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ARTICLE INFO ABSTRACT

Keywords: Eutectic high entropy alloys (EHEAs) are reported to exhibit excellent mechanical properties which are useful for
Cold spray coating applications. In this study, we have produced AlCoCrFeNiy; EHEA coatings using the cold spray, high
HVOF

velocity oxygen-fuel (HVOF), and plasma spray techniques and compared their bonding characteristics, micro-
structure and hardness. We observe body-centered cubic (bcc) to face-centered cubic (fcc) phase transformations
in all the types of coatings. The high processing temperatures in HVOF and plasma sprays lead to the segregation
and depletion of Al from Ni-and Al-rich bce/B2 regions and form AlyOs. In the cold sprayed coatings, we observe
that a fraction of lamellar microstructure is preserved after cold spraying. Regarding the hardness, the cold
sprayed coatings exhibit hardness in the range of 440-498 HV due to high work hardening and low oxygen
content below 4 at.%; the HVOF coatings show the hardness in the range of 380-556 HV due to the effects of
oxide dispersion strengthening with 13-28 at.% oxygen; The plasma sprayed coatings exhibit the hardness in the
range 208-258 HV and 6.1-13.4 at.% oxygen. This study demonstrates the feasibility to produce thick and dense
EHEA coatings using the above spray techniques, and the cold sprayed coatings exhibit relatively high hardness

Plasma spray
High entropy alloy
Microstructure

and low oxygen levels.

1. Introduction

High entropy alloys (HEA) are typically formed by mixing five or
more principal elements of near equiatomic compositions to create a
unique and stable solid solution with a high entropy of mixing [1-5].
Many of the HEAs exhibit excellent thermal stability, high temperature
structural performance, corrosion and oxidation resistance [1-7]. Un-
like the traditional single-phase solid-solution HEAs, AlCoCrFeNi, ; is a
eutectic HEA (EHEA) consisting of both the face center cubic (fcc) and
body center cubic (bcc/B2) phases arranged in lamellar microstructure
[8-11]. While the eutectic lamellar structure brings great enhancement
in the mechanical properties by attaining a combination of high strength
and high ductility [8-11], it is crucial to ensure the precise control and
preservation of composition and microstructure during the processing of
the material. Conventional processing techniques which utilize high
thermal input, such as casting, often have difficulty in ensuring the
compositional homogeneity of the HEA as the material goes through
melting and solidification [9]. Besides, high temperature processing
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may introduce undesired changes to the microstructure such as oxida-
tion, elemental segregation, and grain coarsening [12,13].

Taking on a different path from the thermal input-based processing
approaches, cold spray is a solid-state coating deposition technique
known for its ability in preserving the composition and chemical ho-
mogeneity in the processed material [12,14-18]. Using a stream of su-
personic propulsive inert gas in temperature well below the melting
point of the processed material, the feedstock powder is projected to-
wards a substrate [12]. The high kinetic energy of the particles at impact
allows them to achieve severe plastic deformation at incredible strain
rates, leading to successful particle bonding and interlocking
[12,13,18]. During the entire process, the feedstock material is kept in
its solid state, thus thermally induced defects such as elemental segre-
gation and oxidation can be effectively mitigated [12,16]. As such, cold
spray is a good candidate technique for the processing of EHEAs such as
AlCoCrFeNiy ;.

High velocity oxygen-fuel (HVOF) and plasma spray are two coating
deposition techniques from the thermal spray family [17]. In HVOF, the
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Table 1
Elemental compositions of the AlCoCrFeNi,; feedstock powder, measured
values obtained from EDS Analysis.

Composition (at.%)

Al Co Cr Fe Ni
Nominal 16.4 16.4 16.4 16.4 34.4
Measured 15.9 16.8 16.0 16.5 34.8

mixture of oxygen gas and a fuel, such as propane, kerosene, or
hydrogen, is combusted in a chamber and accelerated to a focused
stream of high velocity gas jet [17,19]. The temperature of the gas jet is
high enough to partially or completely melt the feedstock particles as
they are deposited onto the substrate [17,19]. In plasma spray, a high-
pressure gas plasma torch is used to fully melt the feedstock particles
into droplets, then accelerate them in a stream of high velocity gas to-
wards the substrate [17,19]. Contrary to cold spray, both HVOF and
plasma spray rely on the traditional thermal spray approach to melt the
feedstock powder with high thermal energy. For example, dense
AlCoCrFeNiy 1 coatings were successfully produced by plasma spray [8].

Despite the continuous effort in the study of HEAs, the areas of ap-
plications for HEAs are still limited. Currently, MCrAlY materials are
commonly used in the application of high-temperature protective
coatings due to their thermal stability, high oxidation and corrosion
resistance [20-22] In this study, the microstructure and mechanical
properties of AlCoCrFeNiy ; coating produced by cold spray, HVOF, and
plasma spray are evaluated and compared to understand the influence of
different deposition process characteristics and parameters. There is a
potential to explore the possibility of finding alternative HEA materials
and processing techniques to the MCrAlY alloys in high temperature
protective coating applications. We observe and correlate changes to the
eutectic lamellar microstructure to the processing conditions, as well as
signs of phase transformation and the mechanism driving them.

2. Materials and methods
2.1. Materials and coating deposition

In this study, a gas atomized feedstock powder of AlCoCrFeNis 1
(Heeger Materials, USA) with powder particle diameter up to 28 pm was
used to deposit the coatings by cold spray (PCS-100, Plasma Giken,
Japan), HVOF (JP5000, Praxair, USA), and plasma spray (Axial III Plus,
Northwest Mettech, Canada). Table 1 shows the nominal and measured
elemental compositions of the powder obtained from the supplier and by
EDS cross-sectional analysis, respectively. The two sets of values are in
close agreement with each other.

The processing parameters used for the three deposition techniques
are listed in Table 2. CS and PS stand for cold spray and plasma spray,
respectively. The substrate material was Inconel 625 Ni-based superal-
loy, and the propelling gas used in cold spray was nitrogen. The plasma
spray coatings were sprayed with the carousel rotation of 76 RPM. For
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cold spray, the traverse speed of the spray gun was varied while the rest
of the parameters were maintained the same. On the other hand, by
varying parameters such as the stand-off distance (SOD) and the flow of
the fuel mixture (kerosene, Oy, Hy), the processing temperature of the
HVOF and plasma spray were varied. The optimal SOD in the HVOF
coatings allows the particles to achieve maximum velocity while
absorbing sufficient heat from the exposure to the high temperature jet
stream [23]. When the SOD is too large, the particles may decelerate and
cool down along with the jet stream prior to impact and bonding,
thereby decreasing the effective processing temperature experienced by
the particles.

2.2. Coating characterization

The cross-sections of the feedstock powder and coatings were
examined using a scanning electron microscope (SEM, JEOL JSM-
6610LV, Tokyo, Japan). From the SEM micrographs, the average
porosity and particle aspect ratio of the coatings were measured by
image processing software ImageJ. The particle aspect ratio is the ratio
of the longest axis to shortest axis of the deposited particles in the
coatings, and 100 randomly selected particles from each coating were
measured. Energy dispersive spectroscopy (EDS, X-Max, Oxford In-
struments Ltd., UK) was conducted to analyze the elemental composi-
tion and distribution of the coating cross-sections. To capture the
elemental composition of the fine lamellar structure, electron probe
microanalyzer (EPMA, JOEL JXA-8230, Tokyo, Japan) was used to
conduct wavelength dispersive X-ray spectroscopy (WDS) mapping on
the cross-sections of the powder, CS 1, HVOF 1, and PS 3 coatings. X-ray
diffraction (XRD, Philips PW1830) was conducted for the feedstock
powder and the coatings with a 20 scan step size of 0.05° and a scan time
of 2.5 s per step using a Cu Ka source. To evaluate the hardness of the
coatings, microindentation hardness tester (LECO, LM310AT, ML, USA)
was used to perform Vickers microindentaion testing on both polished
top and cross-sectional surfaces of the coatings. Ten measurements were
taken with a load of 300 g and a dwell time of 10 s.

3. Results
3.1. Microstructure and properties of feedstock powder particles

Fig. 1 illustrates a set of characterization results of the gas atomized
AlCoCrFeNiy ; powder. The spherical morphology of the powder is
shown in Fig. 1-a. A logit scale was used to present the particle size
distribution (PSD) of the powder to show the significant amount of fine
size satellite particles which can also be observed in Fig. 1-a. Back-
scattered electron (BSE) micrograph of the polished powder cross-
section and results of the WDS elemental mapping are shown in
Fig. 1-b and c, respectively. From the BSE micrograph, regions with
darker contrast indicate a lower signal density, suggesting that the
average atomic number of the local region (NiAl-rich) is smaller as
compared to regions with brighter contrast (FeCoCr-rich). The lamellar

Table 2

Processing parameters used in the cold spray (CS), HVOF, and plasma spray (PS).
Coating Parameter

Pgas (MPa) Tgas (°C) SOD (mm) Vgun (mm/s) Kerosene (Iph) O, (Ipm) Ar (Ipm) N, (Ipm) H, (Ipm)

CS1 7.5 950 50 50 - - - - -
CS 2 7.5 950 50 100 - - - - -
CS3 7.5 950 50 200 - - - - -
HVOF 1 - - 305 635 20 800 - - -
HVOF 2 - - 203 635 20 800 - - -
HVOF 3 - - 305 635 27 1030 - - -
HVOF 4 - - 203 635 27 1030 - - -
PS1 - - 75 5 - - 225 12.5 12.5
PS 2 - - 75 5 - - 175 50 25
PS 3 - - 75 5 - - 125 75 50
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Fig. 1. (a) Powder particle morphology of the AlCoCrFeNi, ; feedstock, with the particle size distribution in logit scale at the lower left, (b) SEM micrograph of
powder cross-section showing the lamellar structure with the NiAl-rich bce/B2 region and CoCrFe-rich fcc region highlighted by the red arrows, and (c) WDS
elemental mapping of the powder cross-section for (i) Al, (ii) O, (iii) Co, and (iv) Ni. The NiAl-rich bcc region is observed from the distribution of Al.

Table 3
Measured average porosity and particle aspect ratio of the sprayed coatings.
CS1 CS2 CS3 HVOF 1 HVOF 2 HVOF 3 HVOF 4 PS1 PS 2 PS3
Porosity (%) 1.52 £ 0.89 1.90 + 0.90 2.12 £ 0.37 0.94 £ 0.16 0.21 £+ 0.04 0.20 £ 0.03 0.09 £+ 0.04 1.64 + 0.40 0.17 £ 0.07 0.84 £ 0.18
Particle aspect ratio 2.57 £ 0.77 2.45 £ 0.77 2.16 + 0.54 1.94 £0.75 - - - 1.37 £0.38 - -

structure can be clearly observed: The FeCoCr-rich fcc region appears as
the thin submicron layers that wraps and embeds the NiAl rich bec/B2
regions. The feature size of the lamellar structure is in the sub-
microscale region. The distribution of Al well separates the two phases
and defines the bce/B2 regions. Oxygen was only detected in the epoxy
mount and the very thin outer layers of the powder particles, indicating
that the powder does not suffer noticeable contamination from
oxidation.

3.2. Coating porosity and particle aspect ratio

The porosity and particle aspect ratios of the coatings are measured,

as shown in Table 3. Overall, the cold sprayed coatings show the highest
porosity, contrary to the low porosities achieved in the HVOF coatings.
The particle aspect ratio is a quantification of the extend of deformation
in the deposited particles. However, for the HVOF and plasma sprayed
coatings processed at higher temperature conditions, the aspect ratio
measurements were not made as the particles had melted and splats
were formed. As the traverse speed was increased in cold spray from 50
mm/s to 200 mm/s, a slight increase in coating porosity and decrease in
particle aspect ratio is observed. As the spray gun travels faster across
the deposit, the time of which a local region is exposed to the heated
supersonic jet stream decreases. This reduces the local heat accumula-
tion, decreasing the achievable particle deformation and affect the
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Fig. 2. XRD diffraction patterns of the feedstock powder and (a) cold sprayed
coatings, (b) HVOF coatings, and (c) plasma sprayed coatings. All coatings show
shift in the XRD patterns as compared to the powder, suggesting the occurrence
of phase transformation after deposition.

bonding quality between particles, thereby resulting in higher porosity
and lower particle aspect ratio. For the HVOF coatings, decreasing the
SOD from 305 mm to 203 mm results in decrease in porosity. Increasing
the effective processing temperature by increasing the flow of fuel also
decreases the porosity of both the HVOF and plasma sprayed coatings. In
PS 1, the measured particle aspect ratio is very low, and the measured
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porosity is much higher than the other two plasma sprayed coatings.
This suggests that the sprayed particles have barely deformed, and the
bonding achieved may have been poor.

3.3. Phase analysis and microstructural characterization

The XRD spectrums of the feedstock powder and the sprayed coatings
are shown in Fig. 2. As compared with the pattern of the powder, which
shows a high intensity bcc/B2 (110) peak with a weaker fce (111) peak,
all the coating samples show signs of phase transformation. From Fig. 2-
a, the cold sprayed coatings all show a rise in intensity of the fcc peaks,
and the (200) and (220) peaks that were not observable in the powder
pattern now emerges.

While increasing the traverse speed did not lead to different XRD
patterns in cold spray coatings, increasing the effective processing
temperature in the HVOF and plasma sprayed coatings leads to the
transition to a higher intensity fcc (111) peak with emerging fcc (200)
and (220) peaks. The presence of the Al,O3 alumina is also detected,
suggesting that the exposure to high thermal input in atmospheric
environment may have led to oxidation.

In terms of the microstructure, the cold sprayed coatings were able to
preserve the lamellar microstructure, as shown in Fig. 3. Micropores and
thin gaps are found at particle interfaces, showing lack of metallurgical
bonding. In Fig. 3-f, it can be observed how having high density of mi-
cropores in one spot can ultimately lead to the formation of interface
gaps between particles. As shown in Table 3, increasing traverse speed
from 50 to 200 mm/s leads to slight increase in porosity accompanied by
lower degrees of particle deformation. For individual particles, the
lamellar structure is significantly stretched and elongated along the di-
rection of deformation. The sub-microscale lamellar structure also ap-
pears to be comparable to the feature size in the powder in Fig. 1-b.

In Fig. 4, the HVOF coatings show a significant difference in the
microstructure as the processing conditions are changed. At a higher
SOD with lower flow rates of kerosene and oxygen, near spherical par-
ticles with the lamellar structure can be observed (Fig. 4-a). Contrary,
for the coatings processed at shorter SOD and higher fuel flow rates, the
lamellar structure is no longer observable. Instead, the dark oxide layers
and the molten particle splats form a new larger scale lamellar structure.
Particle boundaries become undefinable as particles are melted into
splats and mixed thoroughly in the coating.

The PS 1 coating clearly shows that the plasma jet did not attain
sufficient temperature to homogeneously melt the feedstock powder. As
shown in Fig. 5-a and b, many of the particles appear no difference than
the starting feedstock powder. The quality of the particle bonding is
questionable, and some particles appear to be simply trapped and locked
between surrounding particles without clear signs of bonding at particle
interfaces. In this case, most of the dark regions in the coatings are not
oxides, but pores. When the flow rate of Hy is increased, the processing
temperature is sufficiently high to melt the powder particles into splats.
Comparable to the trend observed in the HVOF coatings, the plasma
sprayed coatings become more homogeneous with mixtures of oxides as
the effective processing temperature increases.

3.4. Elemental distribution

To analyze the oxides present and the elemental distribution in the
coatings, EDS cross-section elemental mapping was conducted. Figs. 6 to
8 show the EDS mappings of two coatings sprayed by each of the three
processes. The distribution of the Al and O mapping shows that the dark
oxides observed in the HVOF, and plasma sprayed coatings mainly
corresponds to aluminum oxide (AlyOs). The measured elemental
compositions obtained from EDS cross-section scanning from regions in
Figs. 6-8 are listed in Table 4. The cold sprayed coatings show small
increase in the oxygen content as compared to the feedstock powder,
suggesting that oxidation is effectively mitigated by solid state deposi-
tion of particles even when employing a high gas temperature of 950 °C.
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Fig. 3. SEM micrographs of the cold sprayed coating cross-sections of (a-b) CS 1, (c-d) CS 2, and (e-f) CS 3, micropores are highlighted by arrows. The lamellar

structure from the feedstock powder is preserved.

However, higher traverse speed appears to have resulted in slight in-
crease in oxidation of the coating. Due to limitations on the resolution
obtainable in the EDS instrument, the lamellar structure could not be
identified by the elemental mapping, and the observed oxygen distri-
bution is rather homogeneous.

All coatings produced by HVOF are highly oxidized. The amount of
oxide introduced increases with decrease of the SOD and increase of the
fuel flow rate, with very high amount of oxygen up to 28.08 at.% in
HVOF 4. Similar trend of increase in oxygen content is also observed in
the plasma sprayed coatings, with lower extends of oxidation as
compared to the HVOF coatings. Differences in the distribution of oxides
can also be observed. For HVOF and plasma sprayed coatings produced
with lower processing temperatures (larger SOD, lower fuel flow rate),
the oxides are concentrated at particle interfaces (Figs. 7-a, 8-a), and the
inner regions of the particles remain low of oxygen. In contrast, as
particles are melted into splats at higher processing temperatures
(Figs. 7-b, 8-b), the oxides are less concentrated and are mixed more
homogeneously in the coating.

Due to limitations on the resolution obtainable from EDS, the sub-
microscale lamellar structure could not be clearly captured, therefore,
EPMA was used to conduct WDS elemental mapping on the powder as
well as the coating samples. Figs. 9 to 11 show the WDS elemental
mappings of one coating sample from each of the three techniques,
compared to the mapping of the powder shown in Fig. 1-c.

The mapping of CS 1 (Fig. 9) shows that the lamellar structure of the
feedstock powder is well preserved in the coating, indicating that the
cold spray process has effectively preserved the microstructure of the
feedstock powder. A very fine layer of oxide exists at particle interfaces
and micropores. The distribution of Co and Ni appears to be homoge-
neous in the coating. The mapping of HVOF 1 (Fig. 10) shows the
presence of various oxides. While alumina remains to be the main oxide
as suggested by EDS results, some Co and Ni oxides can also be found.
The oxides are still highly concentrated at particle/splat interfaces. The
inner regions of the particles/splats have much lower concentration of
Al and very low concentration of oxygen. The lamellar structure from
the powder can still be observed in unmelted particles (Fig. 10-a), and
faintly outlined by the distribution of Al (Fig. 10-b). Fig. 11 shows the
mapping of PS 3 that was deposited at a higher process temperature. Due
to the extensive melting and mixing of the particle splats, the lamellar
structure is no longer present. The oxides are less restricted to particle/
splat interfaces, and small regions of Co and Ni oxides can be observed
while Al remains to be the main oxide.

In both HVOF and plasma sprayed coatings, a clear segregation of Al
can be observed. The formation of Al,O3 led to the diffusion of Al in
inner particle regions to particle/splat interfaces, resulting in depletion
of Al in oxide-free regions.
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Fig. 4. SEM micrographs of the HVOF coating cross-sections of (a-b) HVOF 1, (c-d) HVOF 2, (e-f) HVOF 3, and (g-h) HVOF 4. Oxides are highlighted by white
arrows. The layers of oxide and particle splats stack and mix to form a new lamellar structure.

3.5. Microhardness measurements

To evaluate the microhardness of the coatings, Vickers hardness
indentation was conducted on both the polished coating top surfaces and
cross-sections. Fig. 12 shows graph of Vickers microhardness versus
oxygen content of the coatings, and Table 5 lists the microhardness
values of the coatings with their oxygen content and porosity.

By evaluating the microhardness of the coatings with their oxygen
contents, the coatings are grouped by the deposition methods. The cold
sprayed coatings show high hardness in the range of 440 HV to 500 HV
while maintaining low oxygen content below 4 %. Varying the traverse
speed from 50 mm/s to 200 mm/s did not have significant impact on the

microhardness. The HVOF coatings appear to show similar or even
higher hardness as compared to the cold sprayed coatings, but with
much higher oxygen content. Furthermore, a clear correlation can be
established between the microhardness performance of the HVOF and
plasma sprayed coatings with their oxygen content. The presence of
oxide may have introduced oxide dispersion strengthening, enhancing
the hardness of the coatings. The lamellar arrangement of the brittle
oxides and splats (Fig. 4) may have also further enhanced coating
hardness due to the ordered stacking (interface strengthening). Contrary
to the cold spray and HVOF coatings, the hardness of the plasma sprayed
coatings are much lower. Increasing the amount of oxygen content does
also increase the hardness in the plasma spray coatings. Both the HVOF 1
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Fig. 5. SEM micrographs of the plasma sprayed coating cross-sections of (a-b) PS 1, (c-d) PS 2, and (e-f) PS 3. Insufficient processing temperature results in

unmelted powder particles in (a-b).

and PS 1 coatings which show signs of incomplete particle melting due
to insufficient processing temperature exhibit lower hardness, likely due
to the weaker particle bonding as well as the higher porosity. Overall,
the top surface hardness of the cold sprayed and HVOF coatings is higher
than the cross-section hardness, which could be results of the shot
peening effect and work hardening in the direction of layer buildup. The
plasma sprayed coatings do not show evidence of this anisotropic
behaviour. Furthermore, the density of interface pores and interparticle
gaps are higher on coating cross-sections due to the direction of particle
deformation. This is captured and reflected by the cross-section hardness
measurements.

4. Discussion
4.1. Formation of oxides and phase transformations

As the XRD results pointed out, both the HVOF and plasma sprayed
coatings show a clear sign of phase transformation where the relative
intensity of the signal corresponding to the fcc peaks increases as the
effective processing temperature increases (Fig. 2). By analysing the
SEM micrographs (Figs. 4 and 5) and the elemental mappings (Figs. 7, 8,
10, and 11), clear signs of Al segregation in the coating are observed due
to the formation of Al;03. The amount of oxide formed increases as the
effective processing temperature is increased, reducing the

concentration of Al in the non-oxide regions. It has been well established
in reported studies that in the AlICoCrFeNi system, Al acts as the stabi-
lizer for the bce/B2 phase and Ni acts as the stabilizer for the fcc phase
[9,24]. When the Al is depleted in NiAl rich bce/B2 regions, the bee/B2
phase loses its stability, leading to transformation to the fcc phase and
the breakdown of the original lamellar structure.

On the other hand, the phase transformation observed in the cold
sprayed coatings occurs from a different mechanism. Although the XRD
results (Fig. 2) suggest that the dominant phase present has shifted from
bce/B2 to fece, we see that the microstructure as well as the elemental
mapping of the cold sprayed coatings (Figs. 3, 6, and 9) are very similar
to the feedstock powder (Fig. 1). No clear sign of elemental segregation
or interdiffusion was observed. Pan et al. [8] reported that when gas
atomized AlCoCrFeNij ; powder is sintered at 800 °C and 900 °C at 30
MPa pressure for 5 min, similar phase transformation was observed in
the XRD pattern. The fcc peak intensity overcomes the bee peaks while
no clear changes to the lamellar eutectic microstructures were visible. At
higher sintering temperatures, they reported that the lamellar structure
gradually disappeared as the fcc phase grows and form massive eutectic
structures [8]. Charkhchian et al. [25] studied the microstructure of as-
casted AlCoCrFeNis, ;. They observed larger fcc phases taking the form of
dendrites with small inter-dendritic regions occupied by the lamellar
eutectic structure. The XRD pattern of the as-casted AlICoCrFeNis ; also
shows a much stronger fcc pattern compared to the bec pattern. Under
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Fig. 6. EDS cross-section elemental mapping of (a) CS1 and (b) CS 3, with the elemental distributions listed in (i-vi). No clear signs of elemental segregation or

..

concentration of oxides are observed.

'.
.'

Fig. 7. EDS cross-section elemental mapping of (a) HVOF 1 showing oxides concentrated at particle interfaces and (b) HVOF 3 showing oxides mixed more
homogenously in coating due to particles melting and splats formation and mixing. The elemental distributions are listed in (i-vi), and the distribution of Al,O3 is

clearly captured in (i-ii).

slower cooling rates in processes such as casting, the material can attain
uniform equilibrium solidification and reach its most stable phase and
microstructure in the ambient conditions of the cooling environment.
The fine lamellar structure and the NiAl rich bcc/B2 phase may be the
results of non-equilibrium solidification due to the rapid cooling in the
gas atomization process. During cold spray, the exposure to the high

temperature jet stream and the instantaneous localized adiabatic heat-
ing from particle collisions may have supplied enough energy to over-
come the barriers for phase transformations. This leads to a non-
diffusion phase transformation where the metastable bcc/B2 crystal
structure rearranges to form the fcc phase. Compared with MCrAlY
coatings, Richer et al. [21] reported that cold sprayed gas atomized
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Fig. 8. EDS cross-section elemental mapping of (a) PS 1 showing oxides concentrated at particle interfaces and (b) PS 3 showing oxides mixed more homogenously in
coating due to good mixing of particle splats. The elemental distributions are listed in (i-vi), and the distribution of Al,O3 is clearly captured in (i-ii).

Table 4

Elemental composition of the coatings obtained from EDS cross-sectional scan.
Element (at.%) Powder Cs1 CS 2 CS3 HVOF 1 HVOF 2 HVOF 3 HVOF 4 PS1 PS 2 PS3
(0] 1.23 2.32 3.08 3.87 13.42 19.12 24.36 28.08 6.11 9.10 13.44
Al 15.71 16.19 16.31 16.45 14.00 11.61 13.34 12.65 15.55 14.90 12.58
Cr 16.60 16.91 16.72 16.15 14.07 13.30 12.09 12.36 15.97 14.70 11.76
Fe 15.81 16.17 15.91 15.75 14.34 15.60 12.51 12.41 15.65 15.25 14.42
Co 16.30 16.04 15.83 15.60 14.54 13.56 12.56 11.72 15.38 15.18 15.52
Ni 34.35 32.35 32.16 32.18 29.64 26.80 25.14 22.77 31.33 30.89 32.27

CoNiCrAlY, a common MCrAlY material used in high temperature pro-
tective coating applications [20-22], showed a change in the micro-
structure where the AINi precipitate was dissipated into the CoCrNi rich
fcc matrix, leading to the disappearance of the bce/B2 peaks in the XRD
pattern. Both the cold sprayed AlCoCrFeNiy; and CoNiCrAlY show an
fcc dominant microstructure without introducing significant oxidation
in the coating.

4.2. Microhardness and strengthening mechanisms

As shown in Fig. 12, the microhardness performance of the coatings
can be grouped by their processing techniques. When the powder par-
ticles are sprayed towards the substrate, there exists a work hardening
process as the particles impact the substrate or the deposited particles.
This work hardening mechanism leads to anisotropic mechanical prop-
erties where the material is strengthened along the direction of the
applied load, which is perpendicular to the substrate in the cases of the
three processing techniques discussed in this study. This contributed to
the anisotropic behaviour in the microhardness where the top surface
hardness of the coating is greater than the cross-section hardness. The
degree of strengthening by work hardening is highly dependent on the
applied load and the temperature. Both cold spray and HVOF processes
create supersonic jet velocities [12,17,19], which drastically increase

the impact velocity of the powder particles. In cold spray, severe plastic
deformation from particle impact is the key to achieve successful
bonding, hence the effect of work hardening is significant. The work
hardening ability would be weaker in the HVOF coatings due to the high
temperature jet stream. In contrast, the jet stream in plasma spray is
typically subsonic, resulting in lower particle impact velocities. This is
also observable from the SEM micrographs in Figs. 3-5 and the
measured particle aspect ratios. The PS 1 coating show very low extends
of deformation, followed by HVOF 1 and finally the cold sprayed coat-
ings. For the HVOF and plasma spray processes where the contribution
of thermal energy is greater, the work hardening of the material is
drastically decreased. Furthermore, the sub-microscale lamellar struc-
ture preserved in the cold sprayed coatings can also enhance the me-
chanical performance of the coating. This leads to the overall differences
in microhardness of coatings produced by the three techniques.

The high concentration of the brittle Al;03 oxides does effectively
increase the hardness of the HVOF. The oxide dispersion strengthening
effect as well as the lamellar arrangement of the oxide layers signifi-
cantly improve the hardness of the coatings. Similar strengthening effect
is also observed in the plasma sprayed coatings which has lower con-
centration of oxides. However, the presence of oxides may not be
beneficial for all applications and is extremely difficult to remove.
Depending on the designed application, it can be a structural



J. Wei et al. Surface & Coatings Technology 494 (2024) 131442

215

186

15.7
Ave 35.8

Fig. 9. WDS elemental mapping of the CS 1 coating cross-section, (a) the BSE micrograph, (b-d) elemental mapping of Al, O, Co, and Ni, respectively. The lamellar
structure with the NiAl rich regions is captured in (b). Thin layers of oxides concentrated at particle interfaces.

Fig. 10. WDS elemental mapping of the HVOF 1 coating cross-section, (a) the BSE micrograph, (b-d) elemental mapping of Al, O, Co, and Ni, respectively. Clear
signs of segregation of Al are observed in (b), the oxides are more concentrated at particle/splat interfaces.

improvement or an undesired contamination. While oxidation embrit- 5. Summary

tlement can lead to significant loss of ductility in the coating that can be

detrimental to its service life, the difference in the distribution of oxides In this study, we have fabricated AlICoCrFeNi, ; EHEA coatings using
(layered vs. homogeneous mixtures) can also lead to different oxidation the cold spray, HVOF, and plasma spray techniques. The following
resistant performances. Would the preserved lamellar structure in the conclusions have been drawn:

oxide free cold sprayed coatings lead to better oxidation resistance? The

performance and behaviour of these coating under long term heating is 1) Powder deposition and coating formation: Overall, all the coat-
an interesting direction of future work that can further evaluate the ings show relatively high density and lower porosity. Decreasing the
potential in AlCoCrFeNiy; to be proposed as an alternative to the traverse speed of nozzle from 200 mm/s to 50 mm/s reduces the
MCrAlY materials in high temperature protective coating applications. porosity in the cold sprayed coatings by suppressing micropores and

gaps at particle-particle interfaces. Increasing the effective process-
ing temperature by reducing the SOD from 203 mm to 305 mm or

10
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Fig. 11. WDS elemental mapping of the PS 3 coating cross-section, (a) the BSE micrograph, (b-d) elemental mapping of Al, O, Co, and Ni, respectively. Clear signs of
segregation of Al are observed in (b), oxides are mixed more homogeneously in the coating and not restricted to splat interfaces.
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Fig. 12. Graph of Vickers microhardness versus oxygen content. Hardness was
evaluated on both top surface and cross-section of the coatings. The obtained
hardness values of the three deposition techniques are compared.

Table 5
Microhardness measurements of the coatings listed with their oxygen content
and porosity.

Coatings  Top surface Cross-section Oxygen Porosity
hardness (HV) hardness (HV) content (at. (%)
%)

Cs1 498.2 + 39.9 460.3 £ 19.7 2.32 1.52 + 0.89
Cs2 461.9 + 31.3 440.5 + 39.0 3.08 1.9 + 0.90
CS3 487.1 +£37.3 452.0 + 29.7 3.87 2.12 +£0.37
HVOF 1 390.2 +13.4 379.9 £ 14.6 13.42 0.94 £ 0.16
HVOF 2 477.3 £19.1 448.3 + 25.4 19.12 0.21 + 0.04
HVOF 3 505.1 + 24.4 480.2 + 42.8 24.36 0.20 + 0.03
HVOF 4 556.3 + 28.1 543.1 £ 29.3 28.08 0.09 + 0.04
PS1 207.9+6.1 210.7 £15.3 6.11 1.64 + 0.40
PS2 242.6 £ 9.1 239.2.4 + 14.5 9.10 0.17 £+ 0.07
PS3 257.7 £13.4 2529 £7.9 13.44 0.84 £0.18

11

increasing the fuel gas increases the oxygen content in both HVOF
and plasma sprayed coatings.
Microstructure and phases: Cold spray promotes the rearrange-
ment of the lamellar microstructure and the phase transformation
from the bcc/B2 phase to the fcc phase. The high processing tem-
peratures in the HVOF and plasma spray promote the development of
Al,03 and small amounts of other oxides. The formation of Al;O3
segregates the Al from NiAl-rich bce/B2 regions, leading to a trans-
formation to the FeCoCr-rich fcc phase. By melting the powder
particles into splats, the sub-microscale lamellar structure is lost and,
instead, replaced by a microscale lamellar structure arranged by the
stacking of the oxide strips alternated with the particle splats.

Hardness: The cold sprayed coatings exhibit microhardness in the

range of 441 HV and 498 HV due to significant work hardening while

maintaining low oxygen content below 4 at.%. The hardness of

HVOF coatings show a strong correlation with the oxygen content

present, and a high hardness of 556.3 HV with 28.1 at.% oxygen in

HVOF 4 was observed. The plasma sprayed coatings show lower

oxygen content as compared to the HVOF coatings but also exhibit

similar oxide dispersion strengthening mechanism with lower
microhardness in the range of 208-258 HV.

4) Comparison: This study demonstrates that cold spray is a promising
method to produce AlCoCrFeNi2.1 EHEA coatings with high hard-
ness while maintaining low porosity and oxidation. For future work,
it is interesting to compare the performance of the AlCoCrFeNi2.1
EHEA coatings with MCrAlY materials in high temperature experi-
ments to further investigate the potential of finding alternatives for
MCrAlY materials in high temperature protective coating
applications.

2)
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