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It has been proposed that noble-metal solutes diffuse in lead primarily by the interstitial
mechanism, while cadmium solute diffuses by means of tightly bound interstitial-vacancy pairs.
It is reasoned that noble-metal interstitial ions should also interact attractively with lead va-
cancies and result in a small enhancement of the self-diffusivity with solute additions. Conse-
quently, lead self-diffusivity has been measured as a function of small gold-and silver-solute
additions. The linear enhancement factors determined from these measurements are most con-
sistent with the interpretation that noble-metal solutes diffuse primarily by the interstitial mech~
anism and that the relatively small enhancements of lead self-diffusion are due to attractively

bound interstitial-vacancy pairs.

1. INTRODUCTION

It has been shown® that additions of a substitu-
tional impurity diffusing by the vacancy mechanism
enhance the self-diffusivity in a dilute fcc alloy
such that

Dy(X3)2 DY [1+ (b 1))min X2] » (1)
(B19)mia= — 18 +1.9448(D3 /DY) . (2)

This minimum enhancement condition is derived
from the Lidiard model for the linear enhancement
of self-diffusion, 2 as refined by Howard and Man-
ning, ® for the case of tightly bound impurity-vacan-
cy pairs. D? and D,(X,) are the self-diffusivities
in pure solvent and in an alloy containing solute at-
om fraction X,, respectively, Dj is the impurity
diffusivity, and (byy)pm, iS the minimum linear en-
hancement factor for the vacancy mechanism.
Equations (1) and (2) show that additions of a rap-
idly diffusing impurity result in a large linear en-
hancement of the self-diffusivity, providing that
the impurity diffuses by the vacancy mechanism.
Dyson, Anthony, and Turnbull* recognized that
the extreme rapidity of copper, gold, 5 and silver
diffusion in lead by the vacancy mechanism neces-
sitates a large enhancement of the lead self-diffu-
sivity with solute additions, despite the very small
solid solubilities. On finding no measurable en-
hancement of the lead diffusivity with additions of
copper and gold, it was proposed4 that the solutes
copper, gold, and silver diffuse primarily by the
interstitial mechanism, dissolving at least partially
in the interstices of lead. It was considered that
solute diffusion by the interstitial mechanism pro-
ceeds independently of solvent diffusion by the va-
cancy mechanism. It was further proposed that
these solutes dissolve in lead by the dissociative
mechanism, i.e., both substitutionally and inter-
stitially, as first proposed by Frank and Turnbull®

2

to explain the diffusion of copper in germanium.
Experimental studies of the fast diffusion of
cadmium in lead! point out a similar inconsistency
with impurity diffusionby the vacancy mechanism.
The linear enhancement factor by;, although pos-
itive, is significantly less than (by;)pa. It was
proposed™™® that cadmium also dissolves by the
dissociative mechanism, but that the positively

charged interstitial cadmium ions bind strongly
to the effective negative charge of nearest-neigh-

bor vacancies. The resultant interstitial solute-
vacancy pair defect is considered’ the logical inter-
mediate defect state of the dissociative mechanism.
A kinetic model for the diffusion of solute and
solvent in a dilute dissociative alloy, " patterned
after the Lidiard model for the substitutional al-
loy, 2 showed that tightly bound interstitial solute-
vacancy pairs diffuse in such a manner that by,
<fo(D3/D?), where fy=0. 78146 is the correlation
factor for vacancy self-duffusion in a pure fcc solid,
and that the solute correlation factor f, becomes
very small. Since it had been observed that by,

~ (D3/D?)=fy(D3/ DY), within experimental error,
for additions of cadmium to lead, the isotope effect
for diffusion of cadmium in lead was then measured
as a further test of the proposed mechanism. This
measurement® showed that f,=~ 0. 09, in direct
agreement with the theoretical prediction.

On the basis of the screened electrostatic inter-
action model developed by Lazarus, %it is expected’
that an interstitial divalent cadmium ion interacts
more strongly with vacancies than interstitial mono-
valent noble-metal ions. For this reason, it is
envisioned” that the fraction x, of interstitial cad-
mium-vacancy pairs is much greater than the frac-
tion y; of free cadmium interstitials, so that the
diffusion of both solute and solvent in the alloy is
determined by the migration of these close pairs.
In the case of the noble-metal solutes, however,
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the fraction of interstitial-vacancy pairs relative
to the fraction of free interstitials may be signifi-
cantly reduced so that solute diffusion is dominated
by migration of free interstitial solute atoms.

If the interstitial noble-metal ions do associate
with vacancies, albeit to a lesser extent than the
divalent cadmium ion, the assumption that the
migration of interstitial solute proceeds indepen-
dently of the vacancy diffusion of solvent is not
strictly correct. Let us therefore consider the ef-
fect of interstitial-vacancy pairs on both solute and
self-diffusivities in dilute noble-metal-lead alloys.
It is likely that interstitial noble-metal solute-va-
cancy pairs diffuse in much the same manner as
interstitial cadmium-vacancy pairs, so that we may
postulate a characteristic diffusion constant D,,
composed of the average solute jump frequency
multiplied by the effective correlation factor’ for
these jumps, for this mechanism of diffusion. The
effective solute diffusion constant in this dissocia-
tive alloy should then be expressed

(Dg)ol!=Xst+xpr+xiDi . (3)

Here, X,, X,, and x; are the respective fractions
of the total solute concentration X, in the substitu-
tional, interstitial-vacancy pair and free interstitial
solute states, while D, D,, and D, are the respec-
tive characteristic diffusion constants of these
solute species. Since interstitial jump frequencies
are considered to be very large compared to va-
cancy jump frequencies, and the migration of free
interstitials in uncorrelated, it is expected that
D;»D,, D,. If x, is sufficiently large with respect
to x, and X, that x;D;>» Xx,D,, X,D,, the effective
solute diffusion constant will be determined entire-
ly by the interstitial contribution

(Dg).""-' xiD; (4)

as is believed to be the case for noble-metal diffu-
sion in lead.*!'?

Noble-metal solute diffusivities in lead agree
very well with this expectation, first of all because
of the extreme rapidity of their diffusion. Second,
the Arrhenius parameters Dj and @ derived from
the temperature dependence of the diffusion are
very characteristic of those for interstitial diffu-
sion. Third, the lack of any observable curvature
in the Arrhenius plot of log,oD versus 1/7T indicates
that only one mechanism of diffusion is making a
significant contribution to the total solute diffusion
constant.

Considering only linear contributions to the en-
hancement of self-diffusion, the solvent diffusion
constant in noble-metal-lead alloys may be writ-
ten

Dy(Xp)=D3 [1+(byy) s X2+ (b11), Xz] - (5)
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Here, (by,)s is the linear enhancement factor arising
from the diffusion of substitutional solute atoms by
the vacancy mechanism, while (by;), is that arising
from diffusion of close pairs. Since it is considered
that substitutional solute-vacancy interactions are
very small in lead, ® we anticipate that (by,), will
have a value similar to that for the solute thallium
in lead, ' i.e., of the order of unity. Considering
the limited solid solubilities, it is easily reasoned
that such a small contribution to the enhancement
will not be measurable. If a measurable linear en-
hancement of the self-diffusivity results from addi-
tions of noble-metal solutes, the effect may thus

be attributed to the attractive interaction of inter-
stitial solute ions with vacancies, and to the re-
sultant migration of close pair defects, i.e., by,

= (b11), -

Since other investigators?'!? have measured lead
self-diffusivity in copper-lead, gold-lead, and
silver-lead alloys and obtained diffusion constants
agreeing well with the known values of lead self-
diffusivity, it is suspected that the enhancement
effect due to migration of close pairs is quite small.
Nevertheless, since the observation of a positive
enhancement effect might demonstrate the presence
of these proposed interstitial-vacancy defects in
the noble-metal~lead alloys, three experiments
were carried out to determine the enhancement
effect of gold and silver solutes.

II. EXPERIMENTAL PROCEDURE

Gold and silver were decided upon as solutes
because of their greater solid solubility in lead.
The solubility of Au in Pb at 200 °C is reported to
be 0.08 at.%, ! and is expected to be somewhat
greater at 215 °C, the eutectic temperature. The
maximum solubility of Ag in Pb is reported as0.19
at.% at 300-304 °C. ! Single crystals of pure lead
(nominally 99.9999% pure), lead +0.02 at.% Au,
lead +0. 04 at.% Au, lead +0.065 at.% Au, lead
+0.08 at.% Au, lead +0.09 at.% Ag, and lead
+0.18 at.% Ag were prepared by the same methods
used to obtain single crystals of cadmium-lead
a.lloys.1 The preparation of diffusion samples, elec-
troplating of Pb?° isotope, and diffusion anneals
were carried out in the same manner as for deter-
mination of the diffusion enhancement effect in
Cd-Pb, also fully reported in Ref. 1. Errors due
to separate determination of time and temperature
for separate diffusion anneals were avoided by
diffusing Pb?!° into a sample of pure lead and alloys
of several solute compositions simultaneously,
within the same furnace and for the same total
time {. This procedure permits a much greater
accuracy in the values obtained for D;(X,)/D{ than
can be obtained for values of the diffusion constant
itself.
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The vapor pressures of both gold and silver are
low enough at the temperatures of diffusion anneal,
so that vapor transport of solute between alloys of
different composition is insignificant during the
time of anneal. Electroplated samples of pure lead,
Pb +0.04 at.% Au, and Pb+0. 08 at.% Au were
sealed in the same evacuated Pyrex tube and an-
nealed for approximately 72 days at 199.4 °C.
Electroplated samples of pure Pb, Pb+0.09 at.%
Ag, and Pb+0.18 at.% Ag were sealed together in
another evacuated Pyrex tube and annealed for three
days at 300.3°C.

A third enhancement effect experiment was per-
formed in order to demonstrate the linearity of the
effect more conclusively for gold solute additions,
and to show the lack of dependence of the effect on
higher dislocation densities introduced by micro-
toming of the surface to be electroplated. Two
samples, of compositions Pb+0. 04 at.% Au and
Pb +0. 08 at. % Au, were subjected to a two day
anneal at 215 °C to further reduce dislocation
density, and chemically etched, in lieu of micro-
toming, just prior to electroplating the lead tracer.
These two samples, together with microtomed and
electroplated samples of pure Pb, Pb+0.02 at.%
Au, Pb+0.04 at.% Au, Pb+0.065 at.% Au, and
Pb +0.08 at.% Au, were sealed together in an evac-
uated Pyrex tube and annealed for six days at 215.2
°C.
Samples were arranged within each tube so that
any temperature gradient along the length of the
tube, during the anneal, would result in a system-
atic scatter of the results. Temperature within
each furnace was measured by means of a thermo-
couple directly adjacent to the Pyrex capsule, and
no temperature gradient was detectable along the
length of the capsules. Temperatures were mea-
sured frequently during the anneals, and were
maintained within less than +1 °C of the desired
temperatures.

The samples were quenched to room temperature
immediately after removal from the furnace. Sec-
tioning, weighing of slices, and the counting pro-
cedures were carried out as described in Ref. 1
for the measurement of lead self-diffusivity in
cadmium-lead alloys. The remainder of each dif-
fusion sample was then chemically analyzed for
gold or silver content by Arnold Greene Labora-
tories of Natick, Mass. Results of these chemical
analyses, which agreed closely with the nominal
alloy concentrations, were utilized in further anal-
ysis of the results.

III. RESULTS
The diffusion penetration profiles, plots of

log,o(Pb?!® specific activity) versus the square of
the penetration distance x?, for diffusion of Ph?!°
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into pure lead and the noble-metal-lead alloys of
each enhancement effect experiment are shown in
Figs. 1, 2, and 3. The linearity of these plots
attests to the Gaussian concentration dependence
expected for the experimental boundary conditions®:

Clx, t) < (Dt)Y 2 exp(- x2/4D¢) . (6)

The compositions indicated in these figures are
those determined by chemical analysis. Since the
lead self-diffusivity in each specimen is inversely
proportional to the slope of these plots, it is imme-
diately evident that the self-diffusivity is mea-
surably enhanced by additions of gold and silver.
Error analysis and least-squares calculation of
the diffusivities were performed as described by
Wolberg. !* Estimates of the errors in measurement
of sample diameter, slice weight, and tracer ac-
tivity were used to calculate estimated standard
deviations of both ordinate and abscissa values
for each data point of the penetration profiles. Lead
self-diffusivities were then calculated by a weighted
least-squares method of solution, the weights being
determined by the estimated standard deviations of
both ordinate and abscissa. Counting statistics
alone were not sufficient to account for the experi-
mentally observed standard deviations of ordinate
values, as was also found from a statistical anal-
ysis of data for an isotope effect determination. ®
Inclusion of an additional counting error of 0.2-0.5
%, attributable to counter instability and/or count-
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FIG. 1. Penetration profiles for lead self-diffusion

in pure lead and gold-lead alloys, at 199.4°C. The
linear least-squares solutions are shown as solid lines.
For clarity of presentation, the log intercepts have been
adjusted to the same value.
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FIG. 2. Penetration profiles for lead self-diffusionin
pure lead and gold-lead alloys, at 215.2°C. The trian-
gular data points are determined from alloy samples
which were specially annealed and etched, in lieu of
microtoming, prior to deposition of tracer. The solid
lines represent the linear least-squares solutions. For
clarity of presentation, the log intercepts have been ad-
justed to the same value.

rate dependence, reduces the resultant values of
x%to credible values, i.e., values for which the
associated probabilities are greater than 5%. The
additional counting error in measurement of the
isotope effect® was approximately 0.1-0. 2%, but
further effort had been made, of necessity, to
reduce such error. The calculated diffusivities are
quite insensitive to the weighting procedure since
the experimental errors are very small, and are
apparently well estimated. The resulting values
for lead self-diffusivity in pure lead agree well with
the results of previous investigations. "1 A re-
liable estimate of the standard deviation of the cal-
culated diffusivities also results from use of this
weighted least-squares analysis.

The data points representing the first slicesfrom
the surfaces of those samples annealed at 215.2 °C
were somewhat above the line determined by the
remainder of points for these samples. These
points were rejected in the final least-squares cal-
culations and are not shown in Fig. 2. It is be-

and solved by the least-squares method accordingly.
The estimated standard deviations of the diffusiv-
ities are used to calculate estimated standard de-
viations of the linear enhancement effect L(X,),

and the error in measurement of X, is estimated.
These values are represented by the error bars in
Figs. 4, 5, and 6, which show the enhancement
effect as a function of solute atom fraction X, for
the three experiments. The calculated values of

by; and their estimated standard deviations are also
included in these figures.

It was at first thought that the nonlinearity of the
enhancement effect for gold additions at 199.4 °C
(Fig. 4) was due to experimental error. However,
Rossolimo, '® in the course of other experimental
work concerning the gold-lead alloy, has determined
that the solid solubility of gold in lead at 200 °C is
0.066 at.%. The enhancement effect in the Pb +0. 08
at.% Au alloy was thus determined above the solu-
bility limit. The enhancement effect should be very
linear up to the solubility limit for solute additions
of this small magnitude. Since additions of solute
beyond the solubility limit remain in precipitated
form, no further enhancement should occur with
such additions. Assuming then that the effect is
linear, which is demonstrated by the results of the
215. 2 °C experiment (Fig. 5), the linear enhance-
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FIG. 3. Penetration profiles for lead self-diffusion in
pure lead and silver-lead alloys, at 300.3°C. The lin-
ear least-squares solutions are shown as solid lines.
The log intercepts have been adjusted to slightly sepa-
rated values for clarity of presentation.
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FIG. 4. The enhancement of lead self-diffusivity by
additions of gold solute, at 199.4°C. It was ascertained
that the addition of 0.08 at. % Au exceeded the solubility
limit, and that the solubility limit could be determined
from the results as shown in the figure.

ment factor may be calculated from the single data
point below the solubility limit. In addition, the
solubility limit may be calculated from the results,
as is graphically demonstrated in Fig. 4. The re-
sultant value for the solubility limit of gold in lead
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FIG. 5. The enhancement of lead self-diffusivity by
additions of gold solute, at 215.2°C. The circled data
points were determined from samples which were spe-
cially annealed and etched, in lieu of microtoming, prior
to deposition of tracer.

TABLE 1. The experimentally determined values of
the linear enhancement factors by; and the impurity to
self-diffusivity ratios D§/D{ are listed for the alloy
systems and temperatures of this investigation. Also
listed are the minimum linear enhancement factors
(b44)min consistent with the vacancy mechanism of solute
diffusion, deduced from the values of Dg, and the maxi-
mum impurity to self-diffusivity ratios (D3/D{)pay con-
sistent with vacancy diffusion, as deduced from the val-
ues b“.

:;;(gm (og) D}Y/D} Gtmin by (DY/ D)y
Au-Pb 199.4 152946 297 431 5726 2953.5
Au-Pb 215.2 89152 173 365 4312 2226.5
Ag-Pb 300.3 870.7 1675.3 136.8 79.60

at 199.4 °C is 0. 066+ 0. 004 at.%, in excellent ac-
cord with Rossolimo’s result.

IV. DISCUSSION

In Table I are listed several experimental and
calculated results for the alloy systems and tem-
peratures of these experiments. The results of
Dyson, Anthony, and Turnbull? and Kidson® have
been used for the diffusivities D of silver and gold,
respectively, and the combined results of Miller!
and Resing and Nachtrieb*! have been used for the
lead self-diffusivity DI, The values of b,; are those
determined by this series of experiments.

If gold and silver dissolve substitutionally and
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FIG. 6. The enhancement of lead self-diffusivity by
additions of silver solute, at 300.3°C.
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diffuse with the observed diffusivities D3 by the
vacancy mechanism, the linear enhancement of the
self-diffusivity must be equal to or greater than
that described by (by1)mia[ Eq. (2)]; these values
are also listed in Table I. It is seen that the ob-
served linear enhancement factors by; are in all
cases an order of magnitude less than (by;)p,, SO
that the kinetics of solute and self-diffusion in
these alloys are clearly inconsistent with the as-
sumption that these solutes diffuse primarily by
the vacancy mechanism. It is similarly possible
to calculate the maximum value of D3 /D{ consistent
with the vacancy mechanism of impurity diffusion
and the observed linear enhancement effect from
the relationship of Eq. (2); these values of (D3/
DY) max are also listed. Comparison of these values
with the observed values of D/D$ again confirms
the conclusion of Dyson, Anthony, and Turnbull?
that vacancy diffusion of gold and silver in lead
does not make a significant contribution to the total
solute diffusivity. It is therefore considered that
the dominant contribution to gold and silver diffu-
sivity in lead arises from other than simple va-
cancy diffusion.

Other possible volume diffusion mechanisms for
a substitutionally dissolved solute are the simple
interchange and ring mechanisms, for which by,
=£fo(D3/DY) and by, >fo(D3 /DY), respectively. By
comparing the observed values of by; and D3/D}
in Table I, it is seen that in all cases by, << D3/D%,
fo(D3/DY). We may therefore rule out the possi-
bility of these solute diffusion mechanisms also.

For the case of a fast diffusing substitutional
impurity, no other known or proposed volume dif-
fusion mechanism results in a lesser enhancement
of the self-diffusion than the simple interchange
mechanism. We may conclude that if the solute is
dissolved entirely in substitutional sites, the dif-
fusion does not occur by a volume mechanism. The
possibility of solute diffusion along short-circuiting
paths such as dislocations must thenbe considered;
grain boundary diffusion need not be considered
since single crystals were used in all investiga-
tions. *®

If diffusion occurs primarily along dislocations,
the diffusivity is strongly dependent upon the
density and array of dislocations. Kidson® demon-
strated that the diffusivity of gold in lead is un-
altered by the introduction of a stable dislocation
array parallel to the diffusion direction, at both
high and low temperatures. This result is evi-
dence that gold diffuses primarily by means of a
volume diffusion mechanism. Although a similar
experiment for the diffusion of silver in lead has
not been performed, the simple Arrhenius tem-
perature dependence of the diffusivity is a strong
indication that silver also diffuses by a volume

SELF-DIFFUSIVITY BY:---
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mechanism. The results of the experiment for the
enhancement of lead self-diffusivity by gold addi-
tions shows that the enhancement effect does not
depend significantly on dislocation density. As may
be seen in Fig. 5, the enhancement effect is un-
changed, within experimental error, by thepres-
ence or absence of dislocations introduced by
microtoming the surfaces of 0.04 and 0.08 at.%
gold-lead alloys. It is believed that the small dif-
ferences in the effects observed with and without
microtoming of the surface are due to the much
greater surface roughness, + 2u, of the unmicro-
tomed specimens. This result, as well as the lin-
earity and reproducibility of the observed effect,
is evidence that the enhancement of lead self-dif-
fusion by noble-metal solutes is also a true volume
diffusion effect. Since both the solute diffusivities
and enhancement effects apparently result from
volume diffusion, we must consider the alternative
possibility — that these solutes are not entirely
dissolved in the substitutional sites.

Dissolution by the dissociative mechanism® is
the most general alternative to a substitutional
solution. We have seen that three distinct states of
dissolved solute atoms contribute to the solute dif-
fusivity, as described by Eq. (3), while only two
of these states may contribute to the linear en-
hancement of self-diffusion [Eq. (5)]. We may in-
terpret the fast diffusivity as resulting from dif-
fusion of free interstitial solute atoms by the in-
terstitial mechanism, as proposed by Dyson,
Anthony, and Turnbull, * but the enhancement ef-
fect indicates that either the substitutional or in-
terstitial solute atoms are strongly attracted to
vacancies.

The calculations of March and Murray'? show
that the electronic screening of the effective point
charge of a substitutional impurity is nearly com-
plete at nearest-neighbor distance in lead and other
polyvalent metals. It is therefore expected that
substitutional impurity-vacancy interactions are
quite small in such metals as lead and aluminum.
The diffusion of impurities in aluminum?® and of
thallium in lead!! agrees with this expectation. It is
therefore difficult to explain the large linear en-
hancement factors by, for gold and silver additions
to lead in terms of an expectedly small substitu-
tional solute-vacancy interaction.

On the other hand, the effective point charge of
an interstitial solute ion should not be so well
screened at the nearest lattice-site distance. In
addition, it is expected that the effective positive
charge of a noble-metal interstitial ion should in-
teract attractively wth the negative charge of a
nearest-neighbor vacancy. It is therefore proposed
that the observed linear enhancements of lead dif-
fusion by gold and silver additions are due to the
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association of interstitial solute ions with nearest-
neighbor vacancies, while the solute diffuses pri-
marily by the interstitial mechanism.

It is further proposed that the interstitial-va-
cancy pairs migrate as set forth by Ref. 7, but
that the vacancy interaction of noble-metal inter-
stitial ions is weaker than that of cadmium inter-
stitials. ® This is in accord with the screened elec-
trostatic interaction model. ? Consequently, disso-
ciative interstitial jumps are more frequent, the
fraction of free interstitials is enhanced relative
to the fraction of close pairs, and the migration
of free interstitials by the interstitial mechanism
is the major contribution to solute diffusivity.
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