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Abstract: Intermetallic compounds, especially aluminides, show good high-temperature strength,
oxidation resistance, high melting points, and thus have received considerable attention as potential
substitutes for superalloys in high-temperature applications. Aluminides are especially interesting
because they are stable up to the critical temperature of ordering, which is close to the melting
temperature. In the Al-Ni system, the most studied intermetallics are NizAl, NiAl and NiAls. In the
presented study, Al and Ni powders were mixed together with Al:Os in various proportions to
produce dense coatings by low-temperature cold spraying. Two types of post-deposition treatments
were applied to produce aluminides, namely furnace heating and resistance spot welding. The
former caused a long time diffusion while the latter a self-propagating high temperature synthesis.
Both heating methods enabled formations of intermetallic phases. However, the furnace heating
provides high porosity. The microstructure of the samples was analyzed by SEM (scanning electron
microscope), EDS (energy dispersive X-ray spectroscopy) and XRD (X-ray diffraction) together with
microhardness measurements.

Keywords: intermetallic phases; Al-Ni binary system; heat treatment; cold spraying; resistance spot
welding; XRD analysis; microhardness

1. Introduction

Stoichiometric intermetallic compounds have been drawing the attention of researchers for a
long time because of the unique combination of physical and mechanical properties, different from
those of the constituent metals. Unlike conventional metals and alloys based on relatively weak
metallic bonds, the atoms forming intermetallic phases are connected also by strong directional
covalent bonds. Furthermore, these atoms occupy strictly defined positions in the crystal lattice,
maintaining this long-range order up to the so-called critical temperature of ordering. These
differences in the structure of intermetallic phases are responsible for their unique properties, which
are a combination of the properties of conventional metals and ceramics [1]. It is commonly known
that intermetallics show high strength and durability, some susceptibility to plastic deformation and
at the same time rather low ductility, high resistance to oxidation and corrosion, especially at elevated
temperatures, relatively low density and high melting points [1-3]. A very interesting advantage is
their additional ability to sustain strength and stiffness at elevated temperatures [4].

According to the literature, a great number of intermetallic phases have been recognized and
examined [1,5-7]. However, it is widely believed that the most interesting properties and industrial
applications show intermetallic phases from the Ni-Al, Fe-Al and Ti-Al binary systems, and the main
research was focused on NiAl, NisAl, FeAl, FesAl, TiAl, TisAl and TiAlsbased alloys [8-12].
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Aluminides are especially interesting because their stability determined by the critical
temperature of ordering is close to the melting temperature. In the Al-Ni system, several intermetallic
compounds can be found: NiAls, Ni2Als, NiAl, NisAls and NisAl. However, NisAl, NiAl and NiAls
definitely attract the greatest scientific interest [2,5,12]. The outstanding properties of these
compounds are: resistance to oxidation and carburization atmospheres due to a formation of a
continuous alumina layer, excellent wear resistance at high temperature, high tensile and
compressive yield strength at 650-1100 °C and what is more, creep and fatigue resistance superior to
that of nickel based superalloys [5].

Due to the unique combination of these properties, they are particularly suitable for applications
in an aggressive and corrosive environments, especially those related to high temperature resistance
requirements [1,13,14], for example, monocrystalline turbine blades [1,13-15], automotive
turbochargers [1,13-15], aircraft mounting components [1,13,15], and corrosion of tool tips [1,16].
Considering these potential industrial applications, more and more attention is paid to the
production of these compounds in the form of coatings.

Thermal spraying technologies are widely used to deposit intermetallic compounds [17,18]. The
typical methods are atmospheric plasma spraying (APS), high-velocity oxygen fuel (HVOF) or
detonation spraying. However, coating oxidation and high process costs diminish the application of
these methods [18,19]. The newest research showed that cold spraying can be used in intermetallic
deposition [20]. Cold spray is a sophisticated, relatively new, thermal spraying method, in which a
feedstock material is deposited in solid state. Powder particles are accelerated in a stream of heated
and pressurized gas through the de Laval nozzle and projected towards the substrate. The coating
formation is related to the velocity of powder particles, which must exceed the critical level.
Deposited coatings exhibit uniform microstructure, with minimum oxidation and porosity. However,
cold spraying is limited to plastic materials, for example, metals and polymers. Direct deposition of
intermetallic compounds is difficult due to their high brittleness and high hardness. Therefore, cold
sprayed coatings have to be modified with a further post-spraying annealing process to achieve
intermetallic compounds [20]. Usually this process is performed by furnace heating in the air [21,22],
in a protective atmosphere [23,24] or in a vacuum [25,26]. It is also possible to initiate synthesis
through other energy sources, for example, a laser beam [20]. However, as observed [20,24-26] the
intensive porosity is formed in the coatings regardless of the heating process. This work presents a
way to overcome this problem through a modified post deposition treatment involving a heating
process combined with additional pressure by using a resistance spot welding gun. Resistance spot
welding is a common method for joining two sheets. However, in-situ post-weld heat treatment has
become more and more popular as a way to achieve remarkable improvement of the ductility of the
coarse-grained heat-affected zone (CGHAZ) [27-30].

In this research, powders containing nickel and aluminium with an addition of Al2Os were used
for low temperature cold spraying. The composition of feedstock was intentionally modified by Al2Os
in order to provide greater corrosion resistance of the final coatings and to ensure the increase of their
density [31]. Then, to form intermetallic phases, the cold-sprayed coatings were modified in two
different ways: using a resistance welding gun and for comparison by conventional furnace heating.
Depending on the post-treatment method used, intermetallic compounds were formed either
through a reaction of so-called self-propagating high temperature synthesis (SHS) or through a long
time diffusion initiated by a heat source. Furnace heating provided static diffusion, while resistance
welding process induced SHS reaction. The main aim of this work was comparison of microstructure
and microhardness of Al-Ni-AL:Os coatings after two different heat-treatment processes.

2. Materials and Methods

Cold sprayed coatings were deposited onto steel S235]RG2 substrate with dimensions of 1 mm
x 25 mm x 45 mm. Three different powders: (1) irregular shape Al with rounded edges, particles size
in the range of —41.8+9.4 ym and mean diameter Dsoof 17.6 um (Pyrogarage, Poland), bulk density
1.18 g/cm?, (Figure 1a) (2) dendritic Ni with particles size in the range of -35.3+13.5 um and mean
diameter Dso of 26.3 um (Pyrogarage, Poland), bulk density 2.4 g/cm? (Figure 1b) and (3) irregular
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shape Al:Os with sharp edges, particles size in the range of —47.7+9.1 um mean diameter Dso of 29.6
pm (Kos, Poland), bulk density 1.85 g/cm? (Figure 1c), were mixed to prepare metal-ceramic mixtures
with the following proportions of Al + Ni + Al2Os components: (i) 16 + 42 + 42 wt.%, (ii) 33 + 33 + 34
wt.% and (iii) 49 + 26 + 25 wt.%, respectively. In the following description, to simplify the composition
of the mixtures, only the Al content in the mixture is given. Bulk density of prepared powders was
measured by weighing 10 cm? of a ready mixture.

()

Figure 1. SEM images of powders used in the research: spheroidal aluminium (a), dendritic nickel (b)

and irregular alumina (c).

Prior to spraying, the steel samples were degreased and sand-blasted with alumina powder (20
Mesh). A low pressure DYMET 413 device (Obninsk Center for Powder Spraying, Obninsk, Russia)
was used to spray the coatings with air as a working gas. The standard circular de Laval nozzle with
the throat diameter of 2.5 mm and an outlet diameter of 5 mm was used. The spraying gun was
attached to a manipulator (BZT Maschinenbau GmbH, Leopoldshohe, Germany) moving with a

traverse speed of 10 mmy/s. The process parameters are presented in Table 1. The powder feed rate
was measured by weighing the amount of powder introduced in one minute by a feeder to the
spraying gun. The coatings thickness was regulated by number of spraying passes. The as-sprayed
low pressure cold sprayed (LPCS) coatings on steel substrate were submitted to the heat treatment
processes.
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Table 1. Low pressure cold sprayed (LPCS) parameters.

Al+Ni+ Gas
As-Sprayed AlL03 Powder Traverse . Gas Number
) Preheating Stand-
Coating Powder Feed Speed, Temperatus Pressure, Off. mm of Spray
Designation =~ Mixture, Rate, g/min mm/s Po MPa ! Passes
e, °C
wt.%
16% Al 16 +42+42 17 2
33% Al 33+34+33 14 10 500 0.9 10 2
49% Al 49 +26 + 25 9 3

Two types of heat treatment processes were performed: (i) static in a furnace and (ii) dynamic in
the resistance spot welding process. In the furnace (Conbest, Poland) samples were submitted to three
temperatures: (i) 500 °C, (ii) 560 °C and 620 °C for 4 h to activate long time diffusion in air atmosphere.
The parameters of resistance spot welding, for example, welding current, time and electrodes force
are collected in Table 2 and were selected to force self-propagating high temperature synthesis.
Samples were heated using one or two pulse welding programs (Table 2.) applying 50 Hz AC, 80
kVA spot welding gun and electrodes with a diameter of 10 mm (ASPA, Wroclaw, Poland).

Table 2. Resistance spot welding process parameters.

Pulse 1 Pulse 2
No. Welding Wellding Welding Welding We}ding Welding
Current (kA) Time Force Current (kA) Time Force
(ms) (kN) (ms) (kN)
1 5.1 1000 4 - - -
2 9.3 1000 4 - - -
3 8 200 3.5 16 280 3.5
4 8 200 3.5 16 600 3.5

As-sprayed samples after additional post-processing were cut in the middle for the
metallographic examination. Their microstructures were analyzed using an SEM (HITACHI S-3400
N, Tokyo, Japan) microscope equipped with SE, BSE detectors and an EDS system for elemental
analysis. Moreover, semi-quantitative graphic analysis using Image] software was carried out to
check porosity and quantity of selected particles in the deposited coatings. Five pictures with
magnification of 300 were selected for analysis, and the average percentage value was taken as the
result.

X-ray diffraction measurements (Rigaku Ultima IV Diffractometer, Tokio, Japan) were carried
out with Cu Ka irradiation (A = 1.5406 A) within the range from 15° to 90° in 0.05° steps with an
exposure time of 4 s. Prior to analysis, samples with the size of 15 mm x 15 mm were cut off of the
material after heat treatment processes as a square around indents left by electrodes.

The microhardness was measured by Vickers method using a Digital micro Hardness Tester
MMT-X7 MATSUZAWA Co., Ltd. (Akita, Japan) with a sharp pyramidal shaped indenter. A force of
2.94 N was applied with an indent time of 15 s. The high value of a force enabled to measure average
hardness of the coating build of various regions, for example, metallic, intermetallic and ceramics.
Together, fifteen indents were performed in every coating in the middle of its thickness. Figure 2
shows one of the indentations made in as-sprayed 33% Al coating.
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Figure 2. Light microscope image of indentation in as-sprayed 33% Al coating.

3. Results

In the performed research, three various mixtures of Al + Ni + A2Os were deposited by LPCS
onto steel substrate. All examined coatings had considerable density and thickness increasing with
the increase of aluminium content in feedstock powder. The smallest thickness of 1.4-1.6 mm was
found in coating obtained from feedstock containing 16 wt.% of Al in the mixture. The highest
thickness of 1.8-2.1 mm was found in the case of a coating made with powder containing 49 wt.% of
aluminium. The microstructures of as-sprayed coatings are shown in Figure 3. A uniform distribution
of all components (namely Al-grey, Al20s-dark grey and Ni-white) in all coatings is clearly visible.
The content of the three components in the coatings can be found in Table 3. To simplify the
composition of the feedstock powders and final coatings, only the Al content in the initial mixture (in
feedstock powder) will be given in the following description. For example, both a powder containing
16% Al in a mixture with Ni and Al2Os and a coating formed from this mixture will be designated as
16% Al. Analyzing Table 3, it is worth noting that despite large differences in the composition of the
initial powders, the composition of two sprayed coatings (16% Al, 33% Al) is similar. Only the
composition of the third coating (49% Al) significantly differs from the others. It should be noted that
in 49% Al coating, content of Ni and Al2Oswas small and resulted in 5 vol.% and 8 vol.%, respectively.
It is noteworthy that the porosity of the obtained coatings increases with a decrease of the content of
very plastic metallic aluminium in the initial mixture.
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Figure 3. As-sprayed coatings (SEM, BSE) of Al+Ni+Al:Os with 16 wt.% of Al (a), 33 wt.% of Al (b),
49 wt.% of Al (c).

Table 3. Composition of feedstock powders and corresponding coatings.

Feedstock Powder Coatings
Volume Percent of

. . Mass Percent of Volume Percent of Bulk . . .
Designation . . . . . Ingredients in the Porosity

Ingredients in the  Ingredients in the Density Coating (vol.%) Al %)

0, o, 3 . /0 - o
Feedstock (wt.%) Feedstock (vol.%) (g/cm?) Ni-ALOs

16% Al 16-42-42 25-33-42 1.95 63-23-14 1.5+0.1
33% Al 33-34-33 46-24-30 1.79 67-18-15 1.1+£0.1
49% Al 49-26-25 63-16-21 1.65 87-5-8 1.0+0.1

All sprayed coatings were subjected to additional processing in the next stage of the research. It
was observed that the furnace heating performed at 500 °C showed negligible changes in the coatings.
The microstructure of all coatings subjected to annealing at this temperature was almost the same as
it was observed for non-heat treated cold-sprayed coatings. First visible microstructural changes were
observed for coatings with heat treated at 560 °C. Figures 4-6 show the backscattered (BSE) SEM
images of three coatings (16%, 33%, 49% Al) annealed at 560 and 620 °C. The obtained microscopic
images clearly show that in addition to the initial phases (Al, Ni, Al20s3), the new phases appear as a
result of annealing. The analysis of the microstructure of the coatings heated at 560 and 620 °C also
shows that the increase in temperature up to 620 °C intensifies porosity. The porosity estimated on
the basis of SEM images varies from 1.5+ 0.1, 1.1 £ 0.1, 1.0 £ 0.1 (unheated coatings) to0 5.0 £ 1.2, 4.6 +
1.0, 1.7 £ 0.3 (heated at 560 °C) up to 20.8 + 1.6, 16.3 + 1.5, 11.7 + 3.2 (heated at 620 °C) for 16%, 33%,
49% Al coatings.

termetallic

(a) (b)
Figure 4. Micrographs (SEM, BSE) of 16% Al coating heated in furnace at 560 °C (a) and 620 °C (b).
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Figure 6. Micrographs (SEM, BSE) of 49% Al coating heated in furnace at 560 °C (a) and 620 °C (b).

In the next step of the research, how the microstructure of the final coatings will be affected by
a process completely different from the conventional furnace heating was tested. Therefore, the
coatings were subjected to resistance spot welding. As one might have supposed, samples heat-
treated by the resistance spot welding process showed various microstructures depending strongly
on process parameters (Table 2). The single-pulse resistance spot welding (parameters No. 1 and 2)
revealed no changes in the microstructure of coatings compared to the microstructure before
welding. The double-pulse spot welding (parameters No. 3) visibly causes a slight increase in
porosity from 1.5+ 0.1, 1.1 £0.1, 1.0 £ 0.1% (in unheated 16% Al, 33% Al, 49% Al coatings) to 3.1 + 0.6,
29+0.5,1.2 £0.2% (Figures 7a, 8a and 9a). However, the analysis of SEM images does not allow us
to find any sign of an intermetallic phase in the microstructure of these coatings. In contrast, double-
pulse spot welding with parameters No. 4 led to the intensive formation of intermetallic phases
(Figures 7b, 8a and 9b) and an increase of porosity to 4.6% *2.1%, 4.2% + 0.7%, 3.7% * 0.8% in 16%
Al, 33% Al and 49% Al coatings, respectively. The resistance spot welding process causing
compaction of the coating and as a result all of the coating structures, independently on the powder
mixture, was very similar in comparison to furnace heating. Some local porosity was only visible
around alumina particles, which were probably crushed while spraying. Intermetallics were formed
in the weld region equal to the electrode’s diameter. The reaction was stopped at the boundary of the
weld (Figure 10). However, thermal conductivity caused the distribution of intermetallics in the
nearest region outside the weld. In the weld region, aluminium diffused and almost completely
reacted with nickel, forming intermetallic phases. Moreover, as a result of resistance heating, the
temperature was highest in the coating-substrate boundary region and thus the Al-Ni reaction was
most intensive next to the substrate.

Figure 11 shows a comparison of the microstructure of a 16% Al coating treated by heating at
620 °C in a furnace (Figure 11a) and by resistance spot welding (Figure 11b) (parameters No. 4). This
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combination of images clearly shows that two various intermetallic phases (identified on
backscattered SEM images and marked as the red ellipses) generated while welding are much less
visible than on the images of samples heated in a furnace.

Figure 7. Micrographs (SEM, BSE) of 16% Al coating heated by resistance spot welding process with
parameters No. 3 (a) and No. 4 (b).

(a) (b)
Figure 8. Micrographs (SEM, BSE) of 33% Al coating heated by resistance spot welding process with
parameters No. 3 (a) and No. 4 (b).

»

—_

3

(@) (b)

Figure 9. Micrographs (SEM, BSE) of 49% Al coating heated by resistance spot welding process with
parameters No. 3 (a) and No. 4 (b).



Coatings 2020, 10, 581 9 of 15

(a) (b)

Figure 10. Intermetallics formation in the center (a) and at the boundary (b) of weld in 49% Al coating
heated by resistance spot welding process with parameters No. 4.

Figure 11. Micrographs (SEM, BSE) of 16% Al coating heated in furnace-620 °C (a) and by resistance
spot welding process-parameters No. 4 (b). Red ellipses highlight two various intermetallic phases.

Figure 12 presents microstructure images of the same 16% Al coating after two different post-
treatments together with BSE analysis of their chemical elemental composition. Figure 12a presents
an SEM image of the coating heated in a furnace at 620 °C. The EDS linear analysis clearly shows the
following regions with variable elemental compositions: Al, Al/Ni, Ni/Al, Ni, Ni/Al, Al/Ni and Al
where the first mentioned element is dominant in the area (e.g., Al/Ni means that aluminium is
dominant in a given area). Figure 12b shows EDS point analysis with precise content (at.%) of
individual elements in the coating. Taking into account the atomic values, and XRD analysis
presented later in this work, potential intermetallic phases were characterized as: AlsNi and AlsNi-.

X-ray diffraction measurements were carried out to precisely determine the phase composition
of the tested coatings. Figure 13 presents XRD diffraction patterns of all coatings post-treated in a
furnace (620 °C) and in the resistance spot welding process (parameters No. 4). Two intermetallic
phases AlsNi and AlsNi2 were found on diffractograms of all coatings. Comparison of patterns shows
that diffraction peaks of intermetallic phases (namely Al:Ni and AlNi2) for samples annealed in a
furnace are much more significant than for welded samples. It is clearly seen that for samples
annealed in a furnace, the type of intermetallic phases and their content depends strongly on the ratio
of Ni to Alin the coating before annealing (Figure 13a) whereas for welded samples such dependence
is practically invisible (Figure 13b). In the case of the 49% Al coating with the lowest nickel content
(5 vol. % of Ni), during the heating in a furnace, mainly AlsNi phase is formed and diffraction peaks
of the AlsNi2 phase are imperceptible. The rising content of nickel in 33% Al coating (18 vol. % of Ni)
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evidently leads to the formation of two intermetallic phases: AlsNi and a small amount of AlsNiz.
Further increase of nickel content (23 vol. % of Ni) in 16% Al coating caused a significant increase in
the intensity of ALNi» diffraction peaks while reducing the intensity of AlNi peaks. Both
intermetallic phases are present in small amounts in relation to the initial phases (Al and Ni) in the
welded samples. There are no significant changes in the intensity of diffraction peaks originating
from intermetallic phases despite the changing ratio of aluminium to nickel.

Phase (oS ‘

AlzNi
AlsNiz

(b)

Figure 12. EDS analysis of 16% Al coating: heated in a furnace at 620 °C (a) and heated by resistance
spot welding process with parameters 4 (b).

@Al AALNi @Al AALNI
®Ni  0ALNi; ®Ni 0ALNi,
L0, *ALO,
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2THETA 2THETA
(a) (b)

Figure 13. XRD diffraction patterns of coatings heat-treated in furnace-620 °C (a) by resistance spot
welding process-parameters No. 4 and (b).

To verify advantages of the heat-treated coatings, the microhardness measurements were
performed. Figure 14 compares the results obtained for as-sprayed coatings with results of coatings
post-treated with various temperatures and process parameters. The hardness measured for 16% Al,
33% Al and 49% Al coatings before post-treatment processes was 61.3, 77.6 and 53.4 HV0.3,
respectively. Regardless of the initial composition, heating in the furnace at 560 and 620 °C did not
significantly change the hardness of the coatings. However, heating at 620 °C caused a significant
increase in microhardness of all coatings (e.g., 205.4, 103.3 and 63.5 HV0.3 for 16% Al, 33% Al and
49% Al coatings, respectively).

Regardless of the initial composition, single-pulse resistance spot welding process (parameters
No. 1 and 2) did not significantly change microhardness of the coatings. First noticeable changes were
obtained after double-pulse resistance spot welding with parameters 3. Finally, the use of parameters
4 led to a marked increase in microhardness. The microhardness values determined for coatings after
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such post-treatment were approximately in the same range and were 358.4 + 18.6, 309.8 + 39, 353.2 +
92.7 HVO0.3 for 16% Al, 33% Al and 49% Al coatings, respectively. Relatively high standard deviation
values of these measurements confirmed only the local reaction of Al and Ni particles, despite the
compact effect of the welding process (Figure 14). Figure 9b clearly shows mixed regions in the
coating with clusters of components and local porosity. Despite the high content of aluminium in
49% Al coatings, this component almost entirely diffused and reacted with nickel. Residual
aluminium was merely noticed in the boundary regions of the weld (Figure 10). This nonuniformity
significantly influenced the measured hardness.

400.0
% 16wt.% of Al
350.0
¥ 33wt.% of Al
300.0
o0
g’ H 49wt.% of Al
T 250.0
3 64
c
- 200.0 ’/
B
: %/
g 1500 - 7
b 150 %
E 34.8 % 1.6
100.0 +— 3¢ 3. /
) 6.6 7234 4,0
464y ., 38 % 148 g5
50.0 % % Yo “ros Yo
0.0 - ﬁ
As-sprayed Furnace Furnace Furnace Resistance  Resistance Resistance Resistanc
coatings annea!ing annealing annealing welding welding welding e welding
500 € 560 °C 620°C annealing annealing annealing annealing
No. 1 No. 2 No. 3 No. 4

Figure 14. Microhardness of as-sprayed and heat-treated coatings with standard deviation values
above posts.

4. Discussion

Analyzing the microstructure of the coatings produced by the method of low-pressure cold
spraying with the use of Al, Ni and Al2Os powders, it can be concluded that all deposited coatings
are relatively dense and thick. Relatively low porosity observed in these sprayed coatings can be
mainly attributed to the consequence of aluminium and nickel particles densification through the
tamping effect of hard ceramics impacting [21,32-34]. What is more, the analysis of coating
microstructure shows that the content of aluminium in the feedstock affects the thickness of
deposited coatings. Therefore, 49% Al coating with the lowest content of nickel and alumina particles
shows the highest thickness. High amount of aluminium powder deposited easily when harder nickel
and alumina particles provide a tamping effect and afterward bounced off.

As might be expected, heat treatment process performed in a furnace resulted in an increase in
the porosity of the coatings. Microstructure analysis of heated samples showed that the lowest
process temperature, for example, 500 °C, caused only negligible changes in all coatings
microstructure. This is not consistent with the observation of Dean et al., suggesting that material
diffusion within the AI-Ni system starts in 450 °C and depends strongly on heating time [20,22,23].
However, this contradiction can be explained by the specificity of coatings deposited by the cold
spray method. In such coatings, as it is known, a clear boundary between single particles is observed
and what is more, the surface of deposited metals is often covered by a residual oxide layer. So it is
obvious that these factors can then significantly slow down the expected diffusion between metal
particles.
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Microstructure analysis of samples heated in a furnace in temperatures 560 and 620 °C and in
resistance spot welding process with parameter No. 3 and 4 showed significant changes resulting
from the heating process. Evidently, the application of these more severe post-treatment conditions
resulted in intensive diffusion of the metallic components and consequently in the formation of
intermetallic phases.

The final quantity of intermetallic phases depended strongly on the prepared powder mixture.
However, both heating processes provide different results. In the case of furnace heating, the SEM,
XRD and microhardness measurement analyses showed that the higher nickel particles content in
the reaction mixture caused more intensive intermetallic phase formation while in the case of
resistance spot welding process this effect is unnoticeable. This effect can be attributed to the
compacting of particles due to the simultaneous action of the pressure exerted by the electrodes and
the heat generated in this process. As a result, aluminium and nickel undergo plastic deformation,
thus increasing the contact surface of both phases and intensifying the reaction, and thus
microhardness.

According to the literature, there are two possible mechanisms responsible for intermetallic
phases formation during the thermal treatment: (i) a long time diffusion of metal atoms initiating
reaction when a sample stays a specified time in a furnace at elevated temperature or (ii) a self-
propagating high temperature synthesis (SHS) when synthesis is initiated by a heating point and
exothermic reaction sweeps through the material [20,35]. The furnace heating initiates diffusion but
the intensity of transformation depends on process temperature. Microscopic analyses of furnace-
heated samples showed that the strong disadvantage of this process was the increased porosity of
the final coatings compared to as-sprayed coatings. In the case of the resistance spot welding process,
high temperature combined with high pressure exerted by electrodes minimalized coatings porosity.
It should be remembered that the time of the resistance spot welding process was incredibly short—
800 ms. The process was even faster than initiated by laser in Al-Ni cold sprayed coating SHS reaction
described in [20]. It is obvious that SHS reaction begins with the melting of the component with the
lower melting point, in the case of the Al-Ni binary system it is aluminium. The next stage is the
diffusion of aluminium and the formation of intermetallic phases. First, the phases are rich in Al. In
the case of the coatings tested in this work, the intermetallic phase that was observed is AlsNi. It can
be clearly seen in SEM images (Figure 10) that AIsNi forms a thin film at the Ni/Al interface. The
second intermetallic phase observed in SEM images, identified in the XRD studies as AlsNi, is formed
after exceeding the melting point of AlsNi at 854 °C [20] and its content increases with the increase of
temperature and the proportion of Ni in the reaction mixture.

Mechanical properties analyzed on the basis of the microhardness measurements showed
considerable differences. Microhardness of 49% Al coating heated in a furnace at 500 and 560 °C
slightly decreased in comparison to as-sprayed coatings. It arises from the annealing and softening
process of aluminium and nickel that occurred in the coating. However, in the case of resistance spot
welding, even milder welding parameters (No. 1 and No. 2) lead to increased coating hardness. This
can be explained by strong work hardening of material provided by that resistance spot welding
process.

A comparison of all analyzed samples heated in a furnace at 620 °C showed that among all, the
highest microhardness (of 205.4 HV0.3) has the 16% Al coating. However, the same sample (16% Al)
subjected to resistance welding (parameters No. 4) shows an even higher microhardness (358.4
HVO0.3). This increased hardness can be attributed to the SHS reaction initiated in the resistance spot
welding process together with additional pressure minimalizing porosity and thus significantly
affecting coating hardness.

The microhardness and final coating porosity of cold sprayed coatings depend not only on
spraying parameters but also on morphology, oxidation and deformation level of feedstock powder
material [36]. Additional post-treatment process provides further microstructure modification, for
example, structure recovery, recrystallization, grain growth, phase transformation. This modification
can provide in the same coating locally both an increase and decrease of microhardness [31].
Therefore 49% Al coating heated in a furnace at 620 °C showed microhardness comparable to as-
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sprayed coating. Despite that the hard intermetallic phases formed only locally, what was confirmed
by XRD, aluminium matrix was annealed, recovered and thus softened. With increasing content of
AlNi and AlNiz2 phases in 16% Al and 33% Al coatings heated in a furnace, the microhardness
increased. It arises from high hardness of intermetallics. Ke et al. measured microhardness of AlsNi2
and AlsNi intermetallics as 1283 HV0.05 and 841 HV0.05 respectively in the sample heat treated by
550 °C for 6 h [37]. Therefore, despite the comparable amount of nickel and porosity in deposited 16%
Al and 33% Al coatings (23% and 18 vol. % of Ni; 20.8% and 16.3% of porosity, respectively) the
highest hardness of 205.4 HV0.3 showed 16% Al coating after furnace heating at 620 °C. On the other
hand, samples heated in the resistance spot welding process, independently on powder mixture,
showed a similar amount of both intermetallic phases. The additional pressure exerted by the
electrodes pressing the coating material causes the thickening of intermetallic phases in the area of
the weld. As a result, microhardness of all three coatings was also comparable. Nevertheless,
standard errors showed increasing divergence in the coating microhardness resulting from residual
nickel in the coating, locally present reaction regions and mixed regions with porosity and cluster of
components. Despite the densification, the coating with the highest aluminium content showed the
largest spread of measured values. In comparison to furnace diffusion, the resistance spot welding
process initiated an SHS reaction that together with additional pressure minimalized porosity and
significantly increased coatings hardness. It should be noted that resistance spot welding provides
heating of a small area. Therefore, further research is needed using resistance linear welding or using
appropriate modifications in resistance spot welding that finally will enable large area structure
modifications.

5. Conclusions

In the presented paper, aluminium, nickel and alumina powders were mixed with various
proportions and deposited by a low pressure cold spraying unit. As a result of alumina, the obtained
coatings were dense and successfully further used in post-treatment heating. Two different heating
processes were applied: (i) the furnace and (ii) the resistance spot welding process. Furnace heating
was a static process while the resistance spot welding process was dynamic, both with and without
control of temperature, respectively.

The heating process performed in a furnace showed meaningful changes in microstructure. The
process started a long time diffusion and as a result, porosity increased rapidly, especially in 16% Al
coating. The intensity of diffusion depended strongly on nickel addition and heating temperature as
well. The more nickel powder in the coating, the faster diffusion proceeded. However, below 560 °C
there were negligible changes to the microstructure of the coatings. The resistance spot welding
process made progress in decreasing porosity. The additional pressure of 4 kN during heating
significantly decreased porosity. The heating processes led to the formation of intermetallic phases.
EDS and XRD analysis confirmed the presence of AlsNi and AlsNi2 phases. The pressure exerted by
electrodes with additional heating compacted particles and thus aluminium and nickel increased the
area of particles surface boundary and intensified the reaction.

Coating modifications provide interesting changes in the coating microhardness. Furnace
heating with 500 °C of coatings with the highest aluminium content (49% Al) caused an annealing
effect and microhardness decreased. On the other hand, intensive diffusion despite increased
porosity provides the formation of intermetallic phases. As a result, coatings hardness increased up
to 205.4 HV0.3. Additional pressure in the resistance spot welding process provided by electrodes
compacted the coating material and intermetallics densification occurred. As a result, the
microhardness of all three coatings was also comparable with the highest result of 358.4 HV0.3.
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