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COMMUNICATIONS

Pressure Dependence of Interstitial-Substitu-
tional Dissociative Diffusion™

T. R. ANtHONY,T B. F. DYsoN, AND D). TURNBULL
Division of Engineering and Applied Physics, Harvard University,
Cambridge, Massachusetts
(Received 9 February 1966)

XPERIMENTAL evidence indicates that noble-metal solute
atoms (Cu, Ag, Au) migrate interstitially in Pb.""3 Because
it was expected that the effects of pressure on diffusion would be
greater for a vacancy than for an interstitially controlled mecha-
nism, several investigators measured the diffusion constant of Ag?
and Au® in Pb under pressure. The results of these experiments
were interpreted by supposing that the mechanism for diffusion
changed from a vacancy to a predominantly interstitial mecha-
nism with increasing pressure. Earlier, a model for isobaric
diffusion in which the solute is distributed between interstitial
and substitutional sites was developed and used to interpret the
diffusion of copper in germanium.® The objective of this note is
to extend this theory to take account of pressure variations.
Below the solubility limit of the noble metals in Pb, we suppose
that the concentrations of vacancies, and substitutional and
interstitial noble-metal atoms are maintained in a dynamic
equilibrium as follows:

[substitutional J==[interstitial ]+ [vacancy Je2sink (dislocations).

We may express this equilibrium in terms of a thermodynamic
equilibrium constant K’(P,T):

K'(P,T)=C,/CiCo=exp(—AG/RT), AG=AG;;—AG,",

where C; and C, are, respectively, the interstitial and substitutional
concentrations of noble-metal atoms, C, is concentration of
vacancies, AGy, is the increase in standard molar Gibbs free energy
for the transfer of solute atoms from interstitial to substitutional
positions, and AG,? is the standard molar Gibbs free energy for
forming vacancies. If it is supposed that the activation energy for
migration of a vacancy in Pb is half the activation encrgy neces-
sary for diffusion (24 kcal/gm atom), then random-walk calcula-
tions indicate that with a dislocation density of 10° dislocations/
cm?, the vacancies can equilibrate with sinks in times much shorter
than the duration of a typical experiment. This supposition is
supported by the observation!? that the diffusion constant of Ph
is not measurably increased by dissolution of noble metals, which
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F1G. 1. Pressure dependence of the diffusivity of silver in lead.3
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implies that the vacancy concentration in the alloy is the same
as for pure Pb.

When there is an equilibrium distribution of solute between
interstitial and substitutional sites, its effective diffusion constant
D.¢¢t may be expressed as:

Defi=[Ci/(ci‘!'cs)]Di+[Ca/(Ci+Cd)]1)u

where D; is the diffusion constant of an interstitial atom, and D,
is the diffusion constant of a substitutional atom. However, our
measurements show that the experimentally observed diffusion
constant is many orders of magnitude greater than the substitu-
tional diffusion coefficient. Consequently, to a very good approxi-
mation, we may write the effective diffusion constant as

Di=[C:/(C:4+C)1D:=[1/(K+1)]D;,
where

K=C,/Ci=K'C,=exp(—AG;/RT).

Taking the derivative of the natural log of the diffusion constant
with respect to pressure, ignoring any explicit pressure dependence
of the pre-exponential frequency factor in D;, we have

J lnD.,u__a In (K+1)‘L6 InD;

aP apP oP
K AV: AV
- 'K+1 RT  RT
AVif K AVom®
- RT(K+1 R’

where AV, is the change in volume occurring when a mole of
noble-metal solute atoms passes from interstitial to substitutional
positions and is equal to (AV,—AV,%), AV, is the molar formation
volume for substitutional noble-metal atoms, AV is the molar
formation volume for interstitial noble-metal atoms, and AV, is
the activation volume for interstitial migration.

Taking the second derivative of logD vs P and assuming that
the activation volumes are independent of pressure, we find

@ InD/aP*=—[K/(K+1)*](aVi/RT)%
This equation implies that a plot of logD vs P should have
negative or zero curvature. For Ag diffusing in Pb,*7 a graph of

logD vs P exhibits to within experimental error a constant nega-
tive slope (see Fig. 1). The zero curvature implies that K — 0
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