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Abstract:

Microstructural and phase evolution of an aluminum deposit on nickel, after heat treatment at 883
K, is studied by means of various microscopy techniques, i.e. energy dispersive X-ray spectroscopy,
backscattered electron imaging, electron backscatter diffraction, ion channeling contrast imaging
and scanning transmission electron microscopy. AlNis crystallites are observed on the aluminum
grain boundaries after only 3 min. of heat treatment indicating that nickel and nickel rich phases are
the initially diffusing and forming species. Heat treatment for 120 min. or longer results in the
formation of AlsNiz and a porous AlsNiz/y-Al20s structure at the surface. The AlsNiz layer is
composed of two different grain morphologies, indicating the position of a Kirkendall plane, and

hence, there is a high diffusion rate of aluminum in this phase.



1. Introduction:

The aluminum-nickel system and diffusion within the system is of very high importance for large
scale applications such as high temperature alloys [1-4] and semiconductor technology [5-8].
Hence, understanding the mechanism(s) of microstructure evolution is of general interest and there
is a large body of work on the topic [8-13]. AINi and AlNis are specifically important for high
temperature applications. However, for other applications such as catalysis by high activity nickel,
phases containing low concentrations of nickel such as AlsNi and AlsNiz are of higher importance
[14]. But, there is (relatively) less research on these phases. The high surface area nickel based
electrocatalyst is often produced by selectively leaching element(s) from nickel based alloys [15-
19]. Electrodeposition, powder pressing and thermal spraying are well-established techniques for
synthesis of the leachable nickel based alloys [16, 17, 19-21]. In previous studies, some of the
authors presented a method for synthesis of leachable aluminum-nickel alloys by physical vapor
deposition (PVD) of aluminum on nickel and subsequent thermal treatment at 883 K of the
aluminum-nickel couple [22, 23]. It was shown that the alloy composition and the thickness of the
aluminum-nickel alloy play important roles in the nickel activation process and final performance
of the electrocatalyst [22, 23]. Accordingly, for the development of more efficient and durable
nickel based (electro)catalysts, evolution of microstructure and phase, as well as understanding the
formation mechanism(s) of AlsNi and AlsNiz, is of high importance.

In the current paper, the results of thorough microscopical studies on the aluminum-nickel diffusion
are communicated and the underlying mechanism(s) of microstructure evolution is discussed.
Special emphasis is put on the characterization of the less studied AlsNiz.

2. Experimental

2.1 Material



A commercially available rolled and annealed ~500 um thick nickel plate was used as the substrate
for PVD aluminum. The purity of the nickel substrate was 99 at.%, determined using optical
emission spectroscopy. The average grain size of nickel was about 20 um. In order to ensure
removal of all organic residues from the surface, the nickel substrate was cathodically
electrocleaned in an electrolyte of the following composition: 16.25 g.dm® NaCN, 16.25 g.dm?
Na2COs, and 54.16 g.dm= NaOH. The electrocleaning was applied potentiostatically at 5 V for 5
min using a stainless steel sheet as the counter electrode (anode). After electrocleaning, the nickel
substrate was fully rinsed with deionized water, blown dried with cold air, and introduced into the
deposition chamber. The nickel oxide was removed from the surface by means of Ar sputtering in
the chamber. A layer of aluminum was deposited onto the nickel substrate by non-reactive DC-
magnetron sputtering, using a CC800/9 SinOx coating unit from CemeCon AG. An aluminum 1050
alloy was used as the target. The coating was not of uniform thickness over the substrate but the
average thickness is 12 um. The aluminum deposited nickel plate was cut into suitable sizes of
5x10 mm?.

The cut pieces were heat-treated in an atmospheric furnace at 883 + 5 K for various times: 0, 3, 10,
20, 30, 120, 240, 360, 480, and 1440 min. After heat treatment, the pieces were removed from the
furnace and cooled under ambient conditions.

2.2 Sample preparation for microscopy

For general cross sectional investigations, the cut pieces were hot-mounted in PolyFast resin from
Struers, ground down to 4000 grit (SiC) and subsequently polished with 3 and 1 um diamond
pastes.

For detailed microscopic characterization where electron backscattered diffraction (EBSD) was
applied, the cut pieces were mounted onto a custom made sample holder developed for cross

sectional sample preparation. The samples were ground down to 4000 grit and polished with 3, 1



and 0.25 um diamond pastes followed by mechanical/chemical polishing with 0.04 pum colloidal
silica (OPS from Struers). Finally, in order to achieve high surface quality for EBSD measurements,
flat surfaces were prepared using a focused ion beam (FIB) in an FEI Helios NanoLab™ 600 dual
beam scanning electron microscope (SEM). The surface preparation with FIB included (i) platinum
deposition using a gas injection system and (ii) two step removal of 750 nm of the cross-section (for
the details see [24]).

For transmission electron microscopy (TEM), an electron transparent lamella specimen was
prepared at an acceleration voltage of 30 kV using the FIB in-situ lift-out technique [25] in the
Helios Nanolab™ 600. For the final step (amorphous layer removal), a 2 kV Ga* beam with a
current of 30 pA was applied at an incident angle of 7°, for both sides of the lamella for 10 min to
remove surface damage layers during FIB preparation.

2.3 Electron / lon microscopy

General microstructural and elemental investigations were carried out on all samples in a Hitachi
TM3000 Tabletop SEM equipped with a Bruker Quantax 70 energy dispersive X-ray spectroscopy
(EDS) system. Based on these general investigations, detailed microscopical analyses were carried
out on the following samples: (i) as-deposited, (ii) heat treated for 10 min. and (iii) heat treated for
120 min. lon channeling contrast imaging (ICCI), simultaneous EBSD and EDS were performed in
a dual beam FEI Helios NanoLab™ 600, equipped with an EDAX-TSL EBSD system a Hikari
camera and an Apolo 10 silicon drift detector. The ICCI investigations were performed using Ga*
ions with an energy of 30 keV.

The EBSD measurements were performed in a hexagonal grid with an electron probe current of 5.5
nA at an acceleration voltage of 15 kV. The cleaning procedure of the measured EBSD data was
applied using OIM 6™ as follows: (i) grain confidence index standardization, (ii) single iteration

grain dilation (in both cases, a grain was defined as a region consisting of at least four connected



points with misorientations of less than 5°), (iii) all the data points with a confidence index below
0.1 were disregarded [26].

The sample heat-treated for 120 min. was studied further in an FEI Titan 80-300ST field-emission-
gun TEM, equipped with an EDS (Oxford Instruments, X-MaxN 80 mm? silicon drift detector) and
a spherical aberration probe corrector. The microscope was operated at 300 KV in the scanning
TEM (STEM) mode and the images were acquired using either a bright-field (BF) or a high-angle
annular dark-field (HAADF) detector (the inner detector angle was used at 57 mrad). STEM-EDS
measurements were carried out with an interval of 10 nm from a region of 100x200 nm?,

2.4 electron backscatter pattern simulation

To achieve accurate phase identification, ESPRIT DynamicS from Bruker was used to simulate
electron backscatter patterns (EBSPs) of different aluminum-nickel phases based on the dynamical
theory of electron diffraction [27]. Simulations were carried out for an acceleration voltage of 15
KV and image resolution of 512 pixels. Afterwards, the simulated pattern was cross-correlated with

the experimentally measured pattern to find the best fit between the two.

3. Results

3.1 General imaging and compositional characterization

In order to characterize the microstructure in the as-deposited state, ICCI was applied and the
corresponding micrograph is shown in Fig. 1. The microstructure is composed of fine equiaxed
grains adjacent to the substrate (approximately 250 nm in size) and larger grains further away from
the substrate of about 1 pum in size.

Fig. 2 shows backscattered electron (BSE) micrographs of the cross section of the as-deposited
sample and after heat treatment at a constant temperature of 883 K as a function of time. The large

difference in the BSE intensity between aluminum and nickel (Z contrast) is beneficial for initial



investigation of the microstructural evolution upon heat treatment. As can be seen in Fig. 2, after
heat treatment for 3 min. some bright (hence, relatively high atomic number) particles are formed
within the aluminum layer. After heat treatment for 10 min., the number and the size of bright
particles increase. Furthermore, two sharply defined layers between the nickel substrate and
aluminum deposit form. EDS analysis revealed that the chemical composition of the layer adjacent
to the nickel substrate is very close to AlsNiz and that of the layer adjacent to the aluminum deposit
is close to AlsNi. Longer heat treatment up to 30 min. gives rise to further development of the
Al3Niz and AlsNi layers. Heat treatment for 120 min. brings about the formation of a porous layer at
the very top surface and formation of two new layers close to the nickel substrate. Heat treatment
for longer times, i.e. 240, 360, 480 and 1440 min. (not shown in Fig. 1 for 360 and 480 min.) results
in a slow thickening of all these three layers at the expense of AlsNiz layer. Chemical composition
analyses using EDS revealed that the chemical compositions of the two layers adjacent to the
substrate is very close to AINi and AINis, as indicated on the Fig. 2. It is noted that the BSE
micrographs reveal the presence of equiaxed grains in the AlsNi2 layer only faintly due to the
orientation contrast (but not Z contrast). The average grain size of AlsNiz layer increases with
increasing time, i.e. from 30 to 1440 min. It is worth mentioning that the intermetallic layer
thickness seems to change inconsistently. Most notably, the diffusion layer after 20 min. of heat
treatment is thicker than that after 30 and 120 min. This stems from the fact that the PVD aluminum
thickness in the as-deposited state is not the same all over the substrate, and there is a variation.
Hence, the thickness of intermetallic layers varies depending on the aluminum layer thickness in as-
deposited state.

General BSE imaging and compositional characterization using EDS has shortcomings in
identifying (i) particles forming within the aluminum layer for heat treatment time shorter than 30

min. due to the large X-ray generating volume under the electron beam (i.e. a fully reliable



quantitative EDS is not applicable) and (ii) the top porous layer, since some part of porosity is filled
with foreign compounds (resin from the cross-sectional sample preparation). Based on the general
imaging characterization, the samples heat treated for 10 and 120 min. incorporate all the phases
and microstructural features, including particles within the aluminum layer and top porous layer.
Hence, these two samples were chosen for further detailed microscopic characterization.

3.2 Detailed microscopical characterization

10 min. heat treatment

Using the forward scatter electron (FSE) detector located at the bottom of the EBSD detector, the
cross-section of the aluminum-nickel diffusion couple is shown in Fig. 3a. There are two main
observations.

(i) Two distinct layers are revealed in the micrograph between the aluminum layer and nickel
substrate. The elemental map of nickel obtained by EDS which is shown in Fig. 3b, reveals that the
two layers are distinct in chemical composition, AlsNi and AlsNi2 color coded with green and
yellow, respectively.

(it) Aluminum grains are still of 1 um average width (see also Fig. 3c) and the particles formed
within the aluminum layer are mainly located on the triple junctions and grain boundaries (see also
Fig. 3d). Note that the elemental map (Fig. 3b) reveals that these particles are richer in nickel
compared to the surrounding aluminum which is in good agreement with the result that the particles
appeared brighter in the BSE images. Since these features are smaller than the X-ray generating
volume under the electron beam, compositional analysis using EDS is not reliable. However, the
particles are large enough to acquire EBSPs with acceptable quality. An EBSP obtained from one of
those particles is shown in Fig. 4 (marked by ‘Exp.’). In order to identify the phase, dynamical
simulation of Kikuchi diffraction patterns of all possible phases [28] was carried out and the

calculated patterns are shown in Fig. 4. The simulated patterns of pure nickel and AINis have the



highest similarity to the experimentally measured pattern. Generally, it is hard to distinguish
between these phases (Ni and AlNi3) unless a very high quality experimental pattern is available.
Nevertheless a comparison of finer details enables us to differentiate between these two phases. A
111 zone axis is marked by red rectangles on ‘Exp’, nickel and AINis patterns. The center of the
zone in nickel has darker triangular contrast while that in AINis has uniform contrast. The contrast
in the ‘Exp’ pattern matches that in AINis phase and hence, the particles are most likely AlNis.

On the orientation map shown in Fig. 3c, most of the aluminum grains are color coded close to blue,
which indicates that the <111> crystallographic direction of the grains is parallel to the deposition
growth direction. No reliable EBSP was obtained from the AlsNi and AlsNiz layers, indicating that
the layers have grain sizes below the resolution limit of the technique [29]. ICCI has a higher spatial
resolution than EBSD and can be used as a supplementary technique [26]. An ICCI micrograph
covering partially aluminum and AlsNi layers is shown in Fig. 3d. No microstructure is visible in
the AlsNi layer apart from very fine particles (less than 100 nm in size), which are marked with
white arrows on the micrograph. Although some EBSPs were acquired from these particles, their
quality was not sufficient for unambiguous phase identification. It is worth noting that AINis
particles (~300 nm in size) are clearly visible on the triple junctions and grain boundaries of
aluminium.

120 min. heat treatment

Figs. 5a and 5b respectively show an EDS elemental map for aluminum and an EBSD pattern
quality map [30] obtained from the sample heat treatment for 120 min. The elemental map reveals
five different layers. The color coding scheme shows the pure nickel in blue, AINis in green, AINi
in yellow, AlsNiz in orange and the top layer in red. In the image quality (IQ) map the nickel and
AlNis layers are distinct from the AlsNiz and top porous layers. AlsNiz layer has two different grain

morphologies. Most of the grains are equiaxed whilst the grains in the upper part are elongated and



parallel to the aluminum deposition direction. Fig. 5¢ is an ICCI of the same location shown in Fig.
5b and clearly reveals that these two different morphologies are separated by a running crack. It is
noted that TEM analyses also suggests the elongated grains to be AlsNiz, though its morphology is
different from the lower part of the AlsNiz layer. The average grain size of the AlsNiz phase is ~800
nm. ICCI also reveals high nickel-containing intermetallics adjacent to the nickel substrate (AINi
and AlINis), as seen in Fig. 5¢c and a higher magnification micrograph of those layers is presented in
Fig. 5d. The AINi and AlsNiz layers have similar microstructures to one another and cannot be
differentiated in the 1Q map (Fig. 5b). The average grain size of AINi is ~800 nm, which
corresponds roughly to the layer thickness (as measured on Fig. 5d). The AlNis layer is composed
of irregular-shaped grains with ~300 nm in size on average, which is comparable with the layer

thickness.

The AlsNi2 and top porous layers are of high importance for the above-mentioned electrocatalyst
synthesis process, namely leaching, and was therefore investigated further by STEM. A low-
magnification STEM-BF image of the AlsNiz layer is shown in Fig. 5e. It is evident that most of the
AlsNi2 grains do not contain defects or inclusions although several dislocations in a few grains are
observed. Several areas were investigated using high-resolution STEM-BF imaging and no phase
other than AlsNiz was found.

A STEM-HAADF image of the top porous layer in the sample after 120 min. heat treatment is
shown in Fig. 6a. It reveals that at least two different types of pores are present. Smaller pores (i.e.
voids) have sharp planar interfaces, while larger pores (>50 nm) have irregular shapes with a rim of
~15 nm showing darker HAADF contrast. STEM-EDS elemental mapping of a pore of about 100
nm in diameter (Fig. 6b) shows that the rim of the pore is rich in Al and O, with a composition of
38 at.% Al and 62 at.% O. A high resolution STEM image of a rim of a pore, ~100 nm in size, is

shown in Fig. 6¢. The lattice spacing of an area with darker contrast located at the bottom-left



corner of the image was found to be 0.29 nm, which corresponds to {101} planes of AlsNi2. Fig. 6d
shows a fast Fourier transform obtained from the area marked with a box in Fig. 6c¢. It is assigned to
be y-Al203 [011] [31], which is also supported from the measured composition mentioned above

(Fig. 6b).

4. Discussion:

Formation of all aluminum nickel intermetallics are exothermic [32] and in some processes the
generated heat is sufficient to increase the temperature for transformation to a liquid phase [33],
[34]. Observing the microstructure of the aluminum layer after heat treatment for 10 min., the top
part of microstructure remains unchanged. It therefore follows that the layer must have remained in
the solid state and did not transfer to the liquid phase. Thus, possible liquid solid interactions are not
considered in this discussion.

All the possible phases in the aluminum-nickel binary system (i.e Al, AlsNi, AlsNiz, AINi, AlsNis,
AlNis, and Ni) except AlsNis, are present at certain time during heat treatment. Since the number of
aluminum atoms is significantly less than those of nickel, it would be expected that the equilibrium
state to be FCC nickel with aluminum as solid solution. Formation of layers of high nickel
containing intermetallics (AINi and AlINis) starts at a time between 30 to 120 min. as can be seen in
Fig. 1. By extending the time (experimentally studied 1440 min.) the thickness of the AINi and
AlNis layers increases. It is expected that at extended periods of time or higher temperatures AINi
and AlNis become the dominant phase(s), however, the kinetics of the process is notably slow at the
experimentally studied temperature [35]. Indeed, it has been reported in the literature that a long
time is required to achieve thick AINi layers at relatively low temperatures [36].

The homologous temperature of aluminum at 883 K is approximately 0.95 while that of nickel is
0.51. Thus the diffusion direction from aluminum towards nickel should be expected as reported in

earlier publications [37-40]. However, the formation of nickel containing precipitates in the
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aluminum layer, (see Fig. 3), strongly suggests the preferential diffusion direction is from the nickel
substrate or nickel rich phases formed adjacent to the nickel substrate towards the aluminum layer.
Though this may seem counterintuitive, it should be noted that the grain size of the aluminum layer
is significantly smaller than that of the nickel substrate before heat treatment (the grain size of the
aluminum adjacent to substrate is about 250 nm while the nickel grain size is about 20 um). The
diffusion rate along grain boundaries is much higher than that in the lattice, hence, grain boundaries
act as high-diffusivity paths or as diffusion short-circuits [41]. Based on Harrison’s classification
[41, 42] of diffusion kinetics, diffusion mechanisms are divided into three types: A, B and C, as
depicted in Fig. 7. Details of the classification is available in the literature [41, 42], however, for the
current discussion, it is sufficient to recall that in type A, grain boundary and volume diffusion are
comparable. For type C, diffusion is considered to take place only within the grain boundaries. And
type B is somewhat between A and C. In type C, the conditions are such that the volume diffusion
is much smaller than the grain boundary diffusion. Though the importance of grains boundaries in
diffusion is well-stablished, knowledge about grain boundary diffusion in intermetallics is rather
scarce [43].

Formation of AlINis particles on the triple junctions and grain boundaries of aluminum after 3 min.
of heat-treatment shows that grain boundary diffusion is the dominant mechanism of diffusion in
the first 3 min. and is of type C. Comparing the samples heat treated for 3 and 10 min. in Fig. 1,
shows that the AINis particles grow in size up to 10 min. of heat treatment, indicating that local

grain boundary diffusion of type C is still activel. At first glance, significant grain growth of as-

11t is noteworthy that the formation of a high nickel containing intermetallic (AINis) on the grain
boundaries of aluminum is rather peculiar since a high aluminum containing intermetallic such as
Al3Ni is a more intuitive candidate for formation within the aluminum layer. The authors suspected

an error and carried out new experiments but similar results were obtained.
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deposited at the homologous temperature of 0.95 is expected. However, after heat-treatment for 10
min., the aluminum layer grain size is comparable with that in the as-deposited state (c.f. Fig. 1 and
3a). This observation suggests that the decoration of the boundaries with a nickel/nickel-rich phase
that resulted from the fast nickel diffusion reduces the grain boundary mobility significantly. Thus,
aluminum grain boundaries are effectively stationary, despite the high homologous temperature. It
is worth recalling that diffusion through migrating boundaries is significantly (orders of magnitude)
faster than that through stationary grain boundaries [44].

The grain size of aluminum adjacent to the nickel substrate in the as-deposited state is about 250
nm. Unlike the diffusion through the larger grains further away from the substrate, the diffusion of
nickel into aluminum through the boundaries of these very fine grains is expected to be of type A in
Harrison’s classification [41, 42] even though this is not experimentally studied in this work.
Nevertheless, the phase transformation of aluminum to the highest aluminum containing
intermetallic, i.e. AlsNi, takes place. The grain size of this phase is not directly measured in this
work but it is either amorphous or crystalline with a size below the resolution limit of both EBSD
and ICCI (~50nm) [45]. Amorphous/nanocrystalline phases are metastable and form due to kinetic
constraints which suppress formation of the crystalline phase [46]. An enhanced diffusion rate
(short-circuit diffusion [41]) is expected in the amorphous / very fine crystalline AlsNi. Observing
the interface between the AlsNi layer and the aluminum grains of about 1 pum in size after 10 min.
of heat treatment (Fig. 3a), there is an outward curvature. If the nickel was diffusing faster than
aluminum, an inward curvature would form similar to shape shown in Fig. 7. This strongly suggests
that the diffusion rate of aluminum is higher than nickel in the AlsNi layer. The deposited aluminum
layer is consumed within 20 to 30 min. and similarly, the AlsNi layer is transformed to AlsNi:
between 30 and 120 min. Other than aluminum reacting with nickel and transforming to AlsNi, the

AlNis particles sitting on the aluminum grain boundaries are also transformed into AlsNi. It seems
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that the fine particles in the AlsNi layer marked by white arrows in Fig. 3d are a remnant of the high
nickel containing particles (AINis) which were not fully transformed. However, as the AlsNiz front
reaches these particles, the very fine particles fully transform. Hence, even after careful examination
of the AlsNiz layer using TEM no particles were detected within the AlsNiz layer (after 120 min. of
heat treatment).

As explained in the introduction, durable electrocatalysts are produced by leaching the aluminum
from the AlsNi2 [22, 23], thus, characterization of this phase is of high importance [14]. The very
high diffusion coefficient in the AlsNiz phase [47], enhances the formation of the phase and results
in AlsNiz as the thickest layer [48] in the experimentally studied time (see Fig. 2). This is in
agreement with previous investigations, which have reported that AlsNiz2 as the fastest growing
layer [47, 49-52]. In this study, the AlsNiz layer is composed of two sublayers with different grain
morphologies separated by a crack line (see Fig. 5¢). Formation of sub-layers is also reported in
AINi layers [53] and AlNis [35]. That is a clear indication of the Kirkendall effect [53] where the
separation boundary of two different morphologies coincides with the Kirkendall plane [54]. When
the Kirkendall plane is located inside the layer of a stoichiometric intermetallic phase, the ratio of
the intrinsic diffusivities of the elements forming the intermetallic can be estimated by a graphical
method [54, 55]. Since the position of the Kirkendall plane is notably distant from the AINi layer it
follows that the intrinsic diffusivity of Al in AlsNiz is significantly larger than the intrinsic
diffusivity of Ni in AlsNiz. This clearly shows that aluminum is the key diffusing element leading to
the formation of AlsNiz.

The diffusion of oxygen from the furnace atmosphere into the solid phase and formation of oxide(s)
has been observed (see Fig. 6). The AlsNi2 phase adjacent to the top surface is porous, and y-Al203

is formed in the rims of voids and no alloy oxides are seen. Thus, only aluminum oxides are
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considered. The transformation sequence for oxidation of aluminum has been proposed to be as
follows [56].

Amorphous = y-Al203 2 §-Al203 = 6-Al203 =2 a-Al203

Where the metastable oxides y, & and 6 are formed at lower temperatures and the transformation to
the stable a-Al20s3 takes place at higher temperatures. Thus, the observation of formation of low
temperature y phase is in full agreement with the literature. It is of interest to note that the porous
layer forms after the full consumption of the AlsNi layer and results from the oxidation of the
AlsNiz layer.

Summary:

The main observations and findings are as follows: (i) grain boundary diffusion of nickel into an
aluminum layer brings about the formation of AINis on the grain boundaries and triple junctions.
(if) AlsNi and AlsNiz are either amorphous or of a grain size below 50nm after 10min. of heat
treatment at 883 K. (iii) the curvature of the interface between aluminum grains of 1 um in size and
the AlsNi layer after 10 min. of heat treatment indicates that the aluminum is diffusing faster than
nickel in AlsNi (iv) After 30 min. of heat treatment at 883 K, the aluminum layer is fully
transformed, and the dominant phase is AlsNiz. (v) In the AlsNi2 layer, formation of two different
grain morphologies and a running crack line indicate the Kirkendall effect and the separation
boundary coincides with the Kirkendall plane. The position of the Kirkendall plane suggests faster
diffusion of aluminum in AlsNiz than that of nickel (v) After AlsNi is fully transformed to AlsNiz a
porous structure starts to form on the surface which consists of AlsNiz and y-Al20s.
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