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Role of Kirkendall effect in diffusion processes in solids
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Abstract: In the 1940s, KIRKENDALL showed that diffusion in binary solid solutions cannot be described by only one diffusion
coefficient. Rather, one has to consider the diffusivity of both species. His findings changed the treatment of diffusion data and the
theory of diffusion itself. A diffusion-based framework was successfully employed to explain the behaviour of the Kirkendall plane.
Nonetheless, the complexity of a multiphase diffusion zone and the morphological evolution during interdiffusion requires a
physico-chemical approach. The interactions in binary and more complex systems are key issues from both the fundamental and
technological points of view. This paper reviews the Kirkendall effect from the circumstances of its discovery to recent developments
in its understanding, with broad applicability in materials science and engineering.
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1 Introduction

Diffusion processes play a key role in metallurgy,
namely in physical processes such as homogenisation,
non-martensitic transformation, precipitation, oxidation
or sintering. The first systematic study of diffusion was
reported in 1896 by ROBERTS-AUSTEN, who
investigated the diffusion of gold in solid lead [1]. In
almost all the structural applications containing
heterogeneous materials systems, diffusion is ubiquitous
at elevated temperature, and, depending on the material
systems, ambient temperature [2]. The
understanding of diffusion processes is also fundamental
in a wide range of research fields, from bulk applications
as in composite materials or coatings to thin films in
microelectronics.

There are two main approaches to study diffusion in
solid state: the atomistic approach, where the nature of
the diffusion species in atomic level is explicitly
considered, and the continuum approach, where the
diffusing substance is treated as continuous medium,
ignoring the nature of diffusion in atomic level. The later
approach has the advantage of allowing the analysis and
prediction of micro- and/or macroscopic physico-
chemical changes in applications without going to rather
complicated atomistic models, where many questions are

even at

still to be addressed.

In the early stage of the understanding of solid state
diffusion, that is about one century ago, it was believed
that atomic diffusion occurred by a direct exchange or a
ring mechanism in metallic crystals, as shown in Figs.
1(a) and (b). In 1929, PFEIL [3] studied the oxidation of
iron and steel and noticed one peculiar phenomenon: “It
had frequently been noted that small particles of foreign
matter (such as pieces of muffle) falling on the surface of
oxidising iron were gradually buried. The scale grew up
round these particles until they finally disappeared
beneath the surface, but they could afterwards be found
by breaking up the layer of scale”.

These foreign particles were inert to the diffusing
species, iron and oxygen, and this observation indicated
that iron diffuses through the oxide scale to the surface,
where it reacts with oxygen to form oxide.

In 1942, HUNTINGTON and SEITZ [4] showed
that diffusion occurs by vacancy mechanism (Fig. 1(c)),
not by direct exchange, but at that time this work was
overlooked. Four years later, HARTLEY [5] intentionally
used titanium dioxide as foreign inert particles for the
first time, in an organic acetone/cellulose-acetate system,
to study the inequality of the diffusing species. The same
technique was then used by SMIGELSKAS and
KIRKENDALL in 1947 [6] by introducing molybdenum
inert markers at the original interface between the
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Fig. 1 Atomic diffusion mechanisms: (a) Direct exchange mechanism; (b) Ring mechanism; (c¢) Vacancy mechanism (adapted from

Ref. [7])

different phases to examine the inequality of diffusivities
of the species in the Cu—Zn system. HARTLEY’s work
did not get much visibility at that time and the effect of
inequality of diffusivities on the movement of the inert
marker was named as the Kirkendall effect [8]. Contrary
to the common belief at that time, this phenomenon
indicated that atomic diffusion occurs through a vacancy
mediated mechanism. Since its discovery, the Kirkendall
effect has been found in various alloy systems, and
research on lattice defects and diffusion developed
significantly. The understanding of the Kirkendall effect
is important in controlling the bonding between different
materials and, in particular, is fundamental in controlling
and suppressing the voids that are produced in the
boundary region at a bonding interface. Currently, the
Kirkendall effect still receives a great deal of attention in
various fields in materials science and technology,
ranging from structural materials welding, metals and
ceramic powders sintering, thin films, high temperature
oxidation, to large-scale integration [9—14].

Only three papers were produced by
KIRKENDALL in his extremely short research career.
However, his research had great scientific and
technological impact, which may still be noticed today,
more than six decades after the end of KIRKENDALL’s
academic career. This paper revisits the KIRKENDALL
discovery and his short but significant research activity,
and reviews some developments in the understanding of
his major role in the diffusion theory.

2 KIRKENDALL’s career

Ernest KIRKENDALL was born in Michigan in
1914. He graduated from Wayne University in 1934,
Wayne College at the time, and moved to the Metallurgy
Department of the University of Michigan where he was
awarded a master’s degree in 1935 and a doctor of
science in 1938 under the supervision of
UPTHEGROVE. He studied the reviews by DESCH
(1912) [15], MEHL (1936) [16], and KRYNITSKY

(1937) [17] and was particularly influenced by MEHL’s
review. He became very interested in atomic diffusion
phenomena in solid metals and in equilibrium-phase
diagrams, particularly the phase separation of a-brass
and f-brass resulting from the cooling of f-brass alloy.
The choice of diffusion in brass for his research topic
reflected a combination of those two interests. The
previous works on the topic were basically qualitative
discussions and a quantitative assessment was needed.
Therefore, KIRKENDALL wanted to
quantitatively the diffusion coefficient of copper and zinc
in a-brass, with high accuracy. In his D.Sc. dissertation
and first paper [18], he reported zinc diffusivities in brass
at three different temperatures.

Figure 2 shows schematically the samples used in
the first paper. The side face of the fbrass plate-shaped
specimen (with 100 mm length and about 3 mm
thickness) was first mirror-polished; it was then
electroplated with 250 pm thickness of copper. The
specimens were annealed in vacuum at 723 K for about
10 ks to make hydrogen desorb from the specimens.
After diffusion anneals in an electric muffle furnace
followed by water quenching, a part of the specimen
was cut off. The remainder was then used for successive
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X-ray ‘sample
ecenen /T ////

\ Copper
\ a-brass
f-brass

Fig. 2 Schematic of specimen used for study of the first paper
[18]
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diffusion anneals. An optical microscope was used for
the metallographic observation of the polished surface A4,
whereas the polished surface B was submitted to X-ray
diffraction after consecutive sectioning steps of 27—75
pm thickness to measure the lattice parameters. The
values were then converted to determine the zinc
concentrations in a-brass.

After diffusion anneals, an a-brass phase layer
grows on both sides of the bonding interface of copper
and fbrass (Fig. 3). The o/f phase boundary is clear
since the a-brass layer inside the interface consists of
large columnar grains. Conversely, the boundary between
the copper-rich a-brass phase outside the interface and
the copper phase is not distinct because they have the
same crystal structure.

KIRKENDALL was fortunate to originally choose
the system of copper and brass. He was able to measure
the concentration profiles of copper diffusion in a-brass
phase surrounded by both the original and the a/f
interfaces. The quantitative analysis was successful due
to two reasons. First, the a-brass phase between the
original bonding interface and the final o/f interface
always grows uniformly in thickness. Second, the fact
that the o/f interface could be clearly followed with the
optical microscope. It is interesting to note that if the o/
interface and the columnar grains formed on the inside of
the original copper [-brass interface had not been
distinct, Kirkendall would not have made his important
discovery.

At that time, it was accepted that atomic diffusion
took place via a direct exchange or ring mechanism, and
no other mechanisms had been proposed. Therefore,

following his advisor’s suggestion, KIRKENDALL
explained the movement of the original interface as a
consequence of volume change between a-brass (which
has FCC close-packed structure) and S-brass (which has
BCC close-packed structure). Additionally, with the
assumption of the equality of the diffusivities of copper
and zinc, he concluded that the diffusion of these
elements must have occurred by the ring mechanism in
which four or more atoms participate. He had noticed
some discrepancies, but if he had insisted on the
inequality of the diffusivities of copper and zinc to
explain the original boundary migration,
UPTHEGROVE would have opposed his D.Sc. thesis
defense [7].

Even though it was not mentioned,
KIRKENDALL’s thesis and first paper did not reflect
completely his own thought. After finishing his D.Sc.
program, KIRKENDALL returned to Wayne University
as an instructor. There, after confirmation of the validity
of his experiments by repeating the measurements, he
wrote the second paper [19] as a single author, this time
without his advisor’s influence. He wrote in the abstract:
“That this cyclic interchange in lattice position of solute
and solvent atoms in equal numbers is the only true
mechanism of diffusion is denied by the evidence
presented in this paper.”

When KIRKENDALL moved back to Wayne
University, which had just been promoted to university
status, there was very limited research equipment. After
setting up a homemade X-ray diffraction apparatus,
KIRKENDALL studied disc-shaped specimens of 15
mm in diameter (Fig. 4) consisting of Muntz metal with

(c) (d)

Fig. 3 Metallographlc observatlon after dlffuswn anneals for different times: (a) As-bonded; (b) 1 h; (c) 1 h; (d) 4 h; (e) 10 h; (f) 24 h;

(g) 96 h; (h) 96 h (adapted from Ref. [7])
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Fig. 4 Schematic of disc-shaped Muntz metal specimen used
for the second paper of KIRKENDALL [19]

60.6% copper, 0.1% total impurities, and the balance in
zinc. The surface of the samples was electroplated with
5.12 mm thick copper. After the diffusion anneals,
metallographic observation (Fig. 5) of a section of the
specimen was performed with the optical microscope,
measuring the displacement between the original
interface and the a/f phase boundary. After each removal
of a 200—-250 um thick layer by a lathe, the surface
lattice parameter was measured by X-ray diffraction,
leading to the =zinc concentration profiles in the
specimen.

As seen in the metallographic observations of
Fig. 5, a layer with a-brass phase was formed on both
sides of the original interface. The zinc concentration
profiles measured after the different anneals at 1053 K
are shown in Fig. 6.

According to Fick’s first law, the diffusion mass
flux (dm) across the section A4 in the direction of a
concentration gradient (dc/dx) for the time interval (dr)
can be expressed as [7]

dm=—DA(dc/dx)dt 1
where D is diffusivity. Thus, one obtains
D=m/(average dc/dx)At 2)

Applying Eq. (2) to the result shown in Fig. 6, the
average of the diffusivity at 26% zinc concentration and
1053 K was D~3.8x10""* m%s. In contrast to the first
paper [18] and the D.Sc. thesis, KIRKENDALL
concluded with this paper that the volume shrinkage
accompanied by the phase change from S- to a-brass
could only explain, at most, one-fifth of the movement of
the original interface. The remaining four-fifth was then
attributed to the inequality of the diffusivities, with the
zinc diffusion being faster than that of copper.

The second paper [19], with KIRKENDALL’s own
explanation, was published in 1942. In the same year,
HUNTINGTON and SEITZ [4] investigated the
activation energy for self-diffusion in copper using
electron theory and proposed that self-diffusion occurs
by a vacancy mechanism and not by direct exchange.
However, the significance of the paper was not fully
recognized, and with World War 1II neither of the papers
received enough attention. KIRKENDALL did not notice
the existence of the HUNTINGTON-SEITZ paper, even
after he wrote the third paper.

A few years later after the publication of the second
paper, Alice SMIGELSKAS, a student, joined
KIRKENDALL’s research. In his laboratory, there was
only one handmade electric furnace often used for long
time for diffusion annealing. SMIGELSKAS often had to
manually adjust the furnace temperature sitting down
beside the furnace due to malfunction of the controller.
KIRKENDALL once said [7]: “In the early morning of
Christmas Day she called to tell me that she could not
control the furnace so as to lower the temperature. [ was
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Fig. 5 Metallographic observation at successive diffusion anneal at 1053 K until 2523.6 ks: (a) 1 h; (b) 6 h; (¢) 24 h; (d) 96 h; (e) 701

h; (f) 701 h (adapted from Ref. [7])
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Fig. 6 Zinc concentration profiles after different anneals at
1053 K [19]

urged to come to my laboratory in a hurry, even though
there was a heavy snowfall, leaving my wife and small
children at home.”

In the experiments by SMIGELSKAS and
KIRKENDALL, which led to the third paper, two main
features were included. A rectangular bar (18 cm X 1.9 cm)
of 70—30 wrought brass (70%Cu—30%Zn) was adopted
with the purpose of avoiding the large volume change
from f-brass to a-brass. Additionally, the clear
observation of the movement of the original interface
was achieved by inserting insoluble 130 um
molybdenum wires at the bonding interfaces between the
copper and the brass. After polishing the surface of the
wrought brass bar, the molybdenum wires (inert to the
system) were placed on opposite surfaces, as markers. A
copper layer was then deposited, as shown in Fig. 7.
After annealing this couple at 785 °C for a certain time,
one small piece was cut for cross-section examination
and the remaining was further annealed in order to get
specimens at different annealing times. With annealing,
o-brass grows in between and after etching, the distance
between the molybdenum wire markers was measured.

If the diffusivities of copper and zinc are the same
and there is no change in volume during the diffusion/

Mo-wire
Y
Y Cu Cu
0.0 0 0 0 0
ks 000 0 O
Brass
Brass
Cu-30%Zn
doooooo
OO U U O
Cu Cu

Annealing

Fig. 7 Schematic representation of cross-section of diffusion
couples prepared by SMIGELSKAS and KIRKENDALL [6]
before and after annealing at 785 °C (Molybdenum wires
moved closer to each other with increasing annealing time)

reaction, marker should not move from the original
position. However, SMIGELSKAS and
KIRKENDALL’s measurements clearly showed that the
distance between the markers decreases parabolically
with increasing annealing time. Again, considering the
change in the lattice parameter, only one-fifth of the
displacement could be attributed to the molar volume
change. The movement of the markers from their original
positions was explained by KIRKENDALL as [6]: “The
movement of the insoluble molybdenum wire was
conclusive evidence that the alpha brass was being
forced back as a whole (or attracted back) as a result of
the diffusing out of the zinc atoms individually”.

Two main conclusions were drawn from this study,
which had great impact on the understanding of
solid-state diffusion at that time. First, the rate of
diffusion of zinc is much greater than that of copper in
alpha brass; and second, the interface shifts to
compensate at least partially for the differences in
diffusion rate. If, as was believed at that time, diffusion
in the solid-state occurs by direct exchange or ring
mechanisms, the diffusivities of the two elements should
be the same. However, from the KIRKENDALL’s
experiment, it was evident that the movement of the
markers results from the fact that Zn diffuses faster than
Cu. Due to the faster zinc diffusion, not all sites are
occupied by the flow of Cu from opposite direction and,
therefore, there should be a flow of vacancies opposite to
the faster diffusing Zn to compensate for the difference
between the Zn and Cu flux. Vacancies will then flow
towards the brass side while excess Zn will diffuse
towards the Cu-side. In the end, this results into
shrinking in the brass side and swelling in the copper
side, leading to the movement of the markers to the brass
side.

Considering a similar analysis to that described in
the second paper [19], the interdiffusion coefficient was
evaluated from the diffusion penetration profiles
obtained by SMIGELSKAS and KIRKENDALL [6], as
D~ 4x10""* m%/s, which was in good agreement with the
previous value 3.8x10* m%s. Good reproducibility had
therefore been confirmed. Moreover, the fact that zinc
diffusing into the copper was faster than copper diffusing
into the brass was also confirmed by the metallographic
observations.

In some diffusion reactions, pores can indeed be
found in the product phase [20—22]. If there is no enough
plastic relaxation during the process, vacancies will
coalesce to form pores or voids in the reaction layer.
From KIRKENDALL'’s experiments, it was clear that
diffusion occurs by a vacancy mechanism and after that
the direct exchange and ring mechanisms were
abandoned. At first, this work was highly criticized but
later this phenomenon was confirmed from experiments
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on many other systems [23].

The impact of KIRKENDALL’s work can be
realized from MEHL’s [24] comment on his work: “If
verified, this “Kirkendall effect” would greatly modify
not only the treatment of diffusion data but also the
theory of mechanism of diffusion. It would, for example,
be no longer possible to represent diffusion data in a
substitutional solid solution by one coefficient, applying
to both metal atoms since the separate coefficients are
equal, but one would have to show two coefficients, one
each for each of the two metal atoms.”

From 1947 to 1965, KIRKENDALL was appointed
secretary of the American Institute of Mining and
Metallurgical Engineers (AIME) and became a manager
at the United Engineering Trustees. He concluded his
career in 1979 after being a vice-president of the
American Iron and Steel Institute since 1966.
KIRKENDALL did not attribute much significance to
his discovery, at least in the forties. Many colleagues
tried to persuade him to stay at the university, but he
preferred the administrative job from an economy point
of view. Additionally, if he had accepted the promotion
to associate professor (1946) and stayed at Wayne
University, he would not have any positive prospects for
his research because of insufficient research facilities.

A successful meeting that illustrates the importance
of KIRKENDALL’s discovery, named the Kirkendall
Effect Symposium on Interdiffusion and Phenomena that
Depend on Net Vacancy Flows, was held during the The
Minerals, Metals and Materials Society (TMS) Fall
Meeting in October 1991. This meeting was attended by
Professors TURNBULL, BALLUFFI, HUNTINGTON,
CAHN, HEUMANN, and many others who had
contributed significantly to the understanding of lattice
defects and solid-state diffusion.

3 Present understanding of Kirkendall effect

The Kirkendall effect is seen as the most explicit
evidence of the occurrence of a vacancy mediated
mechanism in diffusion processes in solids. Since its
discovery in 1947 [6], followed by the analysis by
DARKEN in 1948 [25], the subject played a major role
in the diffusion theory, being treated in all textbooks on
solid-state diffusion. However, the rationalization and
description of the Kirkendall effect is by no means as
simple as it looks at first sight. Sometimes researchers
noticed a peculiar behaviour of inert markers, when
studying solid-state diffusion in different systems, which
questioned the uniqueness of the Kirkendall plane,
marked by the inert particles at the original interface. For
example, CARTER [26] was surprised to find the split up
of molybdenum wire, used as inert marker at the
Al,0;/MgO—gas interface to study reaction and diffusion

in MgAl,O,—spinel. When studying interdiffusion in the
Ti—Ni system, BASTIN and RIECK [27] had the same
experience, as shown in Fig. 8, where ThO, particles
were split and embedded in two different phases.
SHIMOZAKI et al [28] observed during study of
diffusion in the f-AuZn phase that, after interaction, the
tungsten wire (which was placed at the interface of
Au/p-AuZn, (64% Zn (mole fraction)) couple) and the
original interface, revealed by traces of the joining plane,
were located at two different planes. If the Kirkendall
plane is unique, they should be at the same plane after
annealing.

Fig. 8 Backscattered electron image of Ni/Ti diffusion couple
annealed at 850 °C for 196 h [29]

However, these observations were not identified by
any of the authors as indications of multiple Kirkendall
planes. In the mean time, CORNET and CALAIS [30]
described hypothetical diffusion couples of a binary
system, where more than one “Kirkendall marker plane”
may be present. Later, van LOO et al [31] further
elaborated on the prediction of this phenomenon in
multiphase diffusion couples. In the last few years,
several systematic studies on the microstructural stability
of the Kirkendall plane were performed and experimental
evidence of the occurrence of multiple Kirkendall planes
in a diffusion couple was found [29,32,33]. The ideas of
CORNET and CALAIS were validated and a number of
fundamental concepts related to the Kirkendall effect
were reconsidered.

It was shown that in a volume-diffusion controlled
interaction the Kirkendall plane can be multiple, stable or
unstable. To evaluate these phenomena, a basic
framework was formulated, in terms of velocity curve
construction [32,33].

Considering the case of a diffusion couple in a
generic binary A—B system, the velocity of the inert
markers is dependent on the difference in intrinsic
diffusivities of the species and the concentration
gradients developing in the interdiffusion zone [25].

oC, _
v=—(VaJg+VaJs) = VB<DB—DA>8—XB (m-s™)  (3)

where V; is the partial molar volume of component i
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(m*/mol), J; is the intrinsic flux of the species (mol-m?/s),
D; is the intrinsic diffusion coefficient (mz/s), C; is the
concentration of component i (mol/m’) and x is the
position parameter (m). The velocity in a diffusion zone
can be determined from the knowledge of intrinsic
diffusivities at all compositions over the whole
homogeneity range and with the help of the
concentration gradient at the position of these markers in
a particular diffusion couple.

In a diffusion-controlled interaction, the inert
markers positioned at the location of the original
interface between the reactants (Kirkendall plane) are the
only markers that stay at a constant composition during
the whole diffusion annealing and move parabolically in
time with a velocity

dx  x —x _ X

_dx o
At 2t 2t (m-s™) @

Vi
where x; and x, (=0) are the positions of the Kirkendall
plane at times =t and =0, respectively [30].

The position(s) of Kirkendall plane(s) can be found
at the point of intersection(s) between the velocity curve
2tv vs x (calculated by Eq. (3)) and the straight line
2tv, = xi (determined by Eq. (4)). It was shown that the
nature of the Kirkendall plane(s) in a diffusion zone
depends on the gradient of the velocity curve at the point
of intersection. When the straight line intersects the
velocity curve at a point, where (0v/0x),<0, one should
expect the presence of a stable Kirkendall plane. When
the gradient at the point of intersection, (0v/0x)>0, it will
result into an unstable Kirkendall plane.

Let’s now consider a hypothetical diffusion couple
of alloys of A and B (A,B,-,/A.B,-. where y>z), where in
the A-rich side of the diffusion zone A is the faster
diffusing species, whereas in the B-rich side B is the
faster diffusing species. Figure 9 shows a schematic
representation of the velocity curves in different
situations. In certain diffusion couples, the straight line
2t u=x, may intersect the velocity curve of 2¢vvs x in the
diffusion zone once at a point with a negative gradient
(Fig. 9(a)). At the point of intersection, the presence of
one stable Kirkendall plane may be expected. Markers,
which by some perturbation end up at a position slightly
ahead of the Kirkendall plane, will have lower velocity
and if these markers are behind this plane, they will
move faster. This means that the stable Kirkendall plane
acts as attractor to the inert markers. On another situation,
by changing the end-member compositions, the straight
line 2¢v=x, might intersect the velocity curve 2¢vvs x at
a point with a positive velocity gradient, as shown in Fig.
9(b), and an unstable Kirkendall plane may be found.
The markers slightly ahead of this plane will move faster,
whereas markers slightly behind this plane will move
slower. The result will be scatter of the markers and no

particular unique plane as the Kirkendall plane. Another
possible situation is shown in Fig. 9(c), where the
straight-line intersects the velocity curve three times at
Ky, K, and K;. In this case, three Kirkendall planes will
be present, but in reality only two stable Kirkendall
planes may be observed. The unstable Kirkendall plane
is situated between two stable Kirkendall planes and the
stable planes will accumulate all the markers during the
initial stages of the interdiffusion.

(a) 2tv

A_I'B 1=y /

2t
(b) ’ 2tw=x,
AyBL f -~ K AB,..
I 0 X
|
(c) 2ty

Fig. 9 Schematic velocity diagrams in different conditions: (a)
Straight line 2¢1y=x, intersects velocity curve 2¢vvsx once at
point with negative gradient; (b) Straight line 2¢1=x intersects
at point with positive gradient; (c) Straight line 2ru=x
intersects at three different positions

Experimental evidence of the presence of stable and
unstable Kirkendall planes were verified in Ni/Pd and
Fe/Pd diffusion couples [29], respectively, with the help
of the velocity diagram construction, as shown in Figs.
10 and 11, determined by multifoil experiments. It was
indeed observed that a stable Kirkendall plane is present
when the straight line 2¢1v=x, intersects the velocity
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Fig. 10 Backscattered electron image of Ni/Pd couple annealed
at 1100 °C for 121 h (a), Kirkendall velocity construction
regarding this Ni/Pd couple (b) (adapted from Ref. [29])
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30F
_E 20
S
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Fig. 11 Backscattered electron image of Fe/Pd couple annealed
at 1100 °C for 144 h (a), Kirkendall velocity construction
pertaining to this Fe/Pd couple (b) (adapted from Ref. [32])

curve 2¢fvvs x at a point with a negative gradient. On the
other hand, an unstable Kirkendall plane was found when
the gradient was positive at the point of intersection.

In order to verify the experimental findings by
SHIMOZAKI et al [28] and in the quest for finding
examples as discussed in Fig. 9, the growth of f-AuZn
phase from different Au—Zn end-members was
re-examined [33]. With changing the end-member
compositions, stable and unstable planes as well as the
bifurcation of the Kirkendall plane were found in
different diffusion couples, as shown in Figs. 12—14.
Since the intrinsic diffusion coefficients as a function of
composition for the f-AuZn phase are not known, it is
not possible to produce quantitative results to construct
velocity diagrams in these cases.

AugeZng,
((Au, Zn)+
f'-AuZn)
o

o

AuseZng, (y-AuZn,

) f'-AuZn

Fig. 12 Backscattered electron image of diffusion couple grown
between end-members Auz¢Zng, (j~phase) and AugeZnzg
((Au, Zn)-solid solution+f'-AuZn) (500 °C, 17 h; Ar+5% H,
(volume fraction)) (Only one Kirkendall plane is present in
diffusion zone) (adapted from Ref. [33])

As briefly exposed, since the pioneering findings of
Kirkendall, progress in the understanding of the
Kirkendall effect was accomplished [34,35]. Although
bifurcation of the Kirkendall plane in a single-phased
diffusion zone (f-AuZn) was explained qualitatively
[33], the construction of the velocity curve based on the
experimental results was not possible. There was also the
question as to whether occurrence of more than two
Kirkendall planes is possible in a diffusion zone [36—38].
The bifurcation and trifurcation of the Kirkendall plane
need to be rationalized in order to predict their occurrence
[39]. Although the behaviour of the Kirkendall plane can
be successfully explained by a diffusion-based
methodology making use of the velocity diagram
construction [32,33], such approach is not sufficient to
account for the reactions involved in a multiphase
diffusion zone and for the morphological evolution
during interdiffusion. Therefore, a physico- chemical
approach needs to be considered for this purpose [40].

The interactions in Ni—Al, Cu—Sn, Ni—Sn, Au—Sn,
Ni—Zn binary systems, among others, are important both
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AugZng AugpZng
(y-AuZn,+f'-AuZn)  f'-AuZn ((Au, Zn))

100 pm

Au-rich

Zn-tich Array of
B'-AuZn ThO,-particles

f'-AuZn

Fig. 13 Backscattered electron image of diffusion couple
grown between end-members AuyyZng, (f '+y-phase) and
AuypZnyg ((Au, Zn)-solid solution) (500 °C, 6 h; Ar+5% H,
(volume fraction)) (a), microstructure shown in the vicinity of
array of ThO,-particles (B in (a)) and unreacted initial
end-members much further away (b) (The presence of an
unstable Kirkendall plane was found in the diffusion zone)
(adapted from Ref. [33])

AuyeZng, (7-AuZn,)

£'-AuZn _ Au

Fig. 14 Backscattered electron image of diffusion couple grown
between end-members Au and Auz¢Zng, (7~AuZn,) (500 °C,
17.25 h; Ar+5% H, (volume fraction)) (Two Kirkendall planes
are present in the diffusion zone) (adapted from Ref. [33])

for scientific understanding and for technological
applications in modern energy and electronics industry.
The theories on the diffusion couple technique [41—43]
and Kirkendall effect briefly described here, which are
scattered throughout the literature, clearly confirm the
importance of KIRKENDALL’s discovery in various
processes such as recrystallisation, precipitation,

metallization, and oxidation, which occur in binary and
more complex solid-state systems [44—60].

4 Conclusions

KIRKENDALL’s short scientific career produced
one great discovery. His experiments revealed the effect
of the inequality of diffusivities on the movement of the
original interface on diffusion couples (named the
Kirkendall effect) and showed that diffusion processes
occur by a vacancy mediated mechanism. His findings
played a major role in the understanding of solid state
diffusion processes. More recently, further developments
in the understanding of the Kirkendall effect in
solid-state diffusion were achieved, which motivated this
short review.

The behaviour of the Kirkendall plane can be
explained by a diffusion-based framework by means of
the velocity diagram construction. However, the
clarification of the reactions involved in a multiphase
diffusion zone and on the morphological evolution
during interdiffusion requires the consideration of a
physico-chemical approach.

Recent fundamental and applied advances in the
field of solid-state systems and their applications, namely
in energy and electronics technologies, have been
attained thanks to the Kirkendall’s discovery and its
impact on the understanding of complex processes such
as recrystallisation, precipitation, metallization, and
oxidation.
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