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Abstract: NiCoCrAlY high entropy alloy (HEA) coating (47.1 wt.% Ni, 23 wt.% Co, 17 wt.% Cr,
12.5 wt.% Al, and 0.4 wt.% Y) was deposited on a stainless steel subtract by atmospheric plasma
spraying (APS). The as-deposited coating was about 300 µm thickness with <1% porosity. The
microstructure of the coating consisted of dispersed secondary phases/intermetallics in the solid
solution. The stress–strain behaviour of this coating was investigated in micro-scale with the help of
in situ micro-pillar compression. The experimental results show that yield and compressive stress
in the cross-section of the coating was higher (1.27 ± 0.10 MPa and 2.19 ± 0.10 GPa, respectively)
than that of the planar direction (0.85 ± 0.09 MPa and 1.20 ± 0.08 GPa, respectively). The various
secondary/intermetallic phases (γ′–Ni3Al, β–NiAl) that were present in the coating microstructure
hinder the lattice movement during compression, according to Orowan mechanism. In addition to
that, the direction of the loading to that of the orientation of the phase/splat boundaries dictate the
crack propagation architecture, which results in difference in the micro-mechanical properties.

Keywords: NiCoCrAlY; high entropy alloy (HEA); coating; micro-pillar compression; thermal
spraying; deformation

1. Introduction

Thermal barrier coatings (TBCs) are an integral part of the components that operate at
a high temperature, and ensures the effective lifetime of the components. The main role of
the TBCs is to protect the substrate from high heat exposure and find applications in gas
turbines, aeronautical machineries, and power generation equipment [1–3]. In addition to
protecting the substrate, TBCs also act as a barrier towards high-temperature oxidation and
corrosion resistance. The utmost importance of selecting the elements of TBCs is the similar
thermal expansion coefficient. Upon experiencing numerous thermal cycles, the coatings
eventually fail mechanically as a result of the generated stress between the coating and
subtract [4]. To minimise this, TBCs are composed of three distinct layers on the substrate.
The first layer is usually an yttria-stabilised ceramic coating, usually know as ‘top coat’ in
the literature. This layer has low thermal conductivity and allows the growth of aluminium
oxide in service and thus, provides an effective barrier against high temperature [5]. The
following layer is a ‘thermal growth oxide (TGO) layer’, and they find their place between
the ‘top coat’ and ‘bond coat’, and form via a diffusional process, to that of the elements
from the bond coat [6–8]. The third layer is the ‘bond coat’. The ‘bond coat’ in the TBCs
serve two functions: (i) to avoid oxidation of the metallic substrate and (ii) to relieve the
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stress that is generated from the ‘thermal expansion’ mismatch between the substrate and
‘top coat’ (oxidation layer) [9].

Towards the development of the ‘bond coat’, a non-equimolar MCrAlY (M = Ni and/or
Co) high entropy alloy (HEA) coating is promising, as stated in the literature [10]. Each
of the elements in such alloy serves a specific purpose. For example, the Cr in the alloy
provides resistance against high temperature corrosion. The presence of a minute amount
of Y ensures solid solution hardening, in addition to improvement of the adhesion among
alloy constituents. The presence of Co ensures blocking the movement of the lattice upon
external loading through resistance against dislocation movements and grain boundary
movements, and thus enhances the resistance against mechanical loading and creep [11].
The presence of 8–15 wt.% Al in the alloy hinders the crystal growth, which results in
a stable aluminium oxide layer (α-Al2O3) upon high temperature exposure [12,13]. The
increase in Al content in the alloy facilitates the formation of the β-(Ni,Co)Al phase and
continuous α-Al2O3 in the MCrAlY type coatings [14]. The presence of Y in the alloy plays
a secondary role by enhancing the adhesion of the alumina oxide with rest of the alloy
constituents [13,15]. This improved adhesion enhances the ‘cyclic oxidation resistance’ of
the coating [16], thanks to the presence of the reactive Y in the HEA. This also enables the use
of the HEA coating in high temperature electrical insulators and sensors [17]. Traditionally,
the HEAs are formed via casting into bulk form, which forms different detrimental oxide
phases in the alloy. This can be avoided when the HEAs are deposited in the form of coating
by ‘vacuum plasma spraying’ (VPS) [18,19], ‘atmospheric plasma spraying’ (APS) [20], or
‘high-velocity oxygen fuel’ (HVOF) spraying [21–23]. Among them, APS process is simple
in operation and less expensive. The careful selection of spraying parameters can produce
high-quality denser coating [24]. Most of the reported work on MCrAlY bond coat in the
literature [16–18] focused on the temperature-dependent oxidation [25,26] and corrosion
aspect [27,28] of the coating with few reports on the tribological behaviour [4,29]. However,
there are no reports available on the micro-mechanical behaviours of such coatings.

As mentioned before, when exposed to the operating environment, such coating is
impinged by the air, salts, debris, particles, etc., that may penetrate the porous top coat [27].
Thus, beside the investigations in regards to the oxidation and corrosion behaviours of
such coating system, their micro-mechanical properties exploration is foreseen. Given
the limited profile of the coatings, it is not possible to conduct traditional tensile tests
on such materials deposited as coatings. This can be overcome by conducting in situ
micro-pillar compression to determine the stress–strain curves under compression. This
technique has been proven successful to determine the micro-mechanical properties of
both bulk [30,31] and coating [32], as reported in the literature. Thus, the novelty of the
present work to is investigate the stress–strain behaviour of NiCoCrAlY coating deposited
by thermal spraying with the help of in situ micropillar compression, which has never
been addressed before. In this research, along with the micro-mechanical properties, the
structural deformation of nickel-based NiCoCrAlY HEA coating deposited on stainless
steel 316 substrate was also investigated.

Thus, the aim of the present research is to explore the micro-mechanical properties
of the APS-deposited NiCoCrAlY coating on stainless substrate. To achieve that, in situ
compression on the micro-pillars were carried out. The associated deformation mechanisms
were investigated by examining the deformed micro-pillars with an electron microscope.

2. Experimental Section
2.1. Deposition and Characterization of the Coating

In order to deposit the coating, the pre-alloyed powder of NiCoCrAlY was com-
mercially acquired from Sulzer Metco, Winterthur, Switzerland. This specific powder
composition is commercially known as Amdry 365-2. It is a Ni-rich alloy with the following
composition: 47.1 wt.% Ni, 23 wt.% Co, 17 wt.% Cr, 12.5 wt.% Al, and 0.4 wt.% Y. The
powder was prepared by a gas atomisation process [33] and the powder morphology is
spherical, with a mean diameter of 5–38 µm as stated by the supplier [34]. Before coating
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deposition, the substrate was blasted by quartz sand (80–120 µm grit size), to ensure the
proper adhesion of the coating with the substrate. The blasted surface was cleaned by
sonication to remove any dirt/grease. The spraying gun was Diamond Jet 2700 plasma
sprayer (Sulzer Metco, Switzerland), equipped with IRB 2400/16 automatic controller (ABB,
Zurich, Switzerland). The optimal spraying parameters are as follows: 0.7 m3/h hydrogen
flow rate, 0.7 m3/h argon flow rate, 40–50 g/min powder feed rate, 800 mm/s gun speed,
3 mm inter-pass spacing, 12 cm spraying distance, 38–40 bar of pressure, and with stand-off
distance of 20–60 mm, and the substrate temperature was <150 ◦C. These parameters were
selected based on the information available in the literature [4,7,13,28,29], as well as on
the ‘trial and error’ approach to fine tune the parameters, as required by the currently
employed deposition instrument.

After coating deposition, the specimen was sectioned with a water-cooled diamond
saw to cut into pieces to carry out hot resin mounting and metallographic polishing. The
polishing was conducted in Struers automatic polishing machine with a varying degree
of diamond slurry with final polishing with colloidal silica suspension. The specimen
was prepared in both planar and cross-sectional direction, and the microstructure was
investigated by a field emission scanning electron microscope (Quanta 450 FE-SEM, Ther-
mofisher Scientific, Waltham, MA, USA) and Oxford energy dispersive X-ray (EDX) analysis
system (Oxford Instruments, Oxford, UK). Transmission electron microscopy (TEM) was
carried out with a probe-corrected Titan TEM (Thermofisher Scientific, USA) at 200 KV.
Both the micro-pillars and TEM samples were prepared by a focused ion beam (FIB)-
SEM (Helios Nanolab 600, Thermofisher Scientific, USA). X-ray diffractometer (XRD) with
monochromatic CuKα radiation (New D8 advance, Bruker, Karlsruhe, Germany) was used
to investigate the phases in the coating.

2.2. Micro-Pillar Fabrication and Stress–Strain Calculation

Details of the micro-pillars fabrication and in situ micro-pillar compression was as
follows: A focused ion beam (FIB-SEM) system (Helios Nanolab 600, FEI) was used to
fabricate micro-pillars with Ø 3 µm. The micro-pillars were fabricated at the middle of
30 µm pit to avoid any contact of the indenter with the surrounding rim of the pit. Rough
milling was carried out at 6.5 nA current at 30 kV, with final milling at 0.46 nA at 30 kV. A
flat diamond punch of Ø 5 µm mounted on in situ nanoindentation system (PI 88, Hysitron)
was used to conduct the compression tests. During compression, a 3 nm/s loading rate
was selected, which corresponds to a 10−3 s−1 strain rate. The unloading rate was 50 nm/s.
The whole process was recorded via videos. Deformed micro-pillars were also investigated
by SEM.

Applied normal force (F) and the corresponding change in pillar length (∆l) was
recorded during compression by a computer-controlled program, and subsequently used
to calculate engineering stress and strain according to Equations (1) and (2):

σ =
F

A0
(1)

where σ is engineering stress, F is normal force, and A0 is cross-sectional area of the pillar
at 25% of its height from top. As the pillars were slightly taper (<2◦), thus, most probable
deformation will happen closer to the top surface [32].

εE =
∆l
l0

(2)

where εE is engineering strain, ∆l is change in pillar length, and l0 is initial pillar length.
The details of the equations can be found in the literature [35,36]. A number of micro-
pillars were fabricated on both planar and cross-section direction of the coatings. To ensure
reproducibility, at least five individual experiments were conducted in each direction and
representative curves were presented in the paper.
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3. Results and Discussion
3.1. Coating Characterization

During the thermal spraying process, the as-received NiCoCrAlY powders experi-
enced high temperature exposure for a fraction of a second, became molten/semi-molten,
and thrust towards the substrate. The high velocity impact caused the molten/semi-molten
droplets to flatten and anchor on the substrate surface. Due to this, the as-deposited
coating surface is rough [37]. Thus, to unravel the microstructure on both the planar and
cross-section direction, the coating was subjected to a metallographic polishing, as stated
in the Experimental Section. A typical cross-sectional and planar view SEM micrograph is
shown in Figure 1. The cross-sectional image of the coating (Figure 1a) shows a laminar mi-
crostructure, with a stack of splashes, which are unique of the thermal spraying-deposited
material [38]. The total coating thickness was about 300 µm. However, the top section of the
coating (with resin interface) is flaky in nature, which may result due to the applied force
during coating deposition/hot mounting process. Withstanding that, the bottom section
of the coating (with substrate interface) was dense, with an average thickness of around
145 µm. As can be seen from coating/substrate interface, the coating was well bonded with
the grit-blasted substrate. In addition to that, a well-defined interface of coating/substrate
was observed without significant oxide region. The planar view of the coating (Figure 2b)
shows uniform microstructure composed of numerous individual splats. There were also
few pores that formed on the coatings due to the trapped hot air during plasma spraying,
which was below 1%, as calculated by image analysis. Some polishing debris were attached
to the surface even after ultrasonic cleaning.

Designs 2024, 8, x FOR PEER REVIEW 4 of 18 
 

 

ensure reproducibility, at least five individual experiments were conducted in each direc-
tion and representative curves were presented in the paper. 

3. Results and Discussion 
3.1. Coating Characterization 

During the thermal spraying process, the as-received NiCoCrAlY powders experi-
enced high temperature exposure for a fraction of a second, became molten/semi-molten, 
and thrust towards the substrate. The high velocity impact caused the molten/semi-mol-
ten droplets to flatten and anchor on the substrate surface. Due to this, the as-deposited 
coating surface is rough [37]. Thus, to unravel the microstructure on both the planar and 
cross-section direction, the coating was subjected to a metallographic polishing, as stated 
in the Experimental Section. A typical cross-sectional and planar view SEM micrograph is 
shown in Figure 1. The cross-sectional image of the coating (Figure 1a) shows a laminar 
microstructure, with a stack of splashes, which are unique of the thermal spraying-depos-
ited material [38]. The total coating thickness was about 300 μm. However, the top section 
of the coating (with resin interface) is flaky in nature, which may result due to the applied 
force during coating deposition/hot mounting process. Withstanding that, the bottom sec-
tion of the coating (with substrate interface) was dense, with an average thickness of 
around 145 μm. As can be seen from coating/substrate interface, the coating was well 
bonded with the grit-blasted substrate. In addition to that, a well-defined interface of coat-
ing/substrate was observed without significant oxide region. The planar view of the coat-
ing (Figure 2b) shows uniform microstructure composed of numerous individual splats. 
There were also few pores that formed on the coatings due to the trapped hot air during 
plasma spraying, which was below 1%, as calculated by image analysis. Some polishing 
debris were attached to the surface even after ultrasonic cleaning. 

 
Figure 1. SEM micrographs on NiCoCrAlY coating: (a) cross-sectional and (b) planar view after 
metallographic polishing. 

As can be seen from Figure 1, the microstructure of the coating is complex, and re-
sulted due to the thermal spraying process. The different elements of the coating compo-
sition own different wettability, density, and melting points, and thus, experience differ-
ent amounts of heat. During thermal spraying, the feed-stock powder became mol-
ten/semi-molten due to residing in the flame, even for a fraction of a second. Thus, the 
homogeneous distribution of the constituent elements took place in the deposited coating, 
and resulted in a complex microstructure. Higher magnification secondary (SE) and back-
scattered (BSE) images on the cross-section of the coating are shown in Figure 2a,b, 

Figure 1. SEM micrographs on NiCoCrAlY coating: (a) cross-sectional and (b) planar view after
metallographic polishing.

Designs 2024, 8, x FOR PEER REVIEW 5 of 18 
 

 

respectively. It is evident from Figure 2 that, the multiphase NiCoCrAlY coating micro-
structure is made of two main phases: (i) a gamma (γ-Ni) phase matrix made of Cr and 
Co solid solution, and (ii) a disperse beta phase (β-NiAl) [6,32,37]. The specimen mainly 
consists of primary β–NiAl (BCC, gray), with a fine α–Cr (black) precipitates, β–NiAl/α–
Cr eutectic, and γ–Ni (FCC, white) distributing along eutectic boundaries. The existence 
of such phases were confirmed by the EDX point analysis, as show in Figure 3. Moreover, 
it was further supported by the XRD analysis, as reported later in the section. Cuboidal 
Ni3Al (γ′) of several hundred nano-meters were also located along a certain orientation 
direction from the γ-matrix. 

The elemental mapping on the cross-section of the coating is shown in Figure 4 along 
with the EDS spectra. Figure 4a shows the layered (overlayer) EDS images, with individ-
ual elemental images on Figure 4b–f, together with the EDS spectra in Figure 4g. As stated 
in the previous section, based on SEM micrograph interpretation, the coating is mainly 
composed of a solid solution of Ni, with a number of other phases/intermetallics in it. A 
peak of oxygen was identified from the EDS spectra (Figure 4g), which resulted from the 
oxidation of the elements, in the course of the thermal spraying. Due to that, various forms 
of oxides formed in the coating, which is unavoidable [3]. Among the different coating 
constituents, Al is prone to oxidation due to its high affinity towards oxygen to form ox-
ides. Therefore, the amount of Al, detected by the EDS, is in the lower range of the content. 
In contrast to the microstructure of the bulk alloy of similar composition, the extent of 
secondary phase/precipitation is much restricted in the coating. This prevailed due to the 
rapid solidification, where time-dependent phase/precipitation was limited [39–43]. It is 
worthy to note that the Y content was below the detection limit of the instrument, and 
thus, was not quantifiable. 

 
Figure 2. High-magnification SEM micrographs on the cross-section of the NiCoCrAlY coating: (a) 
secondary electron (SE) and (b) back-scattered electron (BSE) images after metallographic polishing. Figure 2. High-magnification SEM micrographs on the cross-section of the NiCoCrAlY coating:

(a) secondary electron (SE) and (b) back-scattered electron (BSE) images after metallographic polishing.



Designs 2024, 8, 37 5 of 15

As can be seen from Figure 1, the microstructure of the coating is complex, and resulted
due to the thermal spraying process. The different elements of the coating composition own
different wettability, density, and melting points, and thus, experience different amounts of
heat. During thermal spraying, the feed-stock powder became molten/semi-molten due to
residing in the flame, even for a fraction of a second. Thus, the homogeneous distribution
of the constituent elements took place in the deposited coating, and resulted in a complex
microstructure. Higher magnification secondary (SE) and back-scattered (BSE) images on
the cross-section of the coating are shown in Figure 2a,b, respectively. It is evident from
Figure 2 that, the multiphase NiCoCrAlY coating microstructure is made of two main
phases: (i) a gamma (γ-Ni) phase matrix made of Cr and Co solid solution, and (ii) a
disperse beta phase (β-NiAl) [6,32,37]. The specimen mainly consists of primary β–NiAl
(BCC, gray), with a fine α–Cr (black) precipitates, β–NiAl/α–Cr eutectic, and γ–Ni (FCC,
white) distributing along eutectic boundaries. The existence of such phases were confirmed
by the EDX point analysis, as show in Figure 3. Moreover, it was further supported by
the XRD analysis, as reported later in the section. Cuboidal Ni3Al (γ′) of several hundred
nano-meters were also located along a certain orientation direction from the γ-matrix.
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The elemental mapping on the cross-section of the coating is shown in Figure 4 along
with the EDS spectra. Figure 4a shows the layered (overlayer) EDS images, with individual
elemental images on Figure 4b–f, together with the EDS spectra in Figure 4g. As stated
in the previous section, based on SEM micrograph interpretation, the coating is mainly
composed of a solid solution of Ni, with a number of other phases/intermetallics in it. A
peak of oxygen was identified from the EDS spectra (Figure 4g), which resulted from the
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oxidation of the elements, in the course of the thermal spraying. Due to that, various forms
of oxides formed in the coating, which is unavoidable [3]. Among the different coating
constituents, Al is prone to oxidation due to its high affinity towards oxygen to form oxides.
Therefore, the amount of Al, detected by the EDS, is in the lower range of the content.
In contrast to the microstructure of the bulk alloy of similar composition, the extent of
secondary phase/precipitation is much restricted in the coating. This prevailed due to the
rapid solidification, where time-dependent phase/precipitation was limited [39–43]. It is
worthy to note that the Y content was below the detection limit of the instrument, and thus,
was not quantifiable.
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Similar to that, the elemental mapping on the planar view of the coating is shown in
Figure 5, with the associated EDS layered map (Figure 5a), individual elemental distribution
(Figure 5b–f), and EDS spectra (Figure 5g). Similar to that appearance on the cross-section,
the planar view also confirmed the presence of a solid solution, together with the splat
boundaries and heterogeneous distribution of the different phases.

The XRD spectra that was obtained on the coating is shown in Figure 6. The XRD
spectra confirms the existence of the different phases, which were identified by the EDS
analysis. The main phases of the coating were σ-(Ni, Co, Cr), γ-Ni/γ′-Ni3Al, β-NiAl, and
various oxides (mainly Al2O3 and Y2O3).
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Figure 6. X-ray diffraction spectra on as-sprayed NiCoCrAlY coating.

A typical TEM micrograph of the coating in the cross-section is shown in Figure 7. A
relatively low-magnification TEM bright field image (Figure 7a) exposes the lamellar-type
microstructure of the thermal-sprayed coatings. As stated in the literature, exposure of
the agglomerated powders at high temperatures (even for a fraction of seconds) and kinet-
ics during thermal spraying [44–46] flattens individual molten/semi-molten droplets of
powders against the substrate, producing thin layers or lamellae, often called “splats” [47].



Designs 2024, 8, 37 9 of 15

These splats consequently stick on substrate by means of mechanical interlocking as sub-
strate surface is at relatively low temperature than that of the splats. Localised diffusion
may also take place to some extent. The constant stream of splats builds up with times,
and form thick coatings, having a lamellar structure, constituted from individual thin
splats”. The coating thickness was built up by the accumulation of the individual splats
with thickness <100 nm (Figure 7a). Higher magnification images (Figure 7b,c) show the
existence of the precipitates (marked with circles), individual splats, and eutectic regions
(as marked with arrows). Representative high-resolution TEM (HRTEM) image on a pre-
cipitate (Figure 7d) confirms the coherency of the precipitate with the matrix, which are
metallurgically bonded with the substrate. The selected area diffraction (SAD) parent (as
an insert in Figure 7d) was indexed as γ′-Ni3Al on 101 zone axis. The diffraction confirms
the polycrystalline aspect of the coating. Besides the γ′-Ni3Al, the other nano-metric pre-
cipitation can be associated with the β-NiAl intermetallic phase (around 5–10 nm), which
is common in Ni-based superalloys. Thus, it can be concluded that the coating structure
was composed of two main phases, which were also supported by the findings in the
literature [34].
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coating showing individual ‘splats’, (b,c) higher magnification images, and (d) HR-TEM image with
corresponding SAD pattern of γ′-Ni3Al on 101 zone axis, as an insert.

3.2. In Situ Micro-Pillars Compression

The micro-pillars were fabricated on both the cross-section and the surface of the
coatings and disclosed in Figure 8, with higher magnification images as inserts. A 1:3
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aspect ratio was maintained to avoid buckling during compression [48]. As evident from
Figure 8, the pillars were somewhat tapered (<2◦), which was unavoidable due to the ion
beam–material interaction [49,50]. At least six individual micro-pillars were fabricated and
compressed in each case to ensure data reproducibility.
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Figure 8. A series of as-fabricated micro-pillars on the (a) cross-section and (b) planar direction of the
coating. Enlarged 45◦ view of the micro-pillars are shown as an insert.

The computer-controlled software logged the load and displacement during compres-
sion, which was then converted in to engineering stress–strain curves (Section 2.2). Figure 9
shows such engineering stress–strain curves in both planar and cross-sectional direction.
Though several micro-pillars were compressed, only two representative curves in each
case are reported in Figure 9, for a better view/comparison of the curves. However, for
micro-mechanical properties calculation, all the graphs were considered, and an average
value with standard deviation was reported.
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Figure 9. Average engineering stress–strain curves on the planar and cross-section direction of the
NiCoCrAlY coating subjected to in situ micro-pillar compression.

As evident from Figure 9, though the curves on the cross-section and planar direction
exhibit similar trends, the magnitude varies considerably. The magnitude of the curves in
the cross-section is almost double that of the planar direction. At first, on the introduction
of the external loading (compression), the stress increases almost linearly to that of the
strain, until it reached the maximum, which is the ultimate compressive strength (UCS).
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For the curves in the cross-section, the strain was about 7.5% to reach that UCS, whereas
for the curves in the planar direction, it was about 5%. After that, the curves in both cases
enter in the regions where the stress decreases gradually with the increase till the end of
the test. The slight difference among the curves, within a given group, can attributed to
the local differences in microstructure. The micro-mechanical properties of the coating as
derived from the stress–strain curves are presented in Table 1. The initial linear portion of
the stress–strain curves were used to calculate the elastic modulus. As can be seen from
Table 1, both yield and ultimate compressive strength in the cross-section is higher than
that of the planar direction (1.27 ± 0.10 MPa vs. 0.85 ± 0.09 MPa and 2.19 ± 0.10 GPa
vs. 1.20 ± 0.08 GPa, respectively). However, the elastic modulus is comparable in both
directions (340.24 ± 31.47 MPa vs. 331.04 ± 29.87 MPa). It was not possible to compare the
presented micro-mechanical properties with any literature data, as there were no previous
reports available in the literature on that, as of the authors’ best knowledge.

Table 1. Mechanical properties of the NiCoCrAlY coating in the cross-section and planar direction
calculated from the stress–strain curves.

NiCoCrAlY Coating Yield Strength (σy),
MPa

Ultimate Compressive
Strength (σUCS), GPa

Elastic Modulus (E),
MPa

Planar direction 0.85 ± 0.09 1.20 ± 0.08 331.04 ± 29.87

Cross-sectional direction 1.27 ± 0.10 2.19 ± 0.10 340.24 ± 31.47

3.3. Analysis of Deformed Micro-Pillars

The exact same micro-pillars, before and after the compression, were compared against
each other. Figure 10 represents such comparison of three individual micro-pillars in the
cross-section direction. As can be seen from the first row of the images (Figure 10a–c), the
micro-pillars contain certain features, such as phase boundaries of different size and shape,
before the compression. There was no visible deformation in the initial stage, where the
stress rises proportionally to the strain (<7.5% strain). As the compression continued, the
pre-existing phase boundaries acted as the ‘weakest link’ and served as a stress raise/crack
initiator point. As a ‘weakest link’ in the structure, cracks preferentially took place in these
regions in the form of slip planes.
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Similar scenarios were also observed in the micro-pillars in planar direction, as shown
in Figure 11. As the deformation continues, the micro-pillars can no longer lodge the exter-
nal loading. As mentioned previously, it is interesting to note that, the ultimate separation
(through fracture) took place along the pre-existing phase boundaries in both cases. In the
case of a specific micro-pillar (Figure 11b,e), there was no pre-existing secondary phase
(Figure 11b). In this particular case, there was no ‘through’ fracture, and the micro-pillar
just got squeezed. Thus, it can be concluded that the presence of the pre-existing secondary
phases dominates the fracture path of the deformed micro-pillars.
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3.4. Deformation Mechanisms

It is important to note that formation and presence of the secondary/ intermetallic
phases in the present investigated coating provides a strengthening effect, both at room
and at high temperatures [34]. This resembled that of “metal matrix composites [30], where
reinforcing particles provide strength, i.e., load bearing capacity, and metal matrix provide
toughness, i.e., accommodation of external loading’. Presence of such reinforced particles
restrict dislocation movement, and thus increases the strength of the composite, due to
Orowan strengthen mechanisms”. The deformation aspect of the coating can be discussed
in view of two separate aspects: (i) the contribution of the secondary phase/intermetallic
particles, and (ii) loading direction with respect to splat orientation. As discussed in
Section 3.1, the surface (planar) and cross-sectional view of the coating microstructure show
two different aspects. During compression in the planar direction, the flat punch (indenter)
is perpendicular towards the stacked-up splats. As the loading continued, individual
splats experienced stress in both radial and vertical direction, and squeezed till cracks
took place both through, and along the splat boundaries. On the micro-pillar surface,
this is evident as wrinkles (Figure 11e). On the other hand, loading direction is parallel
to stacked-up splats on the cross-sectional direction. Thus, formation and propagation
of cracks are favourable. These scenarios get more complicated in the presence of the
pre-existing phase boundaries in the micro-pillars, which act as the ‘weakest link’ in the
structure, as established before. Relative movement took place along the boundaries of
those phases, with the rest of the material of the structure. Once the stress level reaches the
‘critically resolved shear stress’, the formation of the slip/shear planes occur. The phase
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boundaries are metallurgically bonded with the matrix, whereas the splash boundaries are
mostly mechanically interlocked. Thus, a relative competition took place regarding which
mode of crack propagation will be prevailing.

The above-mentioned mechanism of deformation is supported by the evidence on
the stress–strain curves (Figure 9), together with the post-deformation examination of the
micro-pillars (Figures 10 and 11). In summary, the presence of both the phase and splat
boundaries in the coating structure, and their orientation with respect to loading direction
dominate the occurrence and propagation of the cracks. This also heavily contributes on
the micro-mechanical properties of the coating. The ‘wrinkles (steps)’ are more pronounced
on the deformed pillar surface in the absence of the secondary phases. This means that
coating shows relatively lower resistance against deformation.

4. Conclusions

The NiCoCrAlY HEA coating was successfully deposited on the stainless steel subtract.
The microstructural evolution of the coating was invested by electron microscopy, and
the micro-mechanical properties of the coating was investigated by in situ micro-pillar
compression, both in the planar and cross-sectional. Besides that, the deformation aspect of
the coating under compression was also explored. Based on the experimental proofs, the
following conclusion could be drawn as an outcome of this present study:

1. APS-deposited NiCoCrAlY HEA coating attained metallurgical bonding with the
substrate, and the as-deposited coating thickness was about 300 µm, with limited
porosity (<1%). The coating structure revealed representative lamellar-like structure
that are characteristics of thermal-deposited coating, which consisted of the Ni (γ-Ni)
matrix solid solution and secondary phase, like β–NiAl, together with the precipitates
fine α–Cr and γ′–Ni3Al intermetallics.

2. The strength and modulus of elasticity of the coating was higher in the cross-sectional
direction (1.27 ± 0.10 MPa of yield strength and 2.19 ± 0.10 GPa of compressive
strength), than that of the planar direction (0.85 ± 0.09 MPa of yield strength and
1.20 ± 0.08 GPa of compressive strength). The striking difference was due to the
presence of the secondary/intermetallic phases in the micro-pillar, together with that
of the loading direction with respect to the splat boundaries orientation.

3. The deformation of the coating took place as a result of the wrinkle and slip/shear
bands formation once the mechanical loading exceeded the strength of the material.
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