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In 1942, Kirkendall established through a definitive
experiment that different atoms can migrate at different
rates during binary diffusion in an alloy, accompanied
by measurable local volume change and displacement
of reaction interface. Over the six decades since, the
Kirkendall effect has continued to attract much attention
among metallurgists, material scientists and physicists.
To explain the observed displacement and volume
change, the most widely used concept is the vacancy
mechanism. If, because of unequal diffusion rates,
there is net loss of atoms from a region in an alloy, the
loss creates an excess number of vacancies. These va-
cancies also diffuse out of the region, leading to a local
volume decrease. Although logical, this explanation
does not probe into the nature of the forces and ener-
gies that underlie observed deformation. That is, the
vacancy mechanism does not provide a dynamical ex-
planation. The purpose of this article is to explore
what a rational framework might be if one were to
analyse the Kirkendall effect from a dynamical pers-
pective. To this end, the Kirkendall effect is examined
based on concepts related to binary diffusion in gases
and liquids developed during the nineteenth century,
and the extent to which such ideas may have relevance
to diffusion in solids. Additionally, deformation due to
local depletion of energy is also considered by analogy
with deformation of water-saturated porous solids asso-
ciated with diffusional drainage. The ideas presented
have to be critically evaluated before acceptance. Never-
theless, it seems reasonable to state that the present
insufficiency of knowledge of energetics governing the
Kirkendall effect merits attention and remedy.

Keywords: Deformation, diffusion, energetics, Kirken-
dall effect, vacancy mechanism.

ERNEST KIRKENDALL' investigated inter-diffusion of
copper and zinc in brass at high temperatures, observed a
noticeable volume reduction in brass, and concurrent shift
in brass—copper interface to accommodate the volume
change. He concluded that the reduction in volume was
evidence for the movement of zinc atoms out of brass at a
faster rate than the influx of copper atoms. Smigelskas
and Kirkendall® repeated the experiment under more care-
fully controlled conditions and confirmed the earlier obser-
vations. Kirkendall’s work thus invalidated the prevalent
perception that binary diffusion in substitutional solid

e-mail: tnnarasimhan@LBL.gov

CURRENT SCIENCE, VOL. 93, NO. 9, 10 NOVEMBER 2007

solutions involved the same diffusion rates for both spe-
cies. His contribution is regarded as an important mile-
stone in understanding solid diffusion. More recently,
there has been renewed interest in the Kirkendall effect in
the study of nano materials. The widely accepted expla-
nation of the Kirkendall effect is based on the vacancy
mechanism®. Although the vacancy mechanism qualita-
tively accounts for the Kirkendall effect, it does not
throw light on the forces that underlie the volume change
and interface displacement. In essence, the wvacancy
mechanism does not provide a dynamical elucidation.
Assuming that the observed volume change of brass is
a deformational strain, the purpose of this article is to in-
quire as to what a logical framework might be for a dyna-
mical explanation of the Kirkendall effect. To this end,
the Kirkendall effect is examined based on ideas of binary
diffusion in gases and liquids developed during the nine-
teenth century, and from the perspective of deformation
of water-saturated porous materials consequent to diffu-
sive depletion of water from the pore spaces. A voluminous
literature exists on the application of thermodynamics to
the Kirkendall effect. This work is an attempt to take a con-
ceptual look at the phenomenon through a self-consistent
approach independent of thermodynamics. The motivation
is to stimulate interest towards an understanding of the
Kirkendall effect from a dynamical perspective.

Kirkendall’s contribution
The experiments

In 1942, Kirkendall experimentally investigated phase re-
lationships as fbrass was changed to a-brass by the dif-
fusive addition of copper in disc-shaped samples (Figure
1). A cylindrical bar of f-brass (60.6% Cu and 39.3% Zn;
melting point 900-940°C) with a diameter of 0.5965 in
(1.515 cm) was electroplated with a 0.4 in (about 1 cm)
shell of pure copper. The composite bar was maintained
at a temperature of 780°C for a prolonged period of time.
As zinc diffused out and copper diffused in, a shell of
copper-rich a-brass formed and grew around a gradually
diminishing core of f-brass. Since a-brass is intrinsically
denser than f-brass, the shell was expected to have a
slightly smaller volume than the fbrass it replaced. How-
ever, a careful study of photomicrographs showed that the
actual volume change was significantly larger, requiring
explanation beyond just the effects of phase change. The
observed changes are schematically shown in Figure 1.
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In Figure 1, the dashed circle represents the interface
between f-brass and copper at the beginning of the ex-
periment (t =0). For purposes of diffusion calculations,
Kirkendall used this circle as the reference, and hence
called this diffusion interface. The annulus indicated by B
represents the newly-formed shell of a-brass. The circle
with diameter indicated as D represents the position, de-
termined on the basis of microscopic columnar structure,
of the initial f-brass and copper interface at time t > 0,
referred to as original interface. The distance A indicates
the actual displacement at time t of the initial f-brass—
copper interface. The volume associated with cylindrical
annulus A is the actual volume change of a-brass. The
inner circle denotes the outer limit of f-brass at time t.

Convinced that the displacement A could not be ex-
plained merely by phase change, Kirkendall' stated,

‘It has already been mentioned that the location of the
original interface shifts. This can be accounted for to a
small extent by the fact that the beta brass changes to
a denser, higher copper alpha brass. In itself, this
shrinkage in volume would account for less than one
fifth of the shift in position of the original interface’
(p. 107).

In order to account for volume change in excess of
what could be accounted for by phase change, Kirkendall
proposed a new explanation’,

‘In order to explain the rest of the shift in the original
interface, the author proposes that the zinc diffuses
more rapidly than the copper in alpha brass. The dif-
fusing out of the zinc faster than the copper can diffuse
in, necessitates a reformation of the lattice (without
destroying the columnar grain structure in this case).
The reformation of the lattice without some of the
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Figure 1. Cross-section of diffusion sample identifying various inter-
faces. (Source: Kirkendall'; figure 1 redrawn.)
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zinc atoms causes a contraction and a shift in position
of the original interface in the direction of the high-
zinc brass’ (p. 107).

Five years later, Smigelskas and Kirkendall® repeated
the experiment under more controlled conditions to con-
firm the earlier findings and establish repeatability of the
experiment. Instead of a bar of circular cross-section,
they used a bar of rectangular cross-section (Figure 2), so
that displacements could be measured perpendicular to a
plane, thereby avoiding the need for applying corrections
to interface areas as the circumference decreased during
diffusion. Two other modifications were made. First, in
order to avoid large volume changes in going from £ to
a-brass, a bar of wrought brass (69.5% Cu and 30.5% Zn)
was used. Also, insoluble molybdenum wires were imbed-
ded at initial contact between wrought brass and copper
to readily observe the displacement of the boundary. Pho-
tomicrographs taken at the end of 56 days clearly showed
that the molybdenum wires and the original interface had
move together (Figure 3).
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Figure 2. Schematic cross-section of bar used by Smigelskas and
Kirkendall® (figure 1, redrawn).
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Figure 3. Photomicrograph showing disposition of original interface
and Mo wires at the end of 56 days (Smigelskas and Kirkendall®; labels
added).
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Kikendall’s principal suggestion was that a reformation
of the lattice was necessary to accommodate the loss of
excess zinc atoms, and that the reformation was responsible
for the observed contraction. Contemporaneously with
Kirkendall, Huntington and Seitz* had suggested that the
vacancy mechanism provided a satisfactory explanation
for self-diffusion of metallic copper. In 1950, a seminar
on atom movements held during the 32nd National Meet-
ing of the American Society of Metals, devoted much at-
tention to the Kirkendall effect. The consensus at the end
of this meeting was that the vacancy mechanism proposed
by Huntington and Setiz’ provided the most plausible ex-
planation for the Kirkendall effect, and that different dif-
tusion coefficients had to be used for Cu and Zn®. A large
body of literature exists on the theory of the Kirkendall
effect combining vacancy mechanism, principles of thermo-
dynamics, and Fick’s law extended to multiple-species
diffusion. In what follows, we look at the Kirkendall effect
from a different, self-consistent dynamical perspective.

Towards a dynamical interpretation

Although eminently reasonable in qualitatively explain-
ing the Kirkendall effect, the vacancy mechanism does
not address the issue of the forces that are responsible for
the contraction observed by Kirkendall. Clearly, these
shrinkages are indicative of local strains within a solid
body, and these strains must be associated with local
stresses. If so, what logical framework may one employ
to make dynamical sense of the Kirkendall effect? Two
lines of reasoning are suggested below. The first involves
dynamic coupling between pure diffusion and pressure-
driven flow first noticed during the early nineteenth cen-
tury, while the second involves deformation associated
with depletion of energy, by analogy with deformation
water-saturated porous media caused by drainage of water.

Dynamics of binary diffusion in gases and liquids

Evolution of ideas: The first ever diffusion experiments
were conducted by Thomas Graham in Scotland during
the early nineteenth century. He studied counter-diffusion
of atmospheric air and a number of gases through a porous
material. He found that binary diffusion tended to increase
pressure within the chamber holding the gas, thereby affecting
the diffusion measurements. Graham carefully controlled
the experiments to maintain a constant pressure in the
chamber, so that the measurements pertained solely to gas
diffusion®. The observations led to what is now known as
Graham’s law, stating that the rate of diffusion of a gas is
inversely proportional to the square root of its density. A
decade later, Graham® studied the flow of gases in capil-
lary tubes and discovered that this pressure-driven flow
was of a different kind, and did not conform to the diffu-
sion law he had discovered earlier. Graham had found
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that pure diffusion or molecular diffusion of gases is dyna-
mically coupled with pressure-driven flow of gas mix-
tures during binary diffusion. Remarkably, this important
finding was overlooked for over a century until it was ex-
perimentally confirmed by Kramers and Kistemaker’*.

Graham then went on to investigate the rate of diffusion
of solutes in aqueous solutions and compiled an impres-
sive set of data, but without synthesizing the information
to elucidate the underlying process. Fick® took it upon
himself to complete the task left unfinished by Graham.
Using Fourier’s heat equation as a metaphor, he proposed
that the diffusive flux of a salt in an aqueous solution is
directly proportional to its concentration gradient. In the
same paper, Fick also suggested that the diffusion of salt
in one direction is accompanied by the simultaneous
movement of water in the opposite direction. In suggest-
ing this, Fick drew upon earlier experimental studies. In
particular, he was influenced by Dutrochet'’, who had
suggested in 1827, that transport across an osmotic mem-
brane involves a solute current and a solvent current, and
had coined the terms ‘endosmosis’ and ‘exosmosis’.

It is important to note that although Fick’s law mathe-
matically accounts only for salt movement and treats water
to be stationary, his conceptual model considered liquid
diffusion to be a binary process™. Binary diffusion in an
aqueous solution is similar to that in gases, but with an
important difference. In an aqueous solution, one of the
diffusing species is water, a condensed phase. The nature
of its movement is different from that of a diffusing sol-
ute or gas molecule. Moreover, this type of water move-
ment is of a different kind than the bulk movement of the
solution as a whole, with water and solutes moving in the
same direction.

In 1887, van’t Hoff provided an explanation for osmo-
tic pressure in aqueous solutions. Analysing the data pub-
lished by previous workers, he showed that osmotic
pressure exerted by a dilute non-electrolyte conforms to a
law that is the same as the ideal gas law'’. Essentially,
van’t Hoff demonstrated that osmotic pressure represents
the pressure exerted by the mobile solute molecules con-
fined within a finite space, just as free-moving gas mole-
cules exert pressure when confined in a finite space. This
work also introduced the notion of ‘colligative’ property,
that is, a property that depends solely on the number of
particles, regardless of their nature or quality. In the fol-
lowing year, Nernst" looked at Fick’s law in the light of
van’t Hoff’s osmotic pressure, and pointed out that the
use of concentration in Fick’s law failed to give any con-
sideration to the forces responsible for salt diffusion, and
that for a dynamical understanding of the process it is
necessary to express flux as a function of gradient of osmo-
tic pressure. He also argued that at high concentrations
diffusion coefficient would vary with concentration, and
therefore, the linear Fick’s law was valid only in dilute
solutions. In dilute solutions, concentration is related to
osmotic pressure through a single constant.
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In his celebrated paper on Brownian motion, Einstein™
drew upon the contributions of van’t Hoff and Nernst in
formulating his molecular-kinetic theory of heat. Einstein
argued that osmotic pressure could not be explained by
thermodynamics, and that kinetic theory would do so.
Einstein’s expression for the diffusion coefficient of a
colloidal particle in an aqueous emulsion in terms of parti-
cle size, fluid viscosity, and Avogadro’s number was a direct
outcome of writing Fick’s law in terms of osmotic pressure.

From the foregoing, the following important ideas
emerge.

o In gases, partial pressure is a manifestation of the kinetic
energy of the component gas molecules, expressed as
energy per unit volume. Pure diffusion consists in the
movement of each gas component in the direction of
its decreasing partial pressure. Distinct from this
mode of transport is the movement of the entire gas
mixture in the direction of decreasing total pressure.
This is pressure-driven flow or viscous flow.

¢ In aqueous solutions, solutes move freely within the
solvent, a condensed phase. van’t Hoff found that the
movement of the solutes is analogous to the movement
of gas molecules. Thus, osmotic pressure is analogous
to partial pressure. Accordingly, osmotic pressure of a
given solute component is equal to its kinetic energy
per unit volume of the solution. In an aqueous solution,
the external pressure acting on the solution (analogous
to total pressure of a gas mixture) is equal to the sum
of osmotic pressure of the solutes plus the pressure of
the water component. However, since water is a con-
densed phase, the water-component pressure is of a
different nature than osmotic pressure. Thus, if the sum
of the osmotic pressures exceeds the external pres-
sure, the water-component pressure could be negative.
That water could be under tension in a solution has
been suggested by Hulett'. This is an important dif-
ference between gases and liquids.

Implications to the Kirkendall effect: How may the
above ideas be used to interpret the Kirkendall effect?
There are two aspects to this question. The first is to extend
the concept of pressure exerted by free-moving particles
(gas pressure or osmotic pressure) to solid diffusion. The
second pertains to how a solid may respond to changing
internal stresses.

Note that osmotic pressure is an expression of the kinetic
energy of diffusing particles normalized per unit volume
of the solution. Given this, there is no reason why the
concept of osmotic pressure cannot be extended to diffu-
sion in solids. At a given temperature in a solid, most atoms
occupy fixed positions at which they vibrate by virtue of
their vibrational energy. However, a small number of the
atoms may possess sufficiently high vibrational energy to
get out of the fixed position, move freely and diffuse.
These mobile atoms possess kinetic energy. This kinetic
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energy, expressed per unit volume of the solid is osmotic
pressure. Thus, it is reasonable to postulate that the rate
of diffusion of an atom in an alloy is proportional to spa-
tial variation of its osmotic pressure. We now proceed to
apply this reasoning to the Kirkendall effect.

The counter-diffusion of copper and zinc is pure diffu-
sion, with each species driven by its gradient of osmotic
pressure. At a given location, we may consider osmotic
pressure of each species as well as the total osmotic pres-
sure being equal to the sum of osmotic pressures. As time
proceeds, there will be an accumulation of excess zinc
atoms on the copper side. This should be expected to in-
crease total osmotic pressure on the copper side in rela-
tion to the brass side. The difference in total osmotic
pressure should be expected to drive a mixture of copper
and zinc atoms towards the brass side. The movement of
the copper—zinc mixture, impelled by the gradient of total
osmotic pressure, can be thought of as exerting a viscous
drag on the solid matrix, leading to local deformation.

Energy depletion and deformation

We now consider a second model. For this, we use as
metaphor, the deformation of a water-saturated porous
medium consequent to diffusive drainage of water.

Karl Terzaghi founded the field of soil mechanics with
experimental studies of deformation of water-saturated
clays. He was interested in the time-dependent settlement
of clay foundations caused by a gradual draining away of
water™. To rationalize the deformation of the water—solid
mixture, Terzaghi postulated that at any point within the
soil, the stresses tending to compress the soil (external
stress) are borne partly by the solid matrix (matrix stress)
and partly by the fluid (water pressure), and that the vol-
ume of the porous solid skeleton is solely a function of
matrix stress, and independent of water pressure. He fur-
ther postulated that matrix stress is equal to the external
stress less the water pressure. This difference is referred
to as the ‘effective stress’, or the stress that effectively
governs the porous solid’s volumetric strain. That is, ma-
trix stress is equal to effective stress (Figure 4).

A
Soil model Crystalline solid
A External stress Binding stress
B Matrix stress Skeletal stress
B C Water pressure Osmotic stress
Volume is a function of (A—C)
A = B+C Volume is independent of C

Figure 4. Schematic comparison of stress relationships in soils and
crystalline solids.
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Suppose a small quantity of water is removed from the
soil (say, by pumping), and the water pressure is decreased
by a certain magnitude at the point of removal. Then, ac-
cording to Terzaghi’s postulate, matrix stress will be in-
creased by the same magnitude, and this will cause the
volume of the soil to decrease by an amount depending
on the compressibility of the soil. This soil consolidation
model is widely used to explain land subsidence associ-
ated with withdrawal of groundwater, oil and natural gas
in various parts of the world. The central idea is that the
energy removed along with the water is ultimately res-
ponsible for volume decrease.

We now use the soil consolidation model as an analogy
for the Kirkendall effect. At any location within the solid,
the bonding force holds the atoms together in a stable
configuration so that the solid has stiffness and shear
strength. Let this bonding force per unit area be referred
to as the ‘bonding stress’. Opposing this are two stresses.
One stems from the vibrational energy of atoms that occupy
stable positions (skeletal stress), and the other stems from
the kinetic energy of diffusing mobile atoms (osmotic
stress). Thus,

Obond = Osk T Oosm- (1)

By analogy with Terzaghi’s model, we postulate that
solid volume is solely a function of skeletal stress and in-
dependent of osmotic stress. Hence, the stress that effec-
tively controls volume is

Oetf = Osk = Obond — Oosm- (2)

If, at a given temperature, we assume the bonding stress
to be constant, then the change in effective stress that
controls volume change is given by

5O-eff = _5o-osm- (3)

Consequently, if osmotic stress decreases locally, skeletal
stress will effectively increase, and volume will decrease.
In Kirkendall’s experiment, the zinc atoms that diffused
out of brass in excess of the copper atoms carried kinetic
energy out of the brass, leading to a decrease in osmotic
stress in brass. This decrease in osmotic stress caused an
increase in skeletal stress, and an accompanying volume
decrease of a-brass.

Three-dimensional soil consolidation, based on Terza-
ghi’s conceptualization, was formally brought within the
framework of elasticity theory by Biot". The Kirkendall
effect must be amenable to this type of stress—strain
analysis.

Consider now the magnitudes of energy and pressure
involved. The pressure p exerted by n atoms at 780°C
(1053 K), confined to a volume V' is given by

_ nkT

v 4
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where k is the Boltzmann’s constant and T the temperature.
Using k=1.38 x 107 J/JK and T=1053 K, we get an
osmotic pressure of 1.45 x 107° Pa per particle in a cubic
metre, or 1.45 x 107 Pa per particle in a cubic centimetre.
If we take V as 1 cubic cm and set n to be 10* (0.02% mol),
the osmotic pressure works out to 1.45 MPa or about
14.5 atm, or about 205 psi, suggesting that even a rela-
tively small number of excess mobile atoms can poten-
tially mobilize sufficient stresses to strain the material.

Considering stress and strain, it follows that volume
decrease will be more pronounced in materials of rela-
tively low bulk modulus (or higher compressibility) than
in materials of relatively high bulk modulus. Moreover,
as vacancies migrate and coalesce, the resulting change in
volume will depend much on the ability of the material to
accommodate vacancy accumulation through increased
porosity. It should be expected that the Kirkendall effect
will be more pronounced in materials with relatively
higher compressibility and less pronounced in materials
that can internally absorb the vacancies through aug-
mented porosity.

Discussion

In the foregoing, it has been argued that the Kirkendall
effect needs to be looked at from the perspective of de-
formation mechanics. Two conceptual models have been
presented providing a framework for the purpose. It is
now pertinent to discuss the extent to which deformation
has been addressed in the literature with regard to the
Kirkendall effect, and the limitations of the two models
presented above.

Diffusion and deformation in metals

Kirkendall’s observations came at a time when attempts
to understand the mechanics of solid diffusion had just
begun. In 1921, Groh and Hevesy'®, having successfully
measured self-diffusion in lead at temperatures close to
melting, intuitively suggested a ‘softening’ of the solid
structure that facilitated diffusion. Shortly thereafter,
Langmuir'®® suggested that relatively lesser magnitudes
of stresses would be needed to enable diffusion if several
rows of atoms moved simultaneously in different direc-
tions, producing a species of circulation. Presumably,
Hevesy and Langmuir believed that all the lattice positions
were filled with atoms. At this time, Frenkel*' proposed
the vacancy mechanism, allowing for more space for
movement of atoms.

One consequence of Langmuir’s ring mechanism was
that opposing fluxes of the diffusing species must be
equal in binary diffusion in substitutional alloys. However,
the observed displacement of the phase boundary indi-
cated to Kirkendall that more zinc was leaving brass than
copper was diffusing in. Accordingly, he abandoned
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Langmuir’s model (which he had accepted earlier®), and
concluded that the crystal lattices must reform without
destroying the columnar structure to accommodate volume
decrease. Subsequently, this simple explanation came to
be reinforced by invoking Frenkel’s vacancy mechanism.
Kirkendall’s intuitive explanation was kinematic; it did
not concern itself with causative forces. It was tacitly
assumed that vacancies somehow coalesce to cause con-
traction.

However, the mechanics of diffusion was being addres-
sed by others, not necessarily concerned with the Kirken-
dall effect. Herring®, following a suggestion by Nabarro,
developed a theory for creep-deformation of a polycrys-
talline solid at high temperatures subjected to an applied
shear stress. The central assumption of this theory was
that any crystal can change its shape by self-diffusion in
such a way as to yield to an applied stress, analogous to a
viscous fluid. In other words, diffusion is induced by an
applied stress. McCartney®* reviewed the literature on
vacancy diffusion and pointed out that existing theory
had made no attempt to incorporate the mechanical
behaviour of the crystal. To remedy this, he presented a
theory for the irreversible thermodynamic processes
occurring in the interior of a stressed, single-component
crystal, and proposed a phenomenological equation based
on fundamental laws of continuum mechanics.

Caveats

The two models suggested in the foregoing are proposi-
tions that need to be critically examined before acceptance,
refinement or rejection. Potential arguments against the
models are discussed below.

Role of osmotic pressure: Central to both models is the
assumption that the role of diffusive atoms in deforma-
tion can be rationalized in terms of osmotic pressure. It
may be argued that in order to invoke osmotic pressure,
each lattice plane in a crystal must be treated as a dyna-
mic membrane with time-varying characteristics. Addi-
tionally, the accumulation of vacancies with time would
also have to be accounted for in treating lattice planes as
membranes. In this regard, it is necessary to point out that
an osmotic pressure, defined by van’t Hoff to be analo-
gous to partial pressure of a gas, exists regardless of the
presence of a membrane. It is simply that when a mem-
brane exists, osmotic pressure may be physically observed
or quantitatively measured. The notion that osmotic pres-
sure drives molecular diffusion is implicit in van’t Hoff’s
expression for osmotic pressure, pesm = (MRT)/V, where m
is the number of moles of the dissolved substance, R the
universal gas constant, T the absolute temperature and V
the volume of solution. This definition was used by Ein-
stein™ in his paper on Brownian motion to derive an
expression for molecular diffusion coefficient for a
spherical particle randomly moving in a viscous fluid.
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Plastic vs elastic deformation: Assuming that the de-
formation observed by Kirkendall is a mechanical strain,
the question arises whether it is due to plastic or elastic
deformation. Since plastic deformation can only cause
distortion without volume change, the strain must be elas-
tic in nature. If so, how does elastic strain occur in a free
body?

This question necessitates a consideration of how vacancy
migration may lead to volume shrinkage. Considering the
simple case of Kirkendall’s binary system, if the excess
vacancies created in a-brass get filled by other atoms
pushed in to fill the vacancies, the resulting lattice re-
organization can be expected to lead to a volume decrease
as visualized by Kirkendall'. This shrinkage will be ac-
companied by a reduction in porosity. For this to happen,
low-energy atoms occupying stable positions in the
neighbourhood must be pushed to fill the excess vacan-
cies. Force will be needed for this.

If, on the other hand, the migrating vacancies get ab-
sorbed at local grain boundaries, then the resulting increase
in porosity may tend to reduce the Kirkendall shift. Thus
the stress—strain relationship in this simple binary system
may depend on the attributes of the grain boundaries, no-
tably on their ability to absorb vacancies, in addition to
other factors that commonly influence stress—strain rela-
tionships.

This consideration raises the possibility that stress—
strain relationship for a solid subject to external loads
may differ from that which relates to reorganization of in-
ternal stresses. A granular solid with inter-grain boundaries,
when subjected to external compressive stresses, will re-
spond by slippage along grain-to-grain contacts. In poly-
crystalline metallic materials at high temperatures,
Herring® pointed out that creep-deformation will be medi-
ated by self-diffusion in such a way as to yield to an ap-
plied stress, analogous to a viscous fluid. However, if the
same material were to be subjected to internally generated
stresses arising from unequal diffusion rates, volume
change will be influenced by the opportunities for vacan-
cies to accumulate locally to enhance porosity or to dif-
fuse out freely, leading to volume decrease.

As to the question whether elastic strain can occur in a
free body, there is no reason why it cannot. Internal redis-
tribution of stresses in a free body can reasonably be
expected to redistribute strain locally in such a way as to
compensate shrinkage at some locations with extension at
others.

Multi-component diffusion: In case of multi-component
systems in which several species inter-diffuse, net vacancy
flows may yield additional time-dependence of Kirken-
dall shifts and fluxes of individual components. These are
referred to as vacancy wind effects. How will the dyna-
mical models based on osmotic pressure account for these
effects?
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In the case of multi-component systems, different spe-
cies may migrate at different rates and in different direc-
tions. Consequently, it is reasonable to expect that some
parts of the solid will experience energy depletion, while
others will experience energy accumulation. The former
will have a tendency to experience compression and con-
tract, while the latter will tend to experience tension and
expand. Under these conditions, how the vacancies may
behave will depend on several factors, including the ability
of grain boundaries to absorb vacancies. From a stress—
strain perspective, the problem will involve a multiplicity
of neighbouring regions to experience varying magnitudes
of tension and compression interacting with each other.

In the literature, vacancy wind effects are generally
handled on the basis of chemical potentials and thermo-
dynamics. However, it seems quite possible that such
effects arising from multi-component diffusion will be
amenable to credible analysis based on solid mechanics.
Indeed, such an analysis may even yield novel insights
about the Kirkendall effect.

Interstitial diffusion: The energy-based models presen-
ted above suggest that the Kirkendall effect should also
be observed in the case of systems involving interstitial
diffusion. Is there any evidence for this?

It is reasonable to expect that structural strength and
related mechanical properties of the solid will be domina-
ted by the large atoms that occupy major lattice positions.
Smaller interstitial atoms may only influence these prop-
erties in a subordinate role. If so, in systems restricted to
interstitial binary diffusion, the Kirkendall effect may be
expected to be significantly attenuated. It should be inter-
esting to find out if this speculation can be justified by
available data.

Two-dimensional systems: Finally, it may be noted that
the Kirkendall effect has been proposed for diffusion of
solutes along two-dimensional interfaces such as grain
boundaries. How can such observations be subjected to
stress—strain analysis? The two models presented in this
work are strictly restricted to three-dimensional solid
bodies. They are not directly applicable to two dimen-
sional systems. Nevertheless, it is worth mentioning that
even in systems idealized to be two-dimensional, one has
to allow for a finite thickness in the third dimension.
Moreover, the surfaces on which atoms diffuse do offer
resistance. These surfaces may also attract and hold atoms
at fixed locations. On these surfaces there may exist high-
energy mobile atoms and low-energy fixed atoms.

Concluding remarks

Binary diffusion was first discovered in gases and then in
liquids during the nineteenth century. Contributions by
van’t Hoff and Nernst during the 1880s provided a
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framework for an integrated dynamical understanding of
binary diffusion in gases and liquids. Thus, partial pressure
of gas components and osmotic pressure of solute mole-
cules are analogous, both conforming to ideal gas laws
under certain conditions. Binary diffusion in liquids is
different from gas diffusion in that the migration of water, a
condensed phase, differs from diffusion of a gas compo-
nent. Whereas the partial pressure of a gas is always posi-
tive, the pressure of the water component in an aqueous
solution can be negative, because water can sustain ten-
sion in the presence of solids. Graham’s work during the
nineteenth century also established a dynamic coupling
between diffusion of individual components and pressure-
driven viscous flow of mixtures.

Following Kirkendall’s seminal contribution, attention
has been almost exclusively devoted to using thermody-
namics for explaining volume changes and displacement
of reaction interfaces. Although the interconnection bet-
ween diffusion and stress has been addressed by some
workers (e.g. Herring®®), little attention has been given to
a dynamical understanding of the Kirkendall effect in
terms of stress—strain relationships.

Looking at how ideas have developed in the under-
standing of material diffusion in gases, liquids and solids, it
appears reasonable to extend the concept of osmotic pres-
sure to address atoms with sufficiently high kinetic en-
ergy that have vacated their stable position in a lattice
and are free to diffuse. The two models presented in the
foregoing show how osmotic pressure provides a concep-
tual basis to approach the Kirkendall effect from a dyna-
mical perspective.
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