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The Kirkendall effect, usually associated with the formation of undesirable fields of micron-size pores,
can be used to fabricate hollow nano- and microstructures, where all pores have coalesced into a single
cavity. Here, this concept is used with the goal of converting 50 um diameter Ni-20wt.%Cr wires into
Ni-Cr-Al tubes by diffusion of a surface-deposited aluminide coating. The formation and evolution of
Kirkendall pores, created by imbalanced diffusion fluxes of Al, Ni and/or Cr, are investigated using both
in situ X-ray tomographic microscopy and ex situ annealing studies. The tomography results indicate that
the pores nucleate near the interface between the Ni-Cr core and B-NiAl(Cr) reaction layer that devel-

Keywords: o . .
Ni{’Al—Cr ops upon homogenization. They then grow and coalesce near the center of the radial cross-section of
Diffusion the wire. This is followed by a stagnation period until the pores migrate longitudinally due to the influ-

ence of a temperature gradient imposed by the laser heating used for annealing. The ex situ experiments
are in qualitative agreement with the tomography study with the exception of the secondary pore mi-
gration along the wire length, as expected because the ex situ study is conducted under isothermal
conditions. Detailed features of the microstructure were discernable only upon metallographic prepa-
ration and include Cr-rich precipitates and an o-Cr(AlNi) rejection region that formed during coating
and homogenization, respectively. In situ X-ray tomographic microscopy is thus demonstrated to be a
viable technique to use in conjunction with more conventional ex situ metallographic techniques to conduct
interdiffusion and Kirkendall pore studies.

© 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The Kirkendall effect is a well-established phenomenon, which
was discovered in 1947 by Kirkendall and Smigelskas [1]. An im-
portant manifestation of this effect is the formation of pores near
the interfaces of diffusion-bonded dissimilar materials. These so-
called Kirkendall pores form as a result of the discrepancies in atomic
fluxes in opposite directions, therefore causing a supersaturation
of vacancies on the side of the faster diffusing component [2-6]. Typ-
ically, these Kirkendall pores are regarded as detrimental because
they can deteriorate the mechanical, thermal, and/or electrical prop-
erties of the material. Therefore, the aim is often to prevent or
suppress the formation of Kirkendall pores. However, in 2004 [7],
this phenomenon was exploited to form hollow nanoparticles where
a single pore is formed by interdiffusion of Co and O, S, or Se. Several
recent studies have investigated this mechanism, though there are
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only rare examples of metal-metal reactions forming these struc-
tures [3,8,9]. This fabrication route has also recently been extended
to nanotube structures [3,10-17]. While several studies involving
nano-scaled hollow structures have been conducted, few have been
performed at the micro-scale. These include the formation of
microshells (hollow spheres) and microcages (hollow cubes or poly-
hedra) with typical dimensions of 1-30 um [18-21].

One of the ways that these hollow structures can be achieved
is by starting with a dense core-shell structure in which the shell
components diffuse slower than the core components, resulting in
an inward flux of vacancies toward the center [3,11,14]. Unlike the
large number of pores created in diffusion couples with larger
volumes, in this case, the pores can coalesce into a single Kirkendall
pore due to radial symmetry and spatial confinement. The coating
technique used to deposit the shell layer on these nano- or micro-
size substrates is critical to ensure a uniform coating. While at the
nano-scale the conformity and uniformity of atomic layer deposi-
tion (ALD) is required for accurate thickness control, more
conventional deposition techniques can be used at the micro-
scale, which are faster and more cost effective than ALD [3]. Pack
cementation, for example, is a simple chemical vapor deposition
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(CVD) process that has been used for over a century to deposit coat-
ings with thicknesses spanning a few to a few hundred micrometers
[22].

While pack cementation can be used to deposit a variety of el-
ements including Cr [23,24], Ti [25,26] and Mo [27-29], one of the
earliest and most common uses is for aluminization. It is still widely
used to form protective aluminide coatings on Ni-based superal-
loy components [30-36] which have been divided into two
categories: (i) low temperature, high activity pack deposited coat-
ings and (ii) high temperature, low activity pack deposited coatings
[32,37]. In the high activity process, an inward-grown Ni»Al; coating,
sometimes with a dispersion of secondary phase precipitates, forms
because Al is supplied at a much higher rate than it can react to
form B-NiAl; upon further annealing the coating quickly reverts to
Al-rich NiAl [37,38]. In addition to these microstructural features,
the formation of Kirkendall pores near the surface of the sub-
strate following aluminization of Ni-based alloys has also been
observed [38]. Some early work on the binary Ni-Al system also re-
vealed a relatively pronounced Kirkendall effect [39]. Another study
investigating the effects of rotational symmetry on the diffusion ki-
netics and Kirkendall pore formation in Ni-coated Al wires showed
that pore coalescence eventually caused the separation of the shell
from the core [40]. Furthermore, a more recent study regarding the
aluminization of Ni wires and foams illustrates that, upon homog-
enization, the aluminum-rich coating layer partially separated from
the Ni core. This separation was due to the formation of a nearly
continuous layer of coalesced Kirkendall pores [41]. The
aluminization of pure Ni wires was also studied via phase-field mod-
eling, however, for wires with much less overall Al content such that
once homogenized, a y + ¥ microstructure was reached [42].

Here, we show that, in pack-aluminized Ni-20wt.%Cr wires sub-
jected to homogenization, pores form as a result of the Kirkendall
effect and eventually coalesce near the center of the radial cross-
section. In this case, size may play an important role as the diameter
of the wires, 50 um, is only somewhat larger than typical Kirkendall
pore sizes, usually in the range of 1-25 wm, and therefore spatial-
ly confines the growth of the pores. Hence, this fabrication route
may be used to create hollow Ni-Cr-Al tubes. We also show via X-ray
tomographic methods that pore stagnation followed by rapid pore
migration can occur under thermal gradients. This demonstrates that
both fast and slow mechanisms are involved, providing insights into
possible tailoring techniques for Kirkendall pore microstructures.
The present exploration paves the way to extend the Kirkendall
method beyond the fabrication of individual tubes to the develop-
ment of 3D hollow woven and braided structures, which offer lower
density, higher specific mechanical properties, and higher surface
area than non-hollow wires, making them good candidates for struc-
tural applications (e.g., as cores of sandwiches) and thermal
applications (e.g., as heat exchangers and catalytic substrates) in hot,
oxidative environments [30,43].

2. Experimental Procedures
2.1. Pack aluminization

The samples examined in this study were nichrome wires, ac-
quired from Alfa Aesar (Ward Hill, MA) with an initial diameter of
50 um and a nominal composition of Ni-20Cr-1Si-0.5Fe (wt.%). These
wires were subsequently aluminized, which partially consumes the
nichrome core as the aluminide diffusion coating forms, resulting
in a core/shell structure having an as-coated diameter ranging
between 70 and 80 um depending upon the amount of Al depos-
ited on each particular wire. The aluminization pack had a
composition of 82 wt.% of 20-50 um Al,0;s filler powders, 15 wt.%
of <150 um Raney Ni precursor (Ni-50wt.%Al alloy or Ni-68.5at%Al)
source powders, and 3 wt.% 100 um NH4CI activator powders, all

of which were procured from Alfa Aesar. Such a pack, labeled P50
in a prior publication [30], has been established previously as a high
activity pack because it has greater than 60 at% Al [35]. This powder
mixture was mechanically mixed for ~30 min before approximate-
ly 25 g was poured into an alumina crucible in two stages with 12
wires, each about 4 cm in length, embedded between the two layers
of pack. An alumina lid was then placed on the crucible, which was
subsequently mounted on a stage in the water-chilled end of a pre-
heated tube furnace to prevent premature activation of the pack
while it was flushed with Ar for 15 min. After flushing, the cruci-
ble was inserted into the hot zone of the tube furnace and, after a
predetermined time, was retracted back into the water-chilled zone
to cool before removing it from the furnace completely. The coating
time and temperature were 7 min and 1000 °C, respectively, chosen
based on previous experimental results with P50 packs [30]. The
aluminized wire specimens were then removed from the pack, ul-
trasonically cleaned in acetone for ~5 min to remove any pack
powders from the surface, and prepared for further processing and
characterization.

2.2. Homogenization study via in situ X-ray tomographic
microscopy

A set of in situ experiments was conducted at the TOMCAT
beamline of the Swiss Light Source at the Paul Scherrer Institut,
permitting the observation of the pore development in real-time
through laser-based heating [44]. Because the coating thickness
can change slightly from wire to wire, which can affect the
resulting phase and pore evolution, the in situ tomographic imaging
capabilities provide non-destructive knowledge of the initial coating
thickness and uniformity and allow observation from a known
starting point, unlike the more conventional ex situ diffusion
studies. A schematic of the most relevant components of the
experimental setup is shown in Fig. 1. The wire sample was
encapsulated in a quartz capillary under vacuum and then in-
serted into an alumina sleeve; this was then mounted to the
rotation stage with a stainless steel sample holder. Data were
collected using monochromatic X-rays at an energy of 21.5 keV
and a pco.EDGE camera mounted to a standard microscope with
20 x magnification (0.325 um/px). An initial scan was collected at
ambient temperature to obtain the thickness of the aluminide
coating. Then the laser-based system, utilizing a pyrometer to
measure the temperature, was used to heat the sample to a
nominal temperature of 1000 °C as the wire was rotated continu-
ously [44]. 1501 projections over 180° of rotation were collected
in approximately 2 min (100 ms/projection). Scans were inter-
spersed with a relatively short user-defined sleep time of 3 min in
an aim to capture detailed features of the pore evolution. All data
were reconstructed using the gridrec algorithm as in Ref. [45]. The
pores observed in the resulting reconstructions were then seg-
mented in Image] [46] and visualized in 3D using a contour plot
in Vislt [47], an open source reconstruction tool available through
Lawrence Livermore National Laboratory. For several time steps, a
MATLAB script was used to estimate the pore volume fraction;
this was done by segmenting the pore and wire areas separately
and subsequently summing the pore area over the total wire
length. All of the tomography results presented and discussed in
the following sections are from two different samples that were
aluminized using the same conditions (7 min at 1000 °C) and
then subsequently heat-treated during in situ tomographic imaging
at the same nominal temperature of 1000 °C.

2.3. Homogenization study via ex situ metallography

The in situ tomographic microscopy results were verified by a
series of ex situ isothermal experiments conducted on multiple wires
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Fig. 1. Schematic of the relevant components of the X-ray tomographic microscopy setup at the TOMCAT beamline of the Swiss Light Source.

using conventional heat treatment and metallographic character-
ization techniques. The same pack aluminization conditions (7 min
at 1000 °C) that were used in the in situ experiments were also used
to form the aluminide coating on these wires. However, the ex situ
annealing conditions were not the same as in the tomography ex-
periments because it was determined that the wire could react with
the quartz capillary if in direct contact. To avoid this interaction,
the wires were embedded in Al,0; powder and wrapped in stain-
less steel foils before encapsulation. Once encapsulated, the wire
samples were annealed at 900, 1000, and 1100 °C in a box furnace
for a variety of times ranging from 15 min to 16 h. After water-
quenching the capsules, the wires were removed from the foil wraps,
cleaned in acetone, mounted in epoxy, and polished to 0.05 um
alumina. The microstructure and composition of multiple cross-
sections were characterized metallographically for each annealing
condition via a combination of optical microscopy (OM), scanning
electron microscopy (SEM), and energy dispersive X-ray spectros-
copy (EDS). While it cannot be definitively confirmed, the above-
mentioned interaction between the quartz and the sample does not
appear to have occurred during, or affected the results of, the to-
mography experiments because the segments of the wire analyzed
here were not in direct contact with the capillary as observed in
the resulting tomographic images.

3. Results and discussion
3.1. Phase evolution during homogenization

To analyze the microstructural evolution of the aluminized Ni-
Cr wires, it is important to know the as-coated microstructure. As
shown in Fig. 2, the as-coated wires exhibit a core/shell structure.
Based on the reconstructed slice shown in Fig. 2(a), the 15 um thick
shell and the 42 um diameter core (overall as-coated diameter of
72 um) both appear to be single-phase. However, Fig. 2(b) clearly

illustrates that the shell is a two-phase layer, which consists of
chromium-rich precipitates (likely CrqsAl;6 based on the ternary iso-
therm [48], but labeled Cr,Aly) in a nickel aluminide matrix (Ni>Als,
as expected for this pack [30] and as confirmed via EDS on pol-
ished cross-sections and via XRD on crushed as-coated wires), while
the core is indeed single-phase y-Ni(Cr). Because of the relatively
sharp color difference in the metallographic cross-section (Fig. 2(b)),
there seems to be two distinct shell layers (marked i and ii). However,
the coating is indeed one continuous layer and this appearance is
the result of a radial gradient in the chromium-rich precipitate size.
An explanation for this gradient could be the preferential coarsen-
ing of the Cr-rich precipitates formed earliest near the surface, giving
them more time to coarsen as the diffusion front moved toward the
wire center. Alternatively, this could be caused by a changing Cr su-
persaturation due to Cr rejection from the core as the wire
homogenizes. During the early stages, coarse precipitates form as
a result of an initially low Cr supersaturation, but as Cr continues
to be rejected, supersaturation increases and finer precipitates form.

Upon annealing, a diffusion reaction occurs between the shell
and the core as the wire homogenizes toward its equilibrium mi-
crostructure. The microstructural evolution of a single wire cross-
section is presented in Fig. 3 as a series of two-dimensional (2D)
tomograms taken from the top of the reconstruction volume. After
only 15 min of aging, an intermediate reaction layer forms between
the shell and the core. Based on the phase diagram, this layer is ex-
pected to be B2-NiAl(Cr). This layer grows at the expense of both
the outer layer and the y-Ni(Cr) core from 15 to 60 min. Finally, after
approximately 60 min, the wire appears to be fully homogenous,
with the exception of the presence of a large internal pore, appear-
ing after 25 min, which is discussed further in Section 3.2.

To further understand the microstructure evolution during ho-
mogenization along the length of the wire within the field-of-
view (FOV), Fig. 4 presents a series of 2D radiographs as a function
of annealing time. After 15 min, the shell has grown at the expense
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Fig. 2. As-coated aluminized Ni-20wt.%Cr wires shown as (a) a 2D tomographic slice
and (b) an optical micrograph with a magnified view of the shell layer in the inset.
The edge damage in (b) is due to metallographic preparation.

of the core. By 30 min the top portion of the wire appears to be fully
homogenized while the shell/core structure remains visible near the
bottom. Also, the formation of pores is observed near the top of the
wire (arrows in Fig. 4 starting at 30 min). It is apparent that diffu-
sion occurs faster at the top of the wire than at the bottom, as
discussed further in Section 3.2.2, which indicates that a longitu-
dinal thermal gradient is present. However, the magnitude of any
temperature gradient using lasers as a mode of heating is
experiment-specific and determined by many factors, including the
ability of the sample (materials) to couple with the lasers, the tem-
perature range examined, the thermal conductivity of the sample,
as well as the overall stability of the experimental setup at tem-
perature. Thus, the same temperature gradients observed by these
authors would not necessarily be observed in other experiments.

3.2. Kirkendall pore evolution during homogenization

3.2.1. In situ tomographic microscopy experiments

3.2.1.1. Equiaxed pores. Kirkendall pore formation and evolution can
be observed in the 2D slices in Fig. 3. The initial signs of pore for-
mation, within the resolution limit of the tomography scans (~1 wm),
are observed after approximately 25 min of heating as a cavity with
a crescent-like cross-section takes shape and grows until it reaches

a near-elliptical shape after 60-90 min. There is little change in terms
of the pore cross-sectional shape and size between 90 and 240 min,
but then the pore begins to grow again. After 285 min, the pore has
a nearly circular cross-section as shown in the bottom right image
in Fig. 3. The existence and subsequent evolution of these pores along
the entire length of the wire in the FOV is even more apparent in
the radiographs shown in Fig. 4. The laser position was at the top
of the FOV, indicated by a crack in the alumina sleeve (i.e., the almost
white line spanning the diameter of the sample marked with an L)
that becomes visible on the 15 min projection. Within 30 min, in-
ternal pores have started forming in the laser path. After 45 min,
pore formation is even more obvious near the top of the FOV and
extends to the white dotted line near the center of the FOV. By
90 min, a discontinuous string of pores has developed along the
length of the wire within the FOV. This string of pores appears to
remain relatively stagnant for another two and a half hours, as il-
lustrated by comparing individual pore shapes and sizes, marked
with arrows in Fig. 4. This is unexpected as it was anticipated that
the pores would evolve relatively quickly at this high temperature
by coalescing and/or sintering to reduce the internal surface area.
One possible explanation for this long stagnation is that an oxide
scale formed on the interior surface of the pores (e.g., via oxygen
penetration into the wire through grain boundary diffusion), which
must break up before pore coalescence, migration or sintering can
occur. Another hypothesis is that the pores are gas-filled. It has been
demonstrated that oxygen can penetrate relatively large dis-
tances, e.g., 250 um after 200 h air exposure at 1000 °C, into
polycrystalline Ni alloys via grain boundary diffusion and react with
impurity levels of carbon to form carbon di- or monoxide gas bubbles
[49,50]. However, it has been determined that high, ~22 wt.%, Cr
levels can reduce the oxygen activity enough to prevent this mech-
anism [50].

Just after 4 h of total annealing time, as shown in Fig. 4 at
260 min, the pore string starts to coalesce near the top of the FOV
and evolves relatively quickly, in comparison to the overall anneal-
ing time, until a single pore with a capped cylindrical structure,
indicated by an arrow in the last projection of Fig. 4, is formed. Mean-
while, an apparently pore-free region, which initially formed at
260 min and grows as shown by the series of white dotted ellip-
ses in Fig. 4, is observed below this capped cylindrical pore; however,
there may be pores below the resolution limit that are not visible
in the images. The migration of pores toward the hot zone is almost
certainly due to the longitudinal temperature gradient present in
these experiments. This has also been observed experimentally in
nuclear oxide fuel systems and verified through phase-field simu-
lations [51]. This also suggests that the large cylindrical pore observed
at the end of the experiment (after 285 min at temperature) is a
result of a flux of individual vacancies or pores from the region below
it, due to the temperature gradient. Therefore, this series of pro-
jections can effectively be split into two groups to discuss the
mechanisms involved in the pore evolution. Up to about 90 min,
pores are forming and growing via the Kirkendall effect where the
primary driving force is the radial concentration gradient as the wire
undergoes homogenization. Beyond this time, the radial concen-
tration gradient is no longer present as the wire is fully homogenous,
and thus, the pores begin to coarsen and eventually migrate lon-
gitudinally, likely due to the now dominant driving force of the
longitudinal temperature gradient.

While the chronological series of reconstructed slices and pro-
jections shown in Figs. 3 and 4, respectively, provide insights in terms
of the overall evolution of the pores, it is difficult to distinguish much
detail at the pore level. It is more informative to visualize the pores
in 3D so that individual features of the pore morphology can be dis-
cerned. Fig. 5 shows a time series of 3D reconstructions for the top
half of the FOV from 245 min to the end of the experiment at
285 min. With these images, the complex merging and splitting
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Fig. 3. Time evolution of 2D tomographic slices taken from the top of the reconstruction volume showing phase and pore evolution in the wire. The alternating brighter
white/darker black areas seen at the interface between the air gap and the wire and at the edges of the wire are streaking artifacts caused by the difference in X-ray ab-
sorption between the air gap and the material and the material and the alumina sleeve, respectively. The streaking is further enhanced by the sample-to-detector distance
in the experimental setup and by movement artifacts in certain images (e.g., 90 min and 270 min).

events (examples indicated by the series of arrows labeled (a) and
(b), respectively, in Fig. 5) are more visible as the pores evolve under
the presence of the temperature gradient.

3.2.1.2. Dumbbell cavity. At the end of the experiment, after the
sample had cooled, the sample height was adjusted to center the
laser position in the FOV and a final room-temperature scan was
taken. The 2D radiograph of the final structure is shown in Fig. 6(a).
It is apparent that the capped cylindrical pore formed symmetri-
cally about the laser position (marked with an L, which corresponds
to the fracture of the alumina sleeve, as mentioned above) and re-
sulted in a dumbbell-shaped pore. This feature provides further
evidence of the presence of a symmetrical longitudinal tempera-
ture gradient, which caused the migration of pores toward the
highest temperature region of the wire.

At first sight, the dumbbell shape is surprising, as the simpler
shape of a cylinder with hemispherical caps of the same diameter
as the cylinder is intuitively expected. A possible explanation for
the much larger diameter of the spherical caps relies on the concept
of constant mean curvature surfaces and, therefore, constant chem-
ical potential surfaces [52]. Measuring the diameters of the cavity
tips from reconstructed slices of the dumbbell, the maximum di-
ameter of the spherical cap is approximately 2 times (1.99 and 1.94
for the top and bottom, respectively) that of the diameter of the cy-

lindrical portion, as shown in Fig. 6(b) and (c). The mean curvature
is the average of the two principal curvatures of a surface, which
are the reciprocals of the principal radii. For a sphere the two prin-
cipal curvatures are equal and for a cylinder one of the principal
curvatures is zero. Thus, given a constant radius, the mean curva-
ture for a sphere is twice that of a cylinder. In order to maintain a
constant mean curvature, the radius of a sphere must be twice that
of the radius of a cylinder as observed in this dumbbell pore that
consists of two spheres connected to a cylinder. Therefore, the dumb-
bell shape seen in Fig. 6 may represent a constant chemical potential
surface, which is at equilibrium in the temperature gradient of the
wire.

The 3D reconstruction of the dumbbell pore is presented in
Fig. 7(a) along with two higher magnification views of specific fea-
tures of the dumbbell, including, in Fig. 7(b), small satellite pores
that are not clearly visible in the unprocessed 2D projections and,
in Fig. 7(c), grain boundaries on the surface of the pore. These fea-
tures can give some insight into the mechanisms involved in the
formation of the dumbbell pore structure. For example, in Fig. 7(b),
it appears that the dumbbell pore is coarsening at the expense of
the small pores near the end of the dumbbell (marked with arrows)
that are likely migrating toward and merging with it due to the tem-
perature gradient as mentioned previously. Also, there are likely
pores or individual vacancies below the spatial resolution of the
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Fig. 4. Time evolution of 2D radiographs of the full FOV of the wire, all taken at the same angular position, starting from 0 min showing longitudinal pore evolution. The
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tomographic imaging that are also migrating to the dumbbell, as
it acts as a vacancy sink near the high temperature region of the
sample. The grain boundaries visible in Fig. 7(c) indicate that grain
boundary grooving has occurred within the wire at the pore surface,
and that the grain size is much smaller than the wire diameter, i.e.,
that bamboo grains have not developed at the dumbbell. The grain
boundaries may also provide a short-circuit diffusion path for va-
cancies to migrate to (and from) the dumbbell cavity.

To verify that the dumbbell formation was repeatable, a second
sample was aluminized and annealed under the same conditions.
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The resultant projections are shown in Fig. 8, starting after 540 min
of annealing, which is when the stagnant string of pores has already
formed and begins to evolve due to the temperature gradient. The
original location where the laser was impinging on the sample is
marked with an L in the first projection in Fig. 8. However, the laser
position was shifted after about 15 min at temperature, long before
the stagnation point at 540 min, to the location indicated with an
L” where it remained for the duration of the experiment. In this case,
the stagnation period was much longer than for the first sample;
it increased by approximately 300 min. A similar progression as was
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Fig. 5. Time evolution of 3D reconstructions at the same angular position showing pore (a) merging and (b) splitting events within the top half of the FOV between 245

and 285 min.
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Fig. 6. (a) 2D radiograph of the dumbbell cavity formed within the wire after 285 min
annealing and collected at room temperature after subsequent sample cooling, with
reconstructed 2D cross-sections of (b) the spherical cap at its maximum diameter
and (c) the middle section of the cylindrical shaft.

shown in Fig. 4 is observed up until the point when the dumbbell
forms. There are regions (marked with arrows) where the pore string
splits during the merging process. After 570 min at temperature,
a long, nearly-uniform cylinder has formed with a hemispherical
cap, which grows into the larger spherical cap at the end of the cyl-
inder by 585 min. Within another 5 min (590 min), the sphere
becomes even more well-defined. The resultant pore structure
appears very similar to what was observed at the end of the time
sequence in Fig. 4.

To determine whether or not the dumbbell pore remains stable
upon further annealing, the heat treatment was not interrupted and
the experiment was continued as shown in Fig. 8. After another 5 min
(595 min), the cavity connects to the wire surface near the top of
the FOV (arrow). In addition, the cap on the bottom of the cylin-
der has elongated and the second end of the pore comes into view
and has a hemispherical cap with the same diameter as the cylin-
drical portion. Thereafter, the wire fractures completely (indicated
by the dotted white line), and the cylindrical portion of the cavity
becomes unstable and rapidly disappears; the cap then pinches off
and remains as a nearly spherical pore within the wire as shown
in the 600 min projection. The last projection at 605 min shows that
this pore is more spherical than the previous step and has de-
creased in volume. This sequence of events seems to indicate that
the pore was gas-filled and that once the gas was released where
the wire fractured, the cavity was able to sinter further. The overall
diameter of the wire cross-section — approximately 72 um mea-
sured at twelve different time steps between 0 and 285 min - does

(b)

R

25 pm

25 pmA'

Fig. 7. 3D visualizations of (a) the full dumbbell cavity shown in Fig. 6(a) after 285 min
annealing, (b) the bottom of the dumbbell with small satellite pores visible, and (c)
the shaft of the dumbbell with grain boundaries on the surface.

not change over time within the experimental error. This can be ex-
plained by the relatively small volume fraction of pores, between
3 and 4 vol.%, which was measured as a function of time over three
different 140 um sections from the top, middle, and bottom por-
tions of the wire within the FOV. Furthermore, the volume expansion
due to the formation of the pores is partially balanced by the molar
volume decrease from the formation of the various intermetallic
phases upon interdiffusion.

3.2.2. Ex situ metallography experiments
3.2.2.1. Microstructural features and evolution. To estimate the lon-
gitudinal temperature gradient and verify the results of the
tomography study, several aluminized wires were annealed iso-
thermally at 900, 1000, and 1100 °C and subsequently cross-
sectioned for metallographic compositional and microstructural
analysis. Fig. 9 shows a matrix of radial cross-sections annealed for
three different times (15, 30, and 60 min) for (a) the reconstructed
tomography slices from the top, middle, and bottom (correspond-
ing to the high, medium, and low temperature regions, respectively)
of the wire section presented in Fig. 4 and (b) a representative se-
lection of optical micrographs of the wires annealed ex situ at 900,
1000, and 1100 °C for comparison. While the initial coating thick-
ness remained constant from the top to the bottom of the wire
section, the cross-sections in Fig. 9(a) clearly evolve at different rates,
providing further evidence of the longitudinal temperature gradi-
ent. Based on the micrographs in Fig. 9(b), we expect the temperature
gradient to be within the 900-1100 °C range.

To further investigate the microstructural evolution of the wires
beyond 1 h, a series of wires was annealed at 1100 °C for upto 16 h
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Fig. 8. Time evolution of the 2D radiographs of the full FOV of the wire, all taken at the same angular position, for a second sample showing the longitudinal pore evolu-

tion starting after 540 min of annealing.

as shown in Fig. 10. This temperature was chosen based on the rel-
evant intrinsic diffusivities available in literature and the extensive
Kirkendall porosity observed in the initial ex situ experiments.
Because the characterization techniques used for the ex situ studies
are destructive, the cross-sections shown in Fig. 10 are not from the
same wire; hence they may have slightly different initial coating
thicknesses and are therefore a less accurate representation of the
microstructural evolution. However, several observations can still
be made from this series of cross-sections. First, large cavities with
crescent-shaped cross-sections have developed, as also observed in
the tomographic reconstructions (Fig. 3). Also, certain features within
the microstructure are observed in the ex situ cross-sections in Fig. 10
that were not distinguishable in the tomographic reconstructions.
It is apparent that the Cr-rich precipitates that developed upon
aluminization are still present in the outer layer and, in some cases,
within the inner layer that has developed. These precipitates are
most likely not seen in the tomographic reconstructions because
there is minimal absorption contrast difference compared to the sur-
rounding matrix and/or because they are smaller than the spatial
resolution of the experiment. In addition, in Fig. 10, a two-phase
B-NiAl(Cr) + a-Cr(Ni,Al) region near the center of the cross-
sections is observed, which is likely the result of Cr rejection as the
Ni(Cr) core is consumed by the NiAl(Cr) reaction layer. Similar
o-Cr(Ni,Al) rejection was observed by Tu and Seigle in a Ni-
25at.%Cr (Ni-23wt.%Cr) alloy aluminized in a 60 at.% (40.8 wt.%) Al
pack for 8 h at 1000 °C [34]. Finally, in the cross-section annealed
for 30 min shown in Fig. 10(b), a clear color difference can be seen
between the bluish-gray outer region in contact with the pore and
the remainder of the brownish cross-section. Based on the phase
diagram and EDS, the bluish-gray region is Al-rich NiAl(Cr) and the
brownish portion of the cross-section is Ni-rich NiAl(Cr). This sug-
gests that the NiAl; coating transforms to NiAl very quickly and that
homogenization by diffusion is delayed by the presence of the pore,
which interrupts and lengthens the diffusion path.

The cross-sections in Fig. 10(e) and (f) were annealed for 8 and
16 h, respectively, at 1100 °C. Both seem to be fully homogenized,
but still contain Cr-rich precipitates that appear to be coarsening.
The pores grew to the size shown in Fig. 10 during homogeniza-

tion, and the crescent shape remained throughout the process. These
cross-sections are representative of the wires annealed under iso-
thermal conditions and are clearly different from the dumbbell-
shaped pore observed in the tomography experiments, which again
suggests that the temperature gradient was responsible for the
unusual dumbbell shape. Based on the metallographic cross-
sections, it appears that these pores are relatively stable, at least
up to 16 h.

Once the Kirkendall pores form, they act as sinks for other va-
cancies in the system and continue to grow and merge into the pores
with crescent-shaped cross-sections observed in both the tomog-
raphy and ex situ experiments. Klinger et al. modeled the hollowing
of a cylindrical core-shell nanowire and suggest that this crescent
shape is a result of the combination of surface diffusion along the
internal surfaces of the core and shell, diffusion at the core/shell in-
terface, and diffusion along the grain boundaries in the shell [53].
Because surface, interface, and grain boundary diffusion are much
faster than bulk diffusion at solid-state diffusion temperatures, these
mechanisms should play a significant role in determining the shape
and growth kinetics of the pores that form near the -NiAl/y-
Ni(Cr) interface [53]. This also explains the observation made about
Fig. 10(b) regarding the mitigation of homogenization diffusion in
the outer wire region in contact with the pore. Because the pore
forms near the B-NiAl/y-Ni(Cr) interface, it interrupts the supply of
Ni atoms directly from the core, thereby increasing the diffusion dis-
tance, and hence requiring a longer time for that region to
homogenize.

In most cases the resultant hollow structure formed via this
Kirkendall technique is single-phase. It has been suggested that
ternary systems are not ideal for this method because they may result
in an internally porous wire rather than the pores merging to form
a tube [54]. A possible explanation is that, in a ternary system where
the core material is an alloy or a compound, only one element out-
diffuses significantly faster than the inward diffusion of the shell
phase, which could lead to the formation of precipitates near the
core that inhibit the pores from fully connecting [3]. In this case,
due to the large amount of Cr in the Ni-Cr wire core, the wire
remains two-phase following homogenization; hence the Cr-rich
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Fig. 9. Radial cross-section of aluminized Ni-20wt.%Cr wires annealed (a) in situ from the top, middle, and bottom of the field of view (corresponding to the high, medium,
and low temperature regions, respectively) originally presented in Fig. 4 and (b) ex situ at 900, 1000, and 1100 °C for 15, 30, and 60 min.

precipitates may be impeding the growth of the pores. However,
it is expected that the pores would eventually take a more circu-
lar shape in cross-section to minimize surface area, if given enough

time.

3.2.2.2. Microstructure reproducibility. Multiple wires were alumi-
nized and annealed at 1100 °C for 16 h to assess reproducibility.
Fig. 11 shows optical micrographs of two cross-sections from each

of three different aluminized wires, e.g., Fig. 11(a) and (b) are images
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Al-rich NiAl(Cr) + Cr,

Fig. 10. Optical micrographs of typical aluminized wire cross-sections following iso-
thermal annealing at 1100 °C for a) 15 min, b) 30 min, c) 1 h, d) 4 h, e) 8 h, and f)
16 h. The edge damage is due to metallographic preparation.

taken from different regions within the same wire located 1-5 mm
apart (about 20-100 times the wire diameter). All six cross-
sections look similar in terms of phase constituents and pore shape,
with some variation with respect to pore and Cr precipitate area
fraction. Also, the color of the NiAl(Cr) matrix phase is slightly dif-
ferent between wires, but appears to be similar between the two
cross-sections from the same wire. These discrepancies are likely
due to the fact that the initial coating layer thickness varies slightly
between the three wires. Therefore, the overall compositions are
somewhat different, which accounts for the slight variation in phase
fraction and matrix phase color.

To test this hypothesis, the compositions of these six cross-
sections were measured via EDS and plotted on the ternary isotherm
(constructed at 1150 °C [55], 50 °C above our annealing tempera-
ture) as shown in Fig. 12. Each symbol indicates a different wire:
the solid and hollow square symbols correspond to measure-
ments collected from the cross-sections in Fig. 11(a) and (b),
respectively, the circles represent Fig. 11(c) and (d) and the tri-
angles denote compositions for the cross-sections in Fig. 11(e) and
(f). The three colors each represent composition data collected from
different regions of the cross-sections. The blue symbols corre-
spond to the overall wire composition as determined from one large
area scan that contained the entire cross-section. These data points
are all within the two-phase B2-NiAl(Cr) + fcc-Cr(Ni,Al) region, near

25
pm

Fig. 11. Optical micrographs of typical aluminized wire cross-sections following iso-
thermal annealing at 1100 °C for 16 h. Pairs of cross-sections - (a) and (b), (c) and
(d), and (e) and (f) - were taken from three different wires.

the B2 phase region as expected based on the contrast and area frac-
tion of precipitates observed in the images. The overall Al
composition ranges from about 32 to 42 at.%, with the cross-
sections shown in Fig. 11(e) and (f) having the highest Al content.
The Cr content ranges from approximately 12 to 16 at.% and the Ni
content from 45 to 52 at.%. These values appear to correspond well
with the observations made based on the image contrast. Each of
the red symbols represents the average of five point measure-
ments conducted within the matrix phase. For all six cross-sections,
they fall on the NiAl(Cr) phase boundary, indicating that this is the
equilibrium composition and will hence not evolve further. Finally,
the green symbols represent data collected from the central region
of the cross-sections containing a high area fraction of the Cr-rich
precipitates. Because these precipitates are too small for accurate
analysis via EDS and often difficult to distinguish in the SEM, the
data points plotted are average values from six rectangular areas
containing both the Cr-rich precipitates and the matrix phase. There-
fore, these points do not accurately represent the Cr-rich precipitates
and should shift to the Cr solid solution phase boundary if the con-
tribution from the matrix phase is excluded. The composition data
set presented here agrees well with the phase constituent results
previously discussed and suggests that phase distribution and pore
formation is repeatable in different wires and relatively consistent
within the same wire.
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Al

Fig. 12. Isothermal section at 1150 °C of the Ni-Cr-Al ternary phase diagram [59]
with average wire (blue) or phase (red and green) compositions plotted for the six
cross-sections (annealed at 1100 °C) shown in Fig. 10. The square symbols corre-
spond to (a) and (b), circle symbols to (c¢) and (d), and triangular symbols to (e) and
(f). Solid symbols represent (a), (c) and (e) while hollow symbols represent (b), (d)
and (f), respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

3.2.2.3. Summary of microstructure and pore evolution
mechanisms. These results highlight the advantages of using a
combination of tomographic microscopy and traditional metallog-
raphy as tools for understanding interdiffusion — tomography is
nondestructive and provides a means to capture time-resolved, in
situ evolution of phenomena in a single sample, while metallog-
raphy provides more detailed snapshots of the evolution and fills
in the information missing from dynamic experiments. Based on
a combination of the observations made in both sets of experi-
ments, a schematic of the multistep microstructural evolution is
presented in Fig. 13. The microstructure evolves from (1) the
as-coated aluminized Ni-20Cr wire as follows: (2) a NiAl(Cr)
reaction layer starts growing while rejecting Cr, and a dominant
Kirkendall pore forms near the y-Ni(Cr)/B-NiAl(Cr) interface; (3)
the reaction layer continues to grow at the expense of the core,
further rejecting Cr, and the pore acts as a vacancy sink and grows
via core surface, core/shell interface, and grain boundary diffu-
sion; (4) the core is nearly consumed, the pore cross-section has
become crescent-shaped, and homogenization is impeded in the
region behind the pore because of the lengthening diffusion
distance due to the presence of the pore; (5) the pore continues to
grow by completely consuming the core, but is prevented from
becoming circular due to the presence of the Cr precipitates near
the center, and the shell is still not fully homogenized in the
region behind the pore; (6) finally, the fully homogenized
NiAl(Cr) + Cr(ALNi) two-phase structure with an internal central
pore with a crescent-shaped cross-section develops. A precipitate-
free NiAl(Cr) layer seems to develop initially because of the
relatively high solubility limit of Cr, 10 at.% at 1150 °C, but as it
grows the excess Cr is rejected in the form of precipitates, creat-
ing the two-phase microstructure near the core. The Cr-rich
precipitates formed in the as-coated shell remain stable, as Ni,Als
has a very limited solubility for Cr, until the shell transforms into
NiAl(Cr) and the precipitates are then able to dissolve and/or
coarsen.

B Al-rich NiAl(Cr) [ Cr-rich ppts [ Ni-rich NiAl(Cr)

Fig. 13. Schematic showing multistep evolution of (1) the as-coated aluminized Ni-
20Cr wire to (6) the fully homogenized NiAl(Cr) + Cr(AlNi) two-phase microstructure
containing a central pore with a crescent-shaped cross-section.

4. Conclusions

The pack cementation coating method, which is well-established
to coat bulk objects, was used here to form ~10 um thick nickel
aluminide coatings on Ni-20wt.%Cr wires with 50 um original di-
ameter. Upon annealing, two phenomena were observed: (i) diffusion
reaction and phase evolution and (ii) Kirkendall pore formation and
evolution. The following conclusions are reached:

a. In situ X-ray tomographic microscopy was performed on a wire
subjected to a longitudinal temperature gradient imposed by
laser-based heating.

1. Kirkendall pores nucleate in the B-NiAl(Cr) layer that rapidly
replaces the as-deposited Ni,Al; shell. The pore cross-sections
initially form crescent shapes near the B-NiAl(Cr)/y-Ni(Cr) in-
terface and then grow to 10-25 um diameter as they serve
as vacancy sinks.

2. A stagnant string of pores forms along the entire length of
wire and further evolves due to the presence of a tempera-
ture gradient. Pores migrate to the hot zone and coalesce into
a dumbbell-shaped cavity positioned symmetrically about the
hottest location.

3. Upon further annealing of a second sample containing a
dumbbell cavity, the wire fractured and the pore became un-
stable and sintered.

b. Isothermal ex situ experiments were performed on a
series of wires annealed at 1100 °C that were examined
metallographically.
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4. The above mechanisms of phase and pore formation active
during interdiffusion are confirmed. However, the dumbbell-
shaped cavities were not observed, implying that a
temperature gradient is needed to create them.

5. Compositional analysis via EDS showed that the equilibri-
um phases after full homogenization are a NiAl(Cr) matrix
containing fine Cr-rich precipitates which were not distin-
guishable in the tomographic reconstructions.

6. Cavities with crescent-shaped cross-sections appear to form
due to surface, interface, and grain boundary diffusion mecha-
nisms and do not spheroidize after 16 h at 1100 °C, most likely
because the Cr precipitate formation near the center of the
cross-sections inhibits further pore evolution.
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