight line,
but in the present work all the diffusion anneals
determined on the basis of Eq. (6) resulted in
curved penetration profiles. Examples of two
curved profiles are shown in Fig. 1. The initial
point on the upper curve was an order of magni-
tude higher than the second point and is not shown
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FIG. 1. Concentration profiles of copper diffusion in
lithium. The lines give the profile obtained from the
low-solubility solution of Malkovitch.
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in the figure. The high initial point was a second
feature characteristic of all penetration profiles.
A high initial point has been found often in the
penetration profiles determined for radiotracer
diffusion into alkali metals. ****® It is unusual,
however, to find the initial point greater than a
factor of 2 above the second point.

Curved penetration profiles can result from the
formation of an impurity-solvent compound at the
surface, followed by dissociation and diffusion.
Although silver and gold are known to form com-
pounds with lithium, *’ copper-lithium compounds
are unknown, and, therefore, it is unlikely that
compound formation is the cause of the curved
profiles.

The form of the profiles shown in Fig. 1 could
result from a low solubility of copper in lithium.
A low solubility of noble metals in lithium might
be expected because of the high electronegativity
factor.*® Although the solubility of copper in lith-
ium is not known, the solubilities of silver (9 at.%)
and gold (1 at.%) in lithium are relatively high. *4°
Solubility problems were not discussed in the ear-
lier work on copper diffusion in lithium.%® Pene-
tration profiles were not given, and, therefore,
it is difficult to ascertain if solubility problems
were encountered. As can be seen from Fig. 1,
curvature might not be observable if the profiles
were followed over a small drop in the levels of
specific activity.

Barr et al.®® investigated the effect of low solu-
bility on the penetration profiles for gold diffusion
in sodium. We conducted a similar investigation
on one of the copper/lithium samples and the dif-
fusion profile obtained showed the same character-
istic features as those found for the gold/sodium
system.

For the isotope-effect measurements, we ex-
pected to overcome the solubility problem using
isotopes purchased from Oak Ridge National Lab-
oratory. We anticipated that copper isotopes pre-
pared by fast-neutron irradiation of ZnO, with
subsequent chemical separation, would be carrier
free. Unfortunately, the simultaneous diffusion
anneal of copper isotopes 'Cu and ®Cu at a tem-
perature of 147 °C also resulted in a curved pen-
etration profile. If the copper isotopes were car-

rier free, the solubility of copper in lithium would
be extremely low. However, it was found that the
ZnO used for preparation of the isotopes contained
small amounts of copper impurity. At the time of
the diffusion anneal, the specific activity of both
isotopes was probably between 400 and 800 mC/mg
Cu.

The data for the five diffusion anneals were com-
puted by two methods. The first was a least-
squares fit of the data to Eq. (6), and the second
was a least-squares fit of the data to the equation
given by Malkovitch®!

2a (" -2 < T )”2
clx, t)'ﬁ x/Z(Dt)llze erfy o dy . (7)

Here ¢ is the anneal time, and 7 is the time for the
impurity to dissolve into the host matrix,

r=18%/4Da? | 8)

where S, is the total quantity of solute placed ini-
tially on the surface and « is the terminal solubil-
ity. The diffusion coefficients obtained by both
methods are given in Table II. The lines drawn

in Fig. 1 were obtained from the Malkovitch solu-
tion. A value of ¥? is given for each computed val-
ue of the diffusion coefficient. The solution for
the low solubility of Malkovitch significantly im-
proves, in most cases, the value of x>. The low-
solubility solution obtains values of = from which
an estimate can be made of the terminal solubility
of copper in lithium. The results of these calcu-
lations are given in Table II, column 6. The val-
ues could be in error by 50% as they depend on our
knowledge of the specific activity. The values ap-
pear to show a maximum solubility of 5x107° at.%
in the temperature region 100-130 °C.

The diffusion coefficients obtained from both the
Gaussian and low-solubility solution are shown in
Fig. 2. The errors shown for the low-solubility
solution include the errors in the fit of the data to
Eq. (7), the error in the anneal time, and the er-
ror in the determination of the thicknesses of the
lithium sections from their weight.*? The error
bars are rather large, and it is not clear whether
the Arrhenius plots show curvature. A least-
squares fit of the values of D, obtained using Eq.

TABLE II. Diffusion of %Cu into lithium as a function of temperature.

T Gaussian solution Low-solubility solution

C) D(cm? sec™) x2 D(cm? sec™) x2 a(at. %)
147.5 1.17% 10%¢ 51,4 1.46 x 106 3.1 1.0x 10"
137.0 8.36 %1077 411.1 1,14 % 108 392.4 1.9%10%
130.0 5,87% 1077 2905, 2 7.42% 1077 161.0 4,2%103
106.0 3.01x 1077 10.4 3.98% 1077 6.8 5.0x 103
90. 0 1.82%x 107 4833.6 2.26 % 107 85.4 1,.5%10%3
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FIG. 2. Comparison of the diffusion coefficients of
copper in lithium as a function of temperature deter-
mined by (a) a low-solubility solution and (b) a Gaussian
solution,

(7), to a single exponential gives the equation

D=(0.3+0.2)exp (_—_10_0’?;)‘_1_9_@)

(9
A two-exponential fit of the same data gives the
equation

D=(4.910.5)exp (_B_Oz(;iggg)

(10)

8000+ 600)
kT

+(0.01+£0.001) exp (—

The activation energy in the first term is similar
to that found for self-diffusion in lithium, which
might be expected if the copper diffused by a va-
cancy mechanism.

The 147.5 °C anneal was used to observe the
simultaneous diffusion of %Cu and ®’Cu isotopes
into lithium. The ratio of the specific activities
of the two isotopes (c,/cg) as a function of the spe-
cific activity of one of the isotopes (c,) has been
shown® to be

In(c,/cg) =const. —Inc,(D,/Dg-1) . (11)

Equation (11) is valid for concentration profiles
that follow a Gaussian distribution. The experi-
mental plot of In(Cgq/Cg,) V8 InCg, is shown in Fig.
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3; the results of the null-effect experiment are
plotted on the same figure.

The slope of In(Cg;/Cgy) VS InCgy is 0. 0025
+0.0007. Thus the effect of mass on the diffusion
rate of copper into lithium is small. For such a
small value, the effect of using Eq. (10) instead
of an equation based on the low-solubility solution
is likely to be small and within the error of the
measurement. The mass factor (67/64)'/2-1
equals 0. 02317, and (fAK)c,,i equals 0.11+0.03.

IV. DISCUSSION

The present work shows that, for the copper-
lithium system Q;/Q,=0.79, copper is relatively
insoluble in lithium, and the isotope effect for dif-
fusion is small. We will discuss this information
in terms of one and two mechanisms of diffusion.

A. Single-Vacancy Mechanism

Measurements of the macroscopic change in
length and the x-ray lattice parameter as a func-
tion of temperature indicate that, in lithium® in
the temperature range 30-180 °C, the predominant
defects are single vacancies. The activation ener-
gy for self-diffusion in lithium?® (12.6 kcal/mole)
is considerably higher than the measured value for
the activation energy of copper diffusion in lithium
(9. 8 kcal/mole). Copper diffusion by means of a
vacancy mechanism would require an unexpectedly
large impurity-vacancy binding energy.

The isotope effect measures the product of fAK.
The factor AK is not known, but recent measure-
ments of fAK for sodium and silver diffusion in
lithium*? suggest that (AK)¢,;1;<0.5. The ratio
of D;/Dy suggests a very low value for f, and one
might expect therefore that a vacancy mechanism
would yield a value of fAK equal to zero within
experimental error. The measured value of 0.11
+0.03 gives further evidence that the impurity dif-

C 64
Ce7
A

In Cer

FIG. 3. Diffusion of ®’Cu and ®Cu in lithium at 147°C.
Each division on the ordinate is 0,01, Each division on
the abscissa is 1, 0.
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fusion does not take place by means of a single-
vacancy mechanism.

B. Single-Interstitial Mechanism

Centrifuge studies®®* of the three systems,

Au-Na, Au-K, and Au-Inhave indicated that the noble
metal is dissolved to a large extent on interstitial
sites in the host lattice. The solubility of the no-
ble metal in these systems is known to be extreme-
ly small. 2% No direct link exists between in-
terstitial dissolution and low solubility, but the
present results show that copper has a low solu-
bility in lithium and interstitial dissolution might
not be unexpected.

The simple interstitial mechanism is the random
walk of a single particle, and for such a mecha-
nism f=1. The value of AK is less certain, but is
known to be close to unity for some interstitial
systems. ®""%® The present measurements are in
complete disagreement with a value of fAK close
to unity. The present measurements could be ex-
pected to bear a closer relationship to the recent
measurements on the diffusion of silver in lead®’
than on the previous measurements of interstitial
systems. 3" The measured values of fAK for the
silver diffusion in lead were approximately 0. 25.
The possible causes for such a low isotope effect
were discussed in detail by Miller ef al. % and will
not be repeated here. Since the host lattices have
different structures, the two systems are not com-
pletely comparable. The measured value of fAK
=0.11 is, however, much lower than that for the
Ag/Pb system, which suggests that the mechanism
is different in each system or the single mecha-
nism is not an adequate description for either sys-
tem.

C. Dissociative Mechanism

The small amount of curvature observed in the
Arrhenius plot could be explained in terms of two

mechanisms that lead to an expression of the form
of Eq. (10). The errors on the individual diffusion
coefficients and the relatively small range of tem-
perature make it difficult to be certain that a sep-
aration of data into two components is meaningful.
Equation (10) would suggest that at 147 °C the two
processes contribute approximately equal amounts
to the over-all diffusion rate.

To interpret the isotope-effect result in terms
of two mechanisms, we make use of Eq. (3). We
assume a value of fAK =0.05 for the vacancy
mechanism and an equal proportion of diffusion
occurring by both mechanisms. On the basis of
these assumptions, fAK for the “interstitial”
mechanism is 0.17. A value of fAK somewhat re-
duced from the 0. 25 value found for the Ag-Pb
system might not be unexpected for the more open
structure of the body-centered-cubic lattice of
lithium.

V. CONCLUSIONS

Although an unambiguous interpretation of the
results is not possible, the dissociative mecha-
nism would appear to be more appropriate than
the single diffusion mechanisms we have consid-
ered. More meaningful results would require a
larger range of temperature measurements of the
diffusion coefficient and a reduction of the errors
of measurement. It would also be valuable to
measure the isotope effect for diffusion at differ-
ent temperatures. Unfortunately, the low solu-
bility of copper in lithium makes these improve-
ments both difficult and costly.
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