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ABSTRACT

The diffusivities, D, of copper and silver in high purity lead have

been measured by a radioactive tracer technique. They are described by:

= 7 -3 - 8,020 2 -1 - -2 - 14,440
DCu/Pb = 7.9x 10 “e “RT — Cm sec ’DAg/Pb = 4,6x10 "e —RT

cm2 sec-1 . These results, in combination with those of Seith and Keil and
Ascoli et al., show that the rates of diffusion of the noble inetals in lead are
several orders of magnitude greater than the self diffusion rate of lead,

D We have found that D is rot measurably affected by the dissolution

Pt ° Pb

of either gold, in agreement with Seith and Keil, or of copper. The results
indicate that neither the vacancy, interstitialcy nor exchange mechanisms
are predominant in the diffusion of these solutes. It is concluded that the

noble metals are dissolved in lead at least partially in the interstitial state

and that they diffuse almost wholly by an interstitial mechanism.
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INTERSTITIAL DIFFUSION OF COPPER AND SILVER IN LEAD

hy
B. F. Dyson, T, Anthony and D, Turnbull

Division of Engineering and Applied Physics,
Harvard University, Cambridge, Massachusetts

INTRODUCTION*
Seith and Keil[ 1] measured the diffusion of gold and silver in lead
using dilute and non-radioactive alloy couples. Their results are described

by the equations:

- -1 - 14,700 2 -1
DAu/Pb = 1.03x 10 e —RT— M sec
and
- -2 - 15,200 2 -1
DAg/Pb = 7.45 X 10 e T cm secC .

Later, Ascoli et al. [ 2,3] measured the diffusion of radioactive gold in lead.
Their results are in substantial agreement with those of Seith and Keil at
high temperatures but were found to be best described over the wider temper-

ature range by the equation:

- 1 '3 - 9,350 2 "1
Dyu/pp = 4:1x 10 "e —pg— cm” sec ©.

The disagreement between the studies at low temperatures is probahly due to
uncertainties in the Seith and Keil work resulting from the low solubility of

gold in lead.

*This work was presentzd at the American Physical Society Meeting,
Chicago, Illinois i.. October 1965,
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A striking feature of these results is their indication that the diffusion
rate of these impurities in lead i8 many orders of magnitude greate: than the

! self diffusion rate of the pure solvent metal which is described by: [4]

_ ) -1 - 24,800 2 -1
DPb/Pb = 4,6x 10 e —RT °m sec

The findings of Ascoli et al., that the diffusion rates of gc'd in single and in
polycrystalline lead samples are equal, indicates that the results were not
appreciably affected by grain boundary short circuiting.

Seith and Keil recognized that the self-diffusion rate of lead should be
strongly enhanced by smalladditicns of gcld or silver if these impurities
diffused by an interchange mechanism. In particular, they calculated that
with the addition of 0.03 atom % gold, the se!f-diffusion rate of lead should
be increased by a factor of 116 at 200°C and by a factor of 40 at 243°C,
Actually they found no measurable effect cf gold additions on the rate of self-
diffusion of lead. The negative results of these experiments seems to rule
out not only the interchange mechanism but alsc the vacancy and interstitialcy
mechanisms for the predominant mechanism 2f diffusion of gold in lead. This
leaves the interstitial mechkanism as the most likely one ard this was the con-
clusion of Seith and Keil.

Predominantly interstitial sclutions of one metal in another are unusual
and there is rather little information on their properties. Thereforz, we de-
cided to investigate further the diffusion behavior of the noble metals in lead.
This paper reports new results on the rate of d.ffusion of copper in lead and

on the effect of dissolved copper on the rate of self-diffusion of lead. Also we
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repcrt additional meas:irements to check the results of Seith and Keil on the
diffusion of silver in lead and on the =ffect of dissclved gol¢ on the self-diffusion
of lead.
EXPERIMENTAL PROCEDURE

(a) Ccpper

Single and polycrystalline specimens in cylindrical form (3/4" di-
.meter and 6" long) were prepared Zrom zcne refined lead {(Cominco 69). The
cylinders were secticned intc 3/4" leng*h: using a Servomet spark machine
with 2 tantalum wire cctter. Becaus= 5f tke high grain beundary mobility in
lead of this purity, the pnclycrystalline specimens containec only two or three
grains per section. After secticning, eack specimen was etched in dilute
nitric acid and then cne face was planed “’at vsing a horizontal microtome.
The sections were then sea’ed in an evacuated capsnle and annezled at ap-
proximately 325°C for four hours and furnace cooled.

Radicactive ccpper 64 (Spezific Activity ! Curie/gm.) was chemi-
deposited onte the miczatemec zarface, We found that cnless special care
was taken in this rrcecess a major rert of the d=posited is2tope was ‘'trapped,"
presumabls by an oxide iiir, at the surface and did not erter the specimen
dur:ng the diffusicn arneal, This phenomencn is discussed more fully in the
Appendix, However, the formation o 2xide was minimized, so that all the
deposited isotope diffused irtc the speiimen, with the fellcwing procedure which
was used in all the experimerts repcrtel here, The specime:. was cleaned in
acetone, etched slightly in &!:te nitric acid and quickly transferrcd to an ad-

jacent acldified radic-copper acetate =slution, After 1-2 mninutes, the specimen
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was removed from this solution and quickly rinsed in alcohol and then acetone,
and blotted dry. The specimen was then transferred to a stainless steel
capsule which was evacuated to 10'5 torr and partially back filled with high
purity neon or helium, The sealed capsile was then placed in a preheated
furnace containing a large hollow cylindrical copper insert having an ..side
diameter equal to the outside diameter of the capsule. A chromel-alumel
thermocouple was inserted into a hole in the capsule and the furnace closed
at each end with insulating brick which was butted against the copper insert,
The heating curve was recorded in order to obtain a corrected diffusion time
since the annealing times were only from 1 - 3 hovrs. The furnace tempera-
ture was stabilized to + 1/2°¢ by means of a thermocouple located on the
furnace windings anc connected to a West J. P. controller. The measuring
thermocouple was checked against a standardized Pt - Pt/Rh couple. After
the approrriate annealing time the capsule was quenched into water and the
sample redv~=2d to a diameter of 0,35" on a lathe. It wasthen transferred
to the micrstome and the active face ieveled with the plane of motion of the
blade by means of a mecharical dial indicator which cculd be readto 1 W,
Since the indicator ball would damage the lead surface, an optically ground
glass disc was placed on top of the rpecimen. The microtome was set to cut
10 u slices which were collected into groups of 10 for weighing and counting,
The weighings were made cn a Mettler semi-micro balance and counted with
a thin end-window flow Geiger countsr with standardized gecmetry. The actual
slice thickness was calculated from the mass of each group of slices and
the known density of 11,35 gm/cc. A tota' of 50 data points were obtained
for each specimen which corresponded to a total penetration of approximately

5,000 u .
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(b) Silver

Rectangular single crystals of lead (8" x 1/2" x 1/4") were grown
from Cominco 69 stock., These were cut on the spark machine into
1/2" x 1/2" x 1/4" samples., The preparation of the sampies up to the depo-
sition of the silver was essentially a5 described for the copper, Radioactive
silver 110 (specific activities of 50 Mc/gm and 1 C/gm were used) was
either electroplated from a cyanide solution or chemi-deposited from an
acidified nitrate solution. The annecaling was performed eitker in air or in
evacuated stainless steri capsules. The annealing time (t; was such as to

e (where D is the approximate diffusion coefficient) value of

give a (Dt)
approximately 200 4 and a total of 25 data points were obtained per speci-
men. The activity was meastured with a well type single channel gamma

spectrometer,

RESULTS

The solute concentration for both silver and copper was founa to ohey
a gaussian distribution* and so the cifiusion coefficients were determined
from the slcope of a plot of logarichm of concentration vs. the square of the
penetration, Figures 1 and 2 show the logarithm of the diffusivities of copper
and silver plotted against the reciprccal of the absolute temperature. Note
that the copper diffusivities obtained with polycrystalline saimples are in ac-

cord with those found with single crystals. The diffusivities obey an Arrh:.uus

*See Appendix
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type relationship and so activation enrrgies (Q) and pre-exponential factors
(Do) were calculated by the method of least squares. The resulis are shown
in Table I. The values of Do and G for silver are essentially in agreement
with those of Seith. [1]

The diffusivities of the nnble metals in lead and that of the lead self
diffusivity are compared in r'ig, 3. The curves for gold and lead are drawn
from the data of .ascoli [ 3] (Atu) and Hudson and Hoffman [4] (Pb) . At
the melting poin’ of lead, DCu/DPb . 2x 10% and DAu/DPb = 4x 10°
This means that if copper and gold are ditfusing by a vacancy mechanism,
the tracer diffusivity of lead should be greatly enhanced by addition of even

small amounts of either of these solutes to the lead, particulaxry copper.

The enhancement can be shown to be given by: [5]

D, /Dp, = 1+ BX D /Dp =~ ---meeeen-e- (1)
pr = lead diffusivity in the alloy.
X’3 = mole fraction of solute in alloy.
Ds = solute diffusion coefficient.
D?’b = lead self d:ffusion coefficient in pure lead.
B = number of vacancy - solvent exchanges that occurin

the region around a solute atom while the latter is

completing a diffusive step.

The lower limiting value of B should be unity while the upper limiting

value may be of the order of the coordination number.
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To determine whether such an enhancement occurred. Pb - 0,02 at. %
Cu and Pb - 0,02 at, 7- Au single crystals were prepared. Small alloy

contents had to be used because of the rzstricted solid solubility in these systems

( ~0.024 at. % Copper at 326°C and 0.0¢2 at. % gold at 200°C). Radioactive

szw was electroplated onto the the suriace of the alloys which were then

annealed for approximately 15 days at 223°C., The specimens were then

sectioned with the microtome into 5 4 slices. The Bi L B ray w.s counted

arter waiting 30 days for secular equilibrium to occur between Pb“o and

.210
i

B The results are shown in Table II together with the theoretical values

of D, /D calculated with B = 1 .which therefore make them minimum

o
Pb' " Pb
values., The value for D%b was calculated from Hudson and Hoffman's results.
Since the solubility of copper in lead is not accurately known, the theoretical

value of D_, /D was calculated using the minimum value of 0,005 at. %

o
Pb’ “Pb
copper found in our diffusion experiments, The self diffusion of lead is seen to
be unaffected by alloying which is contrary to the large effects predicted on the

assumption of a vacancy mechanism.

DISCUSSION

Our findings and the earlier ones of Seith and Keil that the self-diffusion
coefficient of lead is unaffected bv dissolution of the noble metale (Cu, Ag and
Au) indicate that neither the vacancy, interchange nor interstitialcy mechanisms
can be predominant in the diffusion of noble metals in lead, This leaves the
possibilities that the diffusion is effected either by an interstitial mechanism

or by grain boyndary or dislocation short circuiting.
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The absence of measurable grain size effects on diffusion in th¢ ex-
periments of Ascoli et al. [2, 3 ] (Au— Pb) and in our experiments (Cu = Pb)
apparently rul=s our appreciable grain boundary short-~circuiting, Also it
seems unlikely that dislocation short-circuiting plays a major role in the dif-
fasion., The reasons are: (!} the logarithm of the isotope concentration,
following a diffusion anneal,decreases as the square of the penetration depth;
(2) at large penetrations the amounts of diffused solute were many orders of
magnitude more than required to completely coat the dislocation lines with
solute. For example, at a penetration of 3(Dt)l/2 tine number of diffused
copper atoms ina 1 cmz section one atom high was estimated to be greater
than 109 which is to be compared with the 106 or so dis.ocation cores expected
in the same well annealed sectior, Similar conclusions can be drawn from the
experiments of Seith and Keil.

Therefore we conclude that the interstitial mechanism is probably the
predominant one for the diffusion of the noble metals in lead. The formal de-
scription of the diffusive process should then be the same as that which was
developed for the diffusion of copper in germanium: [ 6 ] thus:

Ci

D = D Eweg;, = DX
S 1

the observed diffusion coefficient

where

the diffusior coefficient of the solute when in tane

interstirial state

the concentration of solute in the interstitial state

Q
i

i

C
s

the concentration of solute in the substitutional state,
and where the contribution of the vacancy mechanism to the diffusion has been

neglected.
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Note that the observed diffusion coefficient is the product of two
factors: the diffusion coefficient of the interstitial atom and the fraction, Xi 5
of the solute atoms in the interstitial state. In most metallic solutions Xi is

presumed to be ncglible, perhaps Xi < 10'10 . By contrast the fraction of

noble metal atoms in interstitial positions in lead should be of the order of 10'4
at least, and possibly near unity for copper, to account for the diffusion results.
It is surprising that the proportion of metal atoms in interstitial po-
sitions is so large 1a these alloys. Comparing these systems with the system
copper in germanium it might seem that the tendency of the nobl: metals to
dissolve interstitially is directly connected with the grouping o‘ the solvent in
the periodic table. However, the interstitial behavior of copper in germanium

presumably is favored by the relatively open germanium structure. On the

other hand, the sizes of the interstitial positions in face-centered cubic lead,

o
caluclated fromn the atomic radius (1.75A) of lead, are much to small to ac-
o o
commodate noble metal atoms (atomic radii, Cu: 1.25A, Ag: 1.4A Au:

o
1.4A) if the atoms must pack as hard spheres. However, it may be possible

to account for the tendency toward interstitial formation in these systems if

the packing is limited by ion rather then by atom size, . For example, the radii
o
of octahedral holes bounded by the ion cores of lead would be 1.28A and
o
1,62A for doubly and quadruply ionized lead, respectively.
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o o
The corresponding numbers for tetrahedral holes are 9.94A and 1,29A.

Thersfore, it appears that noble metal atoms cnuld be placed at least in
octahedral holes with little or no distortion.
These ideas will be further developed and applied to the interpreta-

tion of the diffusion behavior of the noble metals in lead in a later paper.
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APPENDIX

In some of our early experiments the specimens exhibited non-gaussian
penetration behavior after the diffusion anneal. The characteristics of this
were an initial rapid decrease in isotope ccr:entration with distance followed
by apparent gaussian behavior (See Fig. 4). The magnitude of the initial
fall-off increased with decreasing annealing temperature, Diffusion coef-
ficients calculated from the gaussian part of these curves were lower than
those calculated from experiments in which the initial fall-off was eliminated.
Ascoli et al.,[2] alsc observed the initial fall-off in some experiments and
attributed it to grain boundary short-circuiting. However, this would lead
to an anomalously high concentration of isotope at large rather than small
penetrations,

We have establisned that the initial rapid fall-off does not occur and
that the concentration is gaussian at all penetrations when sufficient pre-
cautions are taken to minimize the thickness of the oxide film at the lead
surface prior to the deposition of the isotope. This was achieved with the
techniques already described for all the results reported here, We conclude
that the anomalously high initial decreas= in concentration, when it did occur,
is due to the high resistance to isotope transport o: the oxide film interposed
between most of the isotope and the specimen., We now show that the obser-
vations are consistent with this conclusion,

When appreciable oxide is present in the deposition process, a part
of the isotope will be in contact with the metal surface and ‘'free' to diffuse
at the beginning of the anneal while another part will be trapped at the outer
surface of the oxide film, If the oxide film is quite thick, it may be tha: no

appreciable part of the 'trapped' isotope will reach the metal surface the
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diffusion anneal. In this case, only the gaussian penetration of the free isotope

will be observed. Indeed we foundithat when the diffusion anneal was carried
out in air, only a small fraction of the isotope had penetrated into the metal
specimen; however, its penetration was entirely gaussian and described by
values of the diffusion coefficient in excellent agreement with those obtained
when no significant hold-up due to oxide was observed (i.c., all the deposited
isotope exhibited a gaussian distribution at the end of the diffusion anneal). It
is presumed that in the air anneal the oxide film was so thick that no significant
amount of trapped isotype reached the specimen.,

When the oxide film is thinner, appreciable amounts of the 'trapped"
solute may reach the oxide-metal interface during the diffusion anneal and es-
pecially at its later stages. This will result in the high and rapidly falling
concentration of isotope in the vicinity of the metal surface observed in some
specimens after the diffusion anneal. Under these conditions, the amount of
originally trapped solute which actually diffuses into the lead will increase
markedly with temperature since the activation energy is probakly much larger
for the the oxide than for the metal diffusion. In agreement with this, the
initial amount of fall-off to the gaussian cu-ve did decrease with increasing
temnerature in those experiments where there was an appreciable thickness
of oxide film.

These oxide film effects can be very prominent in studies on the dif-
fusion of noble metals into lead because lead 18 easily oxidized and the dif-
fusivities oi the metals are probably orders of magnitude higher in lead than
in the  <¢id=. However, it is possible that these effects may have been operative
in some of the other diffusion investigations in which anomalously high fall-

offs in solute concentration were found in thin layers at the specimen surface,
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TABLE I
Solute Do Q
2 -1 , -
cm sec cal. mole
Copper 7.9+ 2.0x 107° 8,020 + 400
Silver 4.6+ 1.0x 107 14,440 + 500
- -Q .
Table I. Summary of constants Do and Q (D= Do e ?{T) objained
in this investigation for the diffusion of copper and of
silver into lead.
1
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TABLE II

i i (o] (o]
Solute = D,  Psotute Pp,  Ppu/PEy | Peu/Phy

| sec.l ‘cmz sec-1 cm2 sec-1 (Exp) Egn, 1

| (Exp)
ca | 5.8x107%| 2x 107 [s5.20x 10713 | 1 > 15
Cu 5.8x 1072 2x107% |s.63x 10718 _~ 1 > 15
Au 5.2x 1072 3x 1077 |s5.39x 10712 v ) 11
Table II. Summary of results on the effect of the dissolution of copper

and gold on the self-diffusion coefficient of lead at 223°C.

o . . . .
pr is the self-diffusion ccefficient of pure lead and pr

is the self-diffusion coefficient of lead with an admixture of

J,02 atom % of solute. If all the added copper was dissolved,
o

the calculated DPb/DPb

(in place of > 15) for the vacancy mechanism.

for the copper impurity would be 60




Fig.
Fig.
Fig.

Fig.

.16-

FIGURE CAPTIONS

Difiusivity of copper in lead.

Diffusivity of silver in lead.

Compariscn of the diffusivities of copper, gold, silver and lead in
lead.

A is a representative penetration curve for the diffusion of copper
into lead at 224°C under conditions which minimized surface oxide
formation in the isotope deposition and diffusion processes.

B is a penetration curve (copper into lead at 256°C) obtained in an
experiment in which dce care was not taken to minimize oxide
formation during the isutope deposition. It shows the rapid initial

fall-off in concentration followed by gaussian penetration.
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