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We have measured the activation volume of Zn in Pb to be 3.98 = 0.11 cm®/mole at 600 K and atmospheric
pressure and have measured the temperature and pressure dependence of the saturation solubility of Zn in Pb.
From the solubility measurements we find a volume of solution of 3.1 0.3 cm’/mole, which is not
consistent with purely interstitial or purely substitutional solution. These results are compared to other

impurity diffusion in Pb.

INTRODUCTION

There has been much interest recently in at-
tempting to determine the mechanism by which
the noble metals diffuse in Pb. These, and the
metals grouped on either side of them in the peri-
odic table, have been found to diffuse in Pb from
one to five orders of magnitude more rapidly*~®
than Pb self-diffusion.®"!! It has been recognized
for some time that the large diffusivities and small
activation energies for these metals cannot be
explained in terms of a vacancy diffusion mechan-
ism. The measurements of Miller*!? on the en-
hancement of Pb self-diffusion by Au, Ag, and Cd
additions lend support to this conclusion. His
results showed more enhancement than would be
expected for an interstitial mechanism, but not
nearly enough for a vacancy mechanism.

Originally, attempts to explain differences in
diffusivities and to pin down diffusion mechanisms
were based primarily on comparison of activation
energies. Kidson? used such arguments and pro-
posed a dissociative mechanism for the diffusion
of Au in Pb, similar to that suggested by Frank
and Turnbull'® for Cu diffusion in Ge. Kidson as-
sumed that Au dissolves both substitutionally and
interstitially in Pb, with the majority of the Au
atoms dissolving substitutionally. However, he
assumed that the Au atoms at interstitial sites
diffuse so much more rapidly than those at subst
tutional sites that the primary contribution to dif
fusion results from the former. Miller'* expand
upon this model in an attempt to explain the dif-
fusivity and enhancement effect for Cd in Pb. H
added an additional defect to those assumed by
Kidson; namely, bound interstitial-vacancy pair
He assumed that the concentration of Cd defects
in interstitial sites and the concentration of Cd
defects in bound pairs were very small compar
to the total Cd impurity concentration. Decker
et al.® expanded this model to accommodate arbitrary
fractions of atoms diffusing via these mechanisms
and calculated the effects of pressure on this mod-
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el of diffusion.

Diffusion studies at high pressures provide addi-
tional tests for models of diffusion. Nachtrieb,
Resing, and Rice'® measured the effect of pres-
sure on Pb self-diffusion to 8 kbars, Hudson and
Hoffman'® to 40 kbar, and most recently Baker and
Gilder!” to 10 kbars. These workers reported the
activation volume of lead self-diffusion as 0.73
+0.02 molar volumes. Gold diffusion in Pb has
been studied to 10 kbars by Ascoli ef al.'® and by
Weyland, Decker, and Vanfleet!® to 50 kbars.
Diffusion has also been measured for Ag, Cu, Ni,
and Pd in Pb to pressures of 50 kbars.5-%2%2
Schmutz ef al.?? have studied Cd diffusion in Pb to
42 kbars., Finally, this work reports studies of Zn
diffusion in Pb to 52 kbars. Activation volumes
for impurity diffusion range from about 0.04 molar
volumes for Pd in Pb to about 0.5 molar volumes
for Hg in Pb. This range of activation volumes
indicates that these impurities either diffuse by
different mechanisms or that they diffuse by a
multiple mechanism allowing a wide range of ac-
tivation energies and volumes.

Other interesting experiments have been per-
formed to help determine modes of solution for
various metallic impurities in Pb. Miller and
Edelstein®® have measured the effect of isotopic
mass on the diffusion of Cd in Pb. Miller et al.?*
have also measured the isotope effect for the dif-
fusion of Ag in Pb. The results of these experi-
ments are not at present in complete harmony
with an interstitial dominated mechanism for dif-
fusion of these impurities in Pb. Turner and co-
workers®'2¢ and Sagues and Nowick?” have per-
formed measurements of anelastic relaxation ef-
fects for Cu-, Au-, and Ag-doped Pb., Their re-
sults are in conflict and are thus inconclusive.
Warburton and Turnbull®® have suggested some
possible explanations for the conflict, but these
experiments need repeating. Warburton® mea-
sured a dehancement in the diffusivity of Au in Pb
(Au) alloys with increasing Au concentration.
Warburton and Turnbull® interpreted this in terms
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of two modes of solution, one involving pairs or
larger clusters of Au atoms and the other involving
single Au atoms in interstitial sites. Such clus-
tering would imply a binding between the Au im-
purities, and the fraction dissolving in clusters
would increase with concentration, thus dehancing
the diffusivity., Similar dehancement was sought
in Ag diffusion in Pb (Ag) alloys but was not ob-
served.® Cohen and Warburton3? interpreted the
resistivity data of Rossolimo and Turnbull on

Pb (Au) alloys as a manifestation of this same
clustering. Finally Ray, Hahn, and Giessen®
have observed changes in the superconducting
transition temperature for Pb doped with varying
amounts of Au and Ag. From their results they
conclude that the di-substitutional mode of solution
is likely for Au and Ag in Pb.

There is not much information on the solubility
of many of these diffusers in lead,** but what little
there is seems to show an inverse correlation be-
tween solubility and diffusivity. There has been
no study of the effects of pressure on solubility
prior to this work.

EXPERIMENTAL PROCEDURE

Sample preparation has been described previ-
ously.” However, in order to fit in the hydro-
static high-pressure chamber the lead samples
were only 3 mm in diameter and 3 mm long. Crys-
tal growth, plating procedures, and counting tech-
niques were the same as described previously.

As explained by Ross et al.” it was necessary to
keep anneal times short to avoid complete deple-
tion of the surface layer of Zn-65 by oxidation.
This depletion caused back diffusion near the sur-
face and a “hump” resulted in the concentration
profile. This was also found to be the case for the
high-pressure anneals. Most of the samples were
annealed for times between 2 and 14 min, but one
sample annealed at 477 °C was held at the anneal
temperature for only 46 sec to avoid this problem.

The high-pressure anneals took place inside a
400-ton ram capacity cubic press. The hydro-
static pressure chamber consisted of liquid petro-
leum ether (B.P. 100-115 °C) contained in a 6.4-
mm diam. inconel-X tube with polyethylene stop-
pers inserted in both ends. The tube was inserted,
along the main diagonal of a 2.45-cm prophyllite
cube, as shown in Fig. 1. Chromel-alumel ther-
mocouple leads were inserted through one cube
corner and through one stopper. The thermocouple
junction was embedded into the end of the cylin-
drical lead crystal opposite the plated surface, in
order to insure correct temperature readings.

The sample was heated by passing a current
through the inconel-X tube which was connected
electrically to two opposite anvils of the press by

FIG. 1. High-pressure sample chamber. A 2.45-cm
cube of pyrophyllite with an inconel tube, containing a
fluid and the diffusion sample, passing diagonally through
the cube.
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FIG. 2. Temperature-time profile for a short diffu-
sion anneal at high pressure.
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means of heating tabs also shown in Fig. 1. Tem-
peratures were controlled by an electronic feed-
back device designed by Decker.*® The necessarily
short anneal times used for this experiment re-
quired improved response times, however, so the
original design was modified by adding a 10-MQ
resistor to the feedback circuit in series with the
capacitor; combined heating and cooling times
totaled less than 50 sec using this method. The
temperature-time profile for one very short dif-
fusion run is shown in Fig., 2.

Pressure calibration was achieved by observing
oil pressures at which the phase transitions of
Hg, Bi, and Tl occured at room temperature,®
The effect of heating on the pressure inside the
cell was determined by observing Bi phase transi-
tions at various temperatures and pressures in a
hydrostatic cell similar to the one used here.?’

METHOD OF ANALYSIS

Concentration profiles originally showed maxi-
mum impurity concentrations at penetration depths
as great as 500 um into the crystal, with lower
concentrations just inside the plated surface. Rea-
sons for these strange profiles have been discus-
sed.” However, when diffusion anneal times were
shortened sufficiently, profiles resulted which fit
the following solution to the one-dimensional diffu-
sion equation

c=cqerfelx /(4Dt)1/?), (1)

where ¢ is the impurity concentration, x is the
penetration depth, ¢ is the anneal time, D is the
diffusion coefficient, and ¢, is the solubility of the
impurity in the host for the given anneal tempera- .
ture and pressure. This solution corresponds to
the boundary condition of a constant concentration
of impurity at x =0 during the entire anneal time.
That Eq. (1) is the appropriate solution for short
anneal times and low impurity solubility has been
argued by Kidson.?

In addition to the experimental circumvention of
this oxidation problem, we calculated the shape
of the humped concentration profiles,*® assuming
a diffusion equation of the form

dc/at=D(8%c/0x%) — Wcb(x), k (2)

where D is the usual diffusivity and W is taken to
be constant. The term Wcd(x) represents a re-
moval at the surface (by oxidation or other chemi-
cal reaction) of impurity atoms available to dif-
fuse. The solution of this equation for initial con-
dition c(x,0)=md(x) is

me-«z/‘IDt
b, )= g oy

T\ Werer2 ias Wt +x
x[l - W<4D> e erfc (@D1)! 2>]

3

When we fit the concentration profile data to this
equation, by a nonlinear least-squares routine,
we find that the humped profiles are well repre-
sented by Eq. (3). The values of D obtained by
this procedure also agreed, within experimental
error, with the values of D obtained from shorten-
ing the diffusion time to remove the hump.

Experimental concentration profiles for all suc-
cessful anneals were analyzed to find the best
values for ¢, and the product D by a nonlinear
least-squares fit to Eq. (1). Temperature versus
time profiles were analyzed to correct anneal
times for heating and cooling. These profiles were
examined to give an initial estimate of an effective
anneal time at temperature 7 and thus a diffusivity
at each anneal temperature. Then using an esti-
mated D(T) we integrated over the temperature-
time profile to improve the estimated anneal time
and obtain new values of D(T). This procedure
was iterated to self-consistency. The final values
of D for various temperatures and pressures could
then be fit by least-squares analysis to an equation
of the form

D=D,exp[ - (AH+PAV)/RT

+ (second-order terms)], (4)

where AH is the activation energy, AV is the ac-
tivation volume, T is the absolute temperature,
P is the pressure, and R is the gas constant, De-
tails of the analysis are given by Weyland, Decker,
and Vanfleet.!®* The second-order terms involve
the derivatives of the activation volume with re-
spect to temperature and pressure, and the speci-
fic heat of activation AC,. The variable param-
eters used in the least-squares analysis are D,
AH, AV, (8AV/8T)p, and (8AV,8P),, with AC,
being related to the other derivatives as discussed
by Gilder and Lazarus.®

Without knowing the absolute efficiency of the
counting system a relative saturation solubility as
a function of pressure and temperature is mea-
sured directly from the tracer activity per unit
volume and unit time extrapolated to the surface.
One can interpret this data using the following
thermodynamic argument.*® Assume solid Zn
metal is in equilibrium with a solid solution of
Zn in Pb at pressure P and temperature T with
Gibbs free energies per mole of Zn represented
by Ggand G,=G3+RT lna,, respectively. The
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superscript “o” represents a reference state and
the activity a,=P,/P%, because at these tempera-
tures the vapor pressure of Zn is low enough to
use an ideal-gas approximation. P, and P are the
partial pressures of Zn above the alloy at (P, T)
and of Zn in the alloy reference state, respective-
ly. We define the reference state using Henry’s
law; P,=vx,, where ¥ is a constant and x, is the
mole fraction of Zn in the Pb-Zn alloy. This law
is correct in the limit of small x,, and we choose
the nonphysical reference state to be the extension
of Henry’s law to x,=1 so that Pj=y. At equili-
brium, where x,=c,, the saturation solubility,
and G 3=G,:

G; -G 3=AG,= -RT Inc,. (5)

Expanding AG, about P=0, with AG,(0)= AH,(0)
— TAS and 8AG, /8P =AV,=V] - V;, we get

Inc,(P)=AS, /R —[AH,(0)+PAV,]/RT. (6)

V5=V, is the volume of a mole of Zn as a dilute
impurity in metallic Pb and V;, is the volume of
one mole of pure Zn metal. The measured results
should have the pressure and temperature depen-
dence explicitly shown in Eq. (6).

RESULTS

Forty-six anneals were made for which experi-
mental errors were considered to be minimal,
Pressures ranged from atmospheric pressure to
49 kbars and temperatures ranged from 180 to
500 °C. A typical concentration profile is shown
in Fig. 3. The solid line is a least-squares fit of
the data to Eq. (1).

Diffusion coefficients ranged from 8 X 10~ to
1X 10°® cm?/sec. The experimental data are shown
plotted along isobars in Fig. 4. Anneals were
made at fixed values of ram load which thus cor-
responded to slightly different sample pressures
due to temperature corrections. Therefore, some
of the experimental D values had to be corrected
in order to plot them on isobars. This correction
was in all cases less than 1.8 kbars. The isobars
were computed from the least-squares fit of the
data to Eq. (4). Thus the slopes of the lines are
essentially equal to — (AH/R +PAV/R). The mea-
sured values of D were typically accurate to +5%
with some points with very short anneals being
somewhat more uncertain,

The results of the analysis of the diffusion of Zn
in Pb are summarized in Table I. The activation
energy for Zn diffusion in Pb was found to increase
from 11.4+ 0.2 kcal/mole at zero pressure to
17.7+ 0.4 kcal/mole at 48 kbars. The activation
volume increased from 0.21 molar volumes at
zero pressure to 0.24 molar volumes at 48 kbars

1
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FIG. 3. Penetration profile of $7n after being diffused

into Pb at 31.7 kbars, 435°C for 60 sec. The line is the
best fit to Eq.(1).

8

(evaluated at 600 K). For a given pressure, the
activation volume is nearly independent of tem-
perature decreasing form 0,224+ 0.007 molar
volumes at 180 °C to 0.212+0.006 at the melting
point at atmospheric pressure. This change is not
outside the error bars.

Solid solubility data for Zn in Pb were reported
previously’ at atmospheric pressure. Relative
solid solubility data are shown in Fig. 5 for three
isobars as a function of recfprocal temperature.
These data were fitted by least-squares methods
to Eq. (6) to yield the enthalpy of solution, AH(0)
=10.62 kcal/mole and the volume of solution, V,
~V2,=3.1£0.3 cm®/mole = (0.169+0.005)V,. The
lines in Fig. 5 show the least-squares fit.

The eutectic temperature probably increases
with pressure although it is not clear how to de-
tect this temperature from diffusion measure-
ments. If the eutectic composition is not altered
by pressure then the difference between the eutec-
tic and the melting temperature versus pressure
will remain nearly constant and the eutectic will
be at the point E in Fig. 5 on the 21.4-kbar line.
This would indicate a strong increase of the satu-
ration solubility at the eutectic with pressure. We
did not make diffusion measurements nearer the
melting temperature because of the short times
required to avoid surface reaction of the Zn.”
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FIG. 4. Arrhenius plots of the diffusion of Zn in Pb
along selected isobars with the pressure of each isobar
given in kbar. The lines are a least-squares fit to Eq.

4).

DISCUSSION AND CONCLUSIONS

The diffusion of Zn in Pb has not been measured
before. There are no measurements of the isotope
effect or linear enhancement effects on this diffu-
sion and little else is known about Zn impurities
in Pb. Since these results cannot be correlated
with other measured properties of Zn in Pb, we
will compare the Zn diffusion results with those
of other defects in lead. We have recently pub-
lished a paper® in which the pressure effects on
diffusion of eight different impurities in Pb were
simultaneously collated into a defect theory as-

TABLE 1. Diffusion parameters for zinc in lead at
atmospheric pressure and 600 K.

Dylcm?/sec) 0.0165+0.0026
A H(kcal/mole) 11.42+0.16
AV/V, 0,212 +0.006
3(AV/V()/8P (107 kbar™!) 1.20+0.24
3(AV/V)/8T(1074/K) —0.86+0.28
AC,/R —0.63+0.24
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FIG. 5. Saturation solubility vs reciprocal tempera-
ture along selected isobars. The eutectic at atmospheric
pressure is indicated and also the expected eutectic (E)
at 21.4 kbars. The lines are from a least-squares fit
to Eq. (6).

suming an equilibrium distribution of substitu-
tional, interstitial, and bound interstitial-vacan-
cy (i-v)pair defect states. The assumptions of the
theory were rather severe, but the conclusions
may serve as a guide to further analysis of defect
states and diffusivities in lead. The results for

Zn diffusion in Pb indicate that 80% of the observed
diffusivity at 600 K results from motion of free

Zn interstitial atoms, albeit only 10% of the Zn
impurities are in interstitial sites. The remainder
of this diffusion comes from the motion of Zn
atoms in interstitial positions bound to a lattice
vacancy; about 45% of the Zn atoms are in this
type of defect state at 600 K, with the remaining
45% of the Zn atoms being substitutional in the Pb.
Certain energy terms were also predicted such

as 0.09 eV for the energy toform an (7 -v) pair from

a substitutional Zn atom and 0.51-eV.binding ener-
gy of an interstitial and a vacancy. This analysis
also indicates that when an atom changes from a
substitutional to an interstitial site the crystal
volume increases by AV, =V, -V, =(0.110
+£0.005)V, and AV, =V, -V =(0.57+0.03)V,,
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where V,is the formation volume of an (¢ -v) pair.
Combining these results with the volume of solu-
tion reported here, V ,,=qV;+pV,+sV -V,
=(0.169+0.005)V, yields V= (0.40+0.04)V,, which
predicts a larger Pb relaxation into a substitu-
tional site containing a Zn atom than for an empty
substitutional site (vacancy). This might mean an
effective attraction between Zn and Pb atoms and
could be the cause of the formation of (i-v) pairs.
Such a pair could be formed simply by the ten-
dency for the Zn to move away from the substitu-
tional site toward a neighboring Pb atom if such
an attractive interaction exists. From the sym-
metry of the fcc crystal one would expect the (7 -v)
pair to form a defect with a [100] oriented tetra-
gonal strain in the lattice and should show an an-
elastic relaxation peak.

At present the various theoretical models have
too many variables to relate them directly to the
limited information on the diffusion of Zn in Pb;
however, there are some interesting observations
that one can make relative to the experimentally
measured activation volume. If we plot the acti-
vation volume versus the doubly ionized atomic
radius for each impurity in Pb, we find a strong
correlation (Fig. 6). This is especially surprising
since little correlation is evident if the absissa is
chosen as 7*,7>, or the covalent radius, etc. We
do not know what this dependence means because
the atomic radius is not a well-defined physical
quantity. Does this indicate that these defects have
an effective valence of 2 in Pb? As is shown in
Fig. 6 the point for Pb self-diffusion does not lie
on the line formed by the impurities diffusing
in Pb. Perhaps all these other elements diffuse by

0.8 T T T T
Pb ¢
0.6 -
Hg
av/ v,
o4} ¢ 4

Ag
Zn

o2} 49
Cu
Ni
Pd /
| ! | I
%3 0.6 0.8 K] 1.2 T4

1)

FIG. 6. Graph of the activation volume versus the
doubly-ionized atomic radius (from Ref. 42).
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FIG. 7. LoglDytn/mpy)!’/? vs activation energy for
several elements diffusing in Pb.

the same basic mechanism but one which is differ-
ent from that of lead self-diffusion.

Zener*! derives an expression for D, for chemi-
cal diffusion which is particularly simple for sev-
eral elements all diffusing in the same host. He
gives

Do._:.),azve).(BAH/kTm), (7
where Y =1 for a fcc lattice, a is the lattice param-
eter, v is the vibrational frequency which we will
take as Vo(m/mpb)l/z, where m is the atomic mass
and v refers to the vibrational frequency of a Pb
atom. AH is the activation energy, T, the melting
temperature, A is a numerical coefficient less than
one, but of the order of unity, and g = —d(u/i,)/
d(T/T,,) where u refers to an appropriate elastic
modulus. Zener estimated g =0.5 for Pb. We re-
write (7) as follows:

InD o(m /mp,) 2= 1na?v,+ (A3 /kT,,)AH. (8)

So we should find a linear relation between

InDy(m /mp,)/? and AH. The results for all defects
diffusing in Pb are shown in Fig. 7. The least-
squares linear fit gives Ap =0.47 from the slope
and v,=5 X 10'° sec™ from the intercept. Not only
do we observe a linear relation, but the param-
eters are reasonably close to one’s physical ex-
pectations although v, appears to be rather small.
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