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Diffusion of copper in lead: Solubility and isotope effect*
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The solubility of copper in lead has been measured by a diffusion technique and found to be
~4 g 10 ' wt% at 321.3'C, which is an order of magnitude lower than the accepted value. This low

solubility may be responsible for the scatter of the data on the diffusion of copper in lead. The isotope

effect for the diffusion of copper in lead has been measured by the half-life separation technique. The
result, 0.23+ 0.08, is close to the value for the diffusion of silver in lead and much less than the

value expected for a simple interstitial.

I. INTRODUCTION

The diffusion of noble metals in lead has been
studied longer and more frequently than impurity
diffusion in any other host metal. ' These studies
have shown that copper, silver, and gold diffuse
much more rapidly in lead than is common for im-
purity diffusion in most host metals. The charac-
teristics of this type of fast impurity diffusion are:
the activation energy Ql and preexponential factor
(Do)z for impurity diffusion are significantly lower
than the activation energy Q„and preexponential
factor (Do)„ for self-diffusion in the host lattice;
the activation volume for impurity diffusion 4'
is less than one-half the atomic volume of the host
lattice V. Values of these characteristics for the
noble metals diffusing in lead are given in Table I.

The characteristics shown in Table I have led to
the interpretation that noble metals diffuse and dis-
solve interstitially in lead, and, finally, to the
proposal that diffusion occurs by means of the dis-
sociative mechanism. '3 This mechanism involves
an equilibrium between substitutional solute atoms
(concentration C,) and interstitial solute atoms
(concentration C&). If D, and D, are .the respective
coefficients of the interstitial and substitutional
atoms, then the solute diffusivity is given by

C, C,

and it is thought that D, » D, . The large differ-
ences in the diffusion coefficients of the various
noble metals in lead have been explained ' in
terms of the large differences in their C,/C,
ratios. The particularly low values of Q,/Q„and
&V&/V found for the copper/lead system have been
interpreted ~ as showing that copper dissolves and
diffused largely on interstitial sites. The larger
values of Qz/Q„and 4V,/V found for the gold/lead
and silver /lead systems then suggest an increasing
amount of diffusion by means of the substitutional
mechanism.

The presence of two mechanisms of diffusion
could lead to curvature in the Arrhenius plots and

also the lnD versus pressure plots. Evidence on
this point is conflicting. The Arrhenius plots for
both the gold/leads 8 and silver/lead systems show

no curvature. The lnD versus pressure plots show
no measurable curvature for either the silver/lead
or gold/lead systems, according to Weyland ef af. "
However, measurements of the effect of pressure
on diffusion in the gold/lead and copper/le xd sys-
tems by Ascoli et a). ' ' have shown evidence of
two mechanisms in both systems. The latter re-
sults suggests that the previous interpretation '
that C,/(C, + C,) was close to unity for Cu in Pb is
not valid.

Recent studies of precipitation' and diffusion'
in the gold/lead system have suggested that although
a dissociative mechanism may be a good description
of the diffusive process, neither of the defects in-
volved in this mechanism is a simple interstitial.
The particular model that best explains the precip-
itation and diffusion studies is a split interstitial
model. Studies of internal friction' and super-
conductivity of dilute gold/lead alloys have also
suggested a split interstitial model, (In the super-
conductivity work, the term di-interstitiat. was
used since it indicates that no solvent atom is
involved in the defect. ) Thus the details of
the atomic mechanism of diffusion of noble met-
als in lead are still not clear. Vfe have chosen
to measure the isotope effect in diffusion because
of the value such measurements have provided in
the determination of diffusion mechanisms.

The relationship between the isotope effect and
the diffusion mechanism comes in through the cor-
relation factor, via the equation '

-1=f~Z ' -1

Here D, ppg and D~, re~ are the diffusion coeffi-
cients and masses of the isotopes a and P, f is the
correlation factor, and ~K is the so-called kinetic-
energy factor. ' %hen the diffusion process is
the result of more than one mechanism, Eq. (2)
becomes
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Impurity Host Qf/QH Ref. &Vf/V Ref.(Dp)g/(Dp)H

8 x10
9x10 ~

Gx10 ~

Cu
Au

Ag

.Pli 0, 31 913 0 04 12
Pb 0.39 8, 13 0.28 ll
Pb U. 56 9, 13 0.34 ll

TABLE I. Diffusion parameters for noble-metal dif-
fusion in lead.

at the Cu/Pb interface. (The problem of oxidation
of the radioisotope has been discussed by Hales. ')
Also, Gaussian profiles are not found when the thin
layer of radiotracer has insufficient time to dissolve
during the course of the anneal owing to the low
solubility of the tracer in the host metal.

When the time required for the thin layer to dis-
solve, 7, is less than the anneal time, t, the con-
centration follows the equation

where the subscript z refers to the zth mechanism,
and p& is the fraction of the diffusion occurring by
that ith mechanism. The term bye, is a generalized
mass term, which is a function of the masses of
all atoms involved in the jump process. This equa-
tion has been used to analyze the unexpectedly low
value of the isotope measured for the diffusion of
silver in lead. 4 The analysis showed that (a) the
substitutional component of the diffusion process
was not large, and (b) the interstitial component
could not be explained in terms of a simple inter-
stitial mechanism. The term simple interstitial
mechanism as used here means a single interstitial
diffusing by random motion through the lattice with
a value of 4E close to unity.

The present measurements of the isotope effect
for the diffusion of copper in lead were made as a
check of the low isotope effect found for the Ag/Pb
system and as an attempt to obtain further infor-
mation on the nature of the defect responsible for
fast impurity diffusion.

The experimental measurements are difficult
because the low solubility of copper in lead can
cause the time required for the dissolution of the
copper isotope layer to be comparable with the
anneal time. The analyses of this problem ' in-
dicated that special care had to be used in the ex-
periment to ensure that the low solubility mould not
affect the diffusiop measurement.

The method most frequently used for the accurate
determination of diffusion coefficients is the deposi-
tion of a thin layer of radiotracer onto one end of
a sample followed by annealing, sectioning, and
counting of the sections. The method usually re-
sults in a Gaussian depth dependence of the concen-
tration, i.e. ,

c(», t) = [tVt/(vDt)' ] & (4)

Here c(») is the concentration of tracer as a func-
tion of the depth g, M is the amount of copper de-
posited on the surface of the sample, D is the dif-
fusion coefficient, and t is the annealing time. Ac-
curate measurements of the diffusion coefficients
and mass effects are possible only when the experi-
mentally obtained concentration profiles are Gauss-
ian. Dyson et a/. noted that Gaussian profiles do
not result when oxidation of the lead surface occurs

where co is the solubility of copper in lead.
This profile diverges from a Gaussian (Fig. l)

until the anneal time becomes four or five times
greater than the dissolution time. The curves then
approach a Gaussian, but with an incorrect value
of D. Figure 1 also shows that if the penetration
is not followed more than one order of magnitude
in the specific activity, the deviation of the points
from a straight line will be extremely difficult to
observe. This is particularly true in the copper/
lead system where the strong absorption of the
copper activity by lead can cause significant scatter
due to shifting of the sections in the counting
bottles. The scatter could mask curvature in a
penetration plot, leading to an erroneous value of
D. This effect could be responsible for some of
the scatter in the data on the diffusion of Cu in Pb,
because the values of 7/t are large. The value of
7. is 1.arge because Co is small '; the value of g

O

0

FIG. 1. Penetration profiles as a function of the ratio
of 7/t (the time for the solute to dissolve/the diffusion
anneal time).
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cannot be increased to compensate for this because
of the limitations of a practical sample size com-
bined with the large value of D. The problem of
solubility is thus closely connected to the measure-
ment of the isotope effect.

II. EXPERIMENTAL METHODS

A. Materials

Single crystals of lead were grown in quartz tubes
from the melt of 99.9999/0-pure lead obtained from
Cominco American, Inc. The cylindrical crystals
were 1 in. in diameter and were spark cut normal
to the cylindrical axis to provide samples —,

' in.
thick. The radiotracer used for the preliminary
studies of oxidation and solubility was Cu obtained
from irradiation of pure copper (99.9999/0) foil in
the Argonne CP-5 reactor. For the measurement
of the isotope effect in diffusion, the isotopes Cu
and Cu of much higher specific activity were ob-
tained from Oak Ridge National Laboratory. They
were made by fast-neutron irradiation of ZnO en-
riched in Zn and Zn, respectively, and subse-
quently chemically separated, but were not carrier
free because of the copper impurity present in the
ZnO starting material. The specific activity of
both isotopes at the time of the diffusion anneal was
on the order of 500 Ci/(g Cu).

B, Isotope deposition and diffusion annealing-avoidance of
oxidation

The high count rates required for measurements
of the isotope effect in diffusion together with the
low solubility of copper in lead demanded a reliable
and reproducible technique for the deposition of
the radiotracer. The chemideposition and elec-
troplating techniques, when conducted in a normal
laboratory atmosphere, ' ' were found to be ir-
reproducibl. The problem was solved by working
in a, dry box with a flowing argon atmosphere ( & 50

ppm HzO). The lead surface was cleaned by taking
a thin slice with a microtome. The chemideposition
of the copper radiotracer was started immediately

by placing a small volume (-0.4 ml) of the copper
salt dissolved in water on the end of the 1-in. -diam

samples. The fraction of the isotope that plated
out as a function of time and under the prescribed
conditions was reproducible, as can be seen from
Fig. 2. For the isotope-effect measurement, the
radiotracers ~7Cu and ~~Cu were chemideposited
onto a clean lead surface as described above. The
activity of 6 Cu was approximately six times greater
than that of the 'Cu at the time of the diffusion
anneal.

After chemideposition the samples were placed
in a small gas-tight aluminum capsule and trans-
ferred outside the dry box for anneal in a molten
salt bath. The bath was controlled to +0.1 'C, and
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FIG. 2. Plot of efficiency of chemideposition as a
function of time.

the temperature of the sample was followed con-
tinuously with a co»per -constantan thermocouple.
The capsule was quenched in water at the end of the
anneal. The combination of a small aluminum

capsule and a molten salt bath was used to allow

fast heat up and quench times and in this manner
define as closely as possible the short anneal times
that the high diffusion rates make necessary. The
error of 2-3/o in our anneal time was the largest
error in our measurement of D. Test anneals of
the samples prepared in the manner described
above showed that the effects of oxidation were
minimized. A test diffusion anneal was also made

to obtain a value of the solubility at a temperature
of 323'C. The Cu had a specific activity of 6

pCi/pg at the time of the diffusion anneal, and 30

p, g of copper was deposited as a thin layer on an

area of 4 cm . The sample was annealed for 15
min at 321 'C and then quenched and sectioned.

C. Sectioning and counting

After the anneal, the samples were quenched and

their diameters reduced by machining to eliminate
the effects of surface diffusion. The samples were
aligned in a microtome so that cuts were taken
parallel to the original microtomed surface. Each
section (-250 p, m) was comprised of many slices
(- 50), which was pla, ced in a, tared counting vial.
These sections were then dissolved, after weighing,
in equal volumes of an acetic acid-hydrogen perox-
ide (2: l by volume) solution.

The concentration of radioactive copper was de-
termined in each section using a Nal(Tl) counting

apparatus. The depth dependence of the concen-
tration was calculated from the measured diameter
of the samples, weights of the sections, and the
density of lead. The measured count rates of 6 Cu
were dependent on the quantity of lead present in
the counting vials. This dependency made the ratio
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of Cu/ Cu quite sensitive to the lead content, as
can be seen from the scattered results of a pre-
liminary experiment in Fig. 3. For this reason,
the lead was removed by the addition of a saturated
solution of sodium sulfate and centrifuging to re-
move the precipitate.

The counting procedures used to differentiate be-
tween the Cu and Cu isotopes in each section
followed closely those used by Rothman and Peter-
son. ~ Each section was counted at least ten times
over a 3-day interval each time to 106 counts. The
ratios of ~~Cu/ 4Cu were determined by fitting the
counting data to the time t elapsed since an arbi-
trary time zero
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Penetration profile for Cu diffusing in lead

A = C64 e""~~'+Ce~
e""67' (6)

where C~ and C~ are the specific activities of 4Cu

and 6~Cu at time aero, and ~ and g~ are their de-
cay constants. The count rates were corrected for
counter background and dead time. The procedure
for removal of the lead by precipitation proved un-
usually time consuming; therefore, the procedure
of diluting all high count-rate sections to an initial
count of 6x10' counts/min was not followed in this
work.

HI. EXPERHNKNTAI. RESULTS

A. Sojubihty

The concentration profile obtained in this experi-
ment is shown in Fig. 4. The initial dip in the con-
centration profile is attributed to out diffusion of
copper during the quench. 39 Extrapolation of the
curve back to the ordinate allows one to estimate
the solubility of copper in lead as -4x10 4 wt%
copper at 321 C. Similar analysis of penetration
profiles in Candland's thesis30 yields values of
2.8x10~ wt% (286'C) and 2.6x10 4wt% (271 C).

B. Isotope effect

The concentration profiles obtained for the iso-
tope-effect experiments are shown in Fig. 5. The
lower line was obtained for a sample annealed at
318.8'C and with the 6 Cu and Cu isotopes mixed
prior to deposition. The upper line was obtained
for a sample annealed at 321.6 'C and with the iso-
topes deposited on separate areas of the lead sur-
face that were separated by a distance greater than
3(Dt)' . The separate isotopic deposition experi-
ment was an attempt to investigate the possibility
of two-atom diffusion mechanisms. The concen-
tration dependence of the total activity of 6'Cu and

Cu is shown in Fig. 5 and is Gaussian over a drop
of four orders of magnitude in activity. The dif-
fusion coeQicients obtained from these profiles are
(8.14 ~0.80) x10~ cm~ sec ' (318.8 C) and (8.69
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FIG. 3. Diffusion of ~Cu and Cu in lead at 227. 9'C.
Each division on the ordinate is 0.01 and each division
on the abscissa is l.0.

FIG. 5. Penetration profiles for Cu+ Cu diffusing
in lead. Upper line is for anneal at 321.6 'C, and lower
line is for anneal at 318.8 C.
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+0.20)x10' em~sec ' (321.6'C). Use of Eq. (6)
allowed concentration profiles of the individual iso-
topes to be obtained. The analysis of these profiles
showed that a certain amount of hold up of the Cu
isotope had occurred in the 321.6 'C sample. Al-
though the small change in the measured diffusion
coefficient as a result of the hold up was within the
experimental error, it was sufficient to completely
nullify the effect of mass on the diffusion coeffi-
cient.

The value of the isotope effect [Eg. (2)j for the
318.8 'C anneal was obtained using the equation '

ln(C67 /C64) = const —lnC67(D87 /D64 1).
A plot of ln(C67/C64) vs lnC~~ is shown in Fig. 6

for three values of the counter dead time, 7.„.
Evidently the value of 1n(C8~ /C, 4) is sensitive to
the value of ~„used in the calculation for count
rates above 8x105 counts/min. This sensitivity
is the reason for diluting hot sections to count rates
of about 5x10' counts/min, a step that was omitted
in this experiment as mentioned in Sec. IIC. At
high count rates, the dead time was found to be
count-rate dependent. A count-rate-dependent dead
time measured by the two-source method also gave
a curvature above 8x10 counts/min. We have
therefore used only the points below this activity
and obtained 1 —D~, /D« =0.0053 +0.0015, which is
equivalent to an isotope effect of 0.23~0.08. The
preliminary experiment (Fig. 3) also shows an
isotope effect of less than 0.5.

IV. DISCUSSION

Two important points can be seen from the ex-
perimental measurements. The solubility of cop-
per in lead is considerably lower than previously
reported, '~ and the isotope effect for the diffusion
of copper in lead is small. The solubility of copper
in lead has frequently been quoted as 7x10 '
wt/p. ' ' This would appear to be the figure
quoted by Hansen. The original reference sug-
gests the solubility is considerably lower than this
value. Our value, -4x10 wt%, is about a factor
of 20 lower than the previously accepted value.

The low solubility of copper in lead has a number
of consequences. The low solubility could account;
for the discrepancy between the activation energy
for the diffusion of Cu in Pb determined by Candland
et al. '3 (5.6+0. 5 kcal/mole) and Dyson et at.
(8.0+0.4 kcal/mole). Solubility is a more serious
problem for the former than for the latter because
the areas of the samples used by Candland et al.
were much smaller. The curved penetration pro-
files observed in Candland's initial studies could
have been la, ;.gely the result of low solubility and
not entirely due to surface oxidation of the lead.
The values of the diffusion coefficient measured at
ambient pressure for samples annealed with and

7= 6,I p. s

C3 7=6.0(a s
Cl

C3

7= 5.9)u, s

I IG. 6. Diffusion of 6~Cu and Cu in lead at, 318.8'C.
Each division on the ordinate is 0.Ol„and each division
on the abscissa is l.0.

without steps to prevent oxidation, which also
helped to eliminate the solubility problem, are
given in Candland's thesis. A least-squares
analysis of all diffusion coefficients measured at
ambient pressure yields an activation energy of
5. 8+0. 7 kcal/mole. The fit of only those values
obtained with their improved techniques yields an
Arrhenius equation

2 6 ~ 10 3 ( voo+Oes) l RT

The value of D calculated from Eg. (8) for 318.8 'C
is 15/g lower than our measured value. The value
of D calculated from the Arrhenius equation deter-
mined by Dyson et al. agrees with the present
work within experimental error. The lower values
of D measured by Candland et al. ' could be ac-
counted for by the low solubility of copper in lead.

The above analysis indicates that the inclusion of
data affected by solubility problems changes the
values of D, by a factor of 3 and of Q by 25/&. These
changes would indicate that the abrupt change in
values of D, and Q with increasing pressure found

by Ascoli et al. ' may have arisen from solubility
problems. The thickness of their copper deposits
was some hundreds of atomic layers. Such thick-
nesses of copper would require tens of hours to
dissolve even at the melting temperature. The
penetration profiles shown in the work of Ascoli
et al. are not followed for more than a one order
of magnitude drop in activity so it is difficult to
ascertain whether the profiles show curvature.

The other transport study of copper in lead is the
thermomigration work of Sullivan et al. In this
work the samples were quenched in liquid nitrogen
between the anneal and analysis. During the quench
to liquid-nitrogen temperature, the low solubility
would cause the copper to redistribute as much as
possible to outside surfaces. It-is impossible to
determine the effect of low solubility on the mea-
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sured value of Q .
The measured low value of fd E is close to the

values of fAK found for the diffusion of silver in
lead. Since the mechanism of the diffusion of
copper is thought to be the same as that of silver
in lead, our value of the isotope effect for the dif-
fusion of copper in lead supports the result of
Miller et al. ~4 for silver in lead, 0.25, as opposed
to the value of l.0 obtained by Herzig et al. 3

V. CONCLUSIONS

(1) The solid solubility of copper in lead near
the melting point is about 4xl0 4 wt/0, an order of
magnitude lower than the previously accepted value.

Such a low solubility can cause serious difficulties
in the measurement of the impurity diffusion coef-
ficient.

(2) The isotope effect for the diffusion of copper
in lead is approximately 0.25 and is much lower
than the value expected for a simple interstitial
mechanism.
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