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a b s t r a c t

The combination of technical advantages of high entropy alloys (HEAs) and manufacturing capabilities of
thermal spray (TS) offer potential towards new protective coatings to address extreme engineering
environments. In this research, equi-atomic AlCoCrFeNi HEA coatings were synthesized via atmospheric
plasma spray (APS) using mechanically alloyed feedstock, and a correlation between microstructure and
mechanical properties in terms of both hardness and wear were established at multiscale levels. In
addition, electrochemical performance in sea water and the overall residual stress distribution in the HEA
coatings were also assessed. Superimposition of scanning electron micrographs and statistically analysed
heat and contour maps using nanoindentation datasets revealed deviations in localized properties within
and across individual phases; which were supported by Weibull plots of individual phases. Scanning
wear tests revealed superior nanowear resistance of oxide phases developed by in-flight oxidation
during APS process. In comparison, the HEA phases in the coating exhibited significant localized plastic
deformation. The outcome of macroscale wear testing postulated that plasma sprayed AlCoCrFeNi HEA
coatings exhibited superior wear resistance at high temperature (500 �C) than at room temperature,
signifying high thermal stability of the coating. Residual stress generated due to plasma spray was
measured using neutron diffraction and was tensile in nature. The corrosion resistance of the coating was
slightly lower than that of SS316L, however, the anodic and cathodic polarization behaviour of HEA
coating were identical to that of SS316L, indicating that the AlCoCrFeNi-based HEAs have prospects as
corrosion resistant materials.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

High entropy alloys (HEAs) have been studied for more than a
decade and are receiving attention due to their promising tech-
nological development in terms of compositions, processing routes
and prospective applications. Solid solution alloys produced by
combining five or more elements in equi- or near equi-atomic
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ratios is the most common compositional based definition used to
define HEAs. In 2004, Yeh et al. [1] denoted such alloys as HEAs and
in the same year Cantor et al. [2] termed them as multi-component
alloys.

The stabilization of solid solution phases over complex in-
termetallics has been attributed to higher configurational entropy
arising from multiple elements forming the lattice [2e4]. In addi-
tion, “cocktail effects” refer to the distinctive properties of HEAs
due to collective interactions among all of the constitutive elements
[4,5].

HEAs have shown potential for applications in extreme envi-
ronments due to their attractive physical properties that arise from
unique microstructures. Research shows that HEAs outperform
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Table 1
Atmospheric plasma spray parameters for AlCoCrFeNi HEA coating [27].

Current (A) 300

Voltage (V) 65
Primary gas flow, Ar (slpm) 42.1
Secondary gas flow, H2 (slpm) 2.35
Powder feed rate (g/min) 17 to 21
Powder carrier gas flow, Ar (slpm) 6
Stand-off distance (mm) 90
Nozzle type GH
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conventional materials in both room and high temperature prop-
erties, as well as at cryogenic temperature in terms of superior
hardness [6e9], thermal stability [10e12], strength [13,14], fracture
toughness [15e18], wear behaviour [19e21], electrochemical
properties [22e24] and magnetic properties [25]. A major focus of
the HEA community has been to tune and exploit the above
properties by various synthesis routes to manufacture desirable
microstructures. Thermal spray is one such process to generate
thick coatings for demanding industrial environments.

The thermal spray process enables HEAs to be applied as coat-
ings and the distinctive microstructure endows desirable physical
and mechanical properties; for example, wear, corrosion and
oxidation behaviour; and thermal stability under extreme envi-
ronments, as summarized in a recent review [26]. The demand for
novel protective coatings in extreme engineering environments has
stimulated the development of thermal sprayed HEA coatings.
HEAs have already exhibited potential to be competitive substitutes
to conventional materials. One such HEA system is based on equi-
atomic AlCoCrFeNi, which has been widely examined due to its
unique competences in terms of microstructure and mechanical
properties. Within the thermal spray domain, equi-atomic
AlCoCrFeNi HEA materials has been used as feedstock for plasma
spray (PS) [27e30], high-velocity oxygen fuel (HVOF) [31] and cold
spray [32] processes with the focus on microstructural, mechanical
and oxidation property evaluations.

As reported in our previous studies [27,30], atmospheric plasma
sprayed AlCoCrFeNi HEA possesses a composite microstructure
with different alloy and oxide phases. A large disparity in their
localized mechanical properties would affect the overall coating
structure and integrity. Therefore, it is critical to formulate a
connection between the multiphase microstructure and their
localized mechanical properties. Nanoindentation is a widely
accepted method to evaluate local mechanical properties of the
materials [33] and has been used in the current study. The scanning
wear module, available with nanoindentation, has evaluated the
nanoscalewear behaviour of the coatingwith respect to the distinct
phases within the coating. Within the frame of development of
these coatings for extreme engineering environments, macroscale
wear behaviour of the coating has also been analysed at room
temperature and high temperature (500 �C). In addition, their
electrochemical performance has been examined in sea water at
room temperature and compared with conventional alloys.

Besides microstructure-mechanical property correlations, re-
sidual stresses in PS coatings also have a substantial influence on
their mechanical properties. The temperature of the plasma
generated is usually around 7000e20,000 �C, sufficient for melting
all feedstock particles. The coating then builds up by surface
adhesion of “splats” formed by rapid solidification of impacted
molten feedstock particles on the substrate. The involvement of
large temperature gradients and rapid solidification in the PS pro-
cess lead to the development of residual stress in the coating [34].
Residual stresses generated due to the quenching stresses and
differential thermal contraction stresses are driving forces for crack
propagation and, lead to coating degradation [35]. Much of the
research on residual stress measurements of PS coatings is
restricted to hard metals or ceramic coatings. There is a lack of
information on the quantitative measurement of residual stresses
in AlCoCrFeNi PS HEA coatings.

This current work performs an extensive nano and microscale
investigation of PS AlCoCrFeNi coating to correlate the
microstructure-mechanical properties. An in-depth investigation
into the localized mechanical properties of distinct phases formed
during plasma spraying of AlCoCrFeNi HEA has been conducted.
The mechanical properties have been analysed by means of
ultrahigh-speed nanoindentation accelerated property mapping
2

(XPM). A combined superimposition approach of microstructural
and statistical analysis has been employed to characterize the
variation in the properties among the different phases.

The residual stress profile of the coating has also been investi-
gated experimentally using neutron diffraction. The study also fo-
cuses on multi-scale wear assessment of the coating, delineating
complex wear mechanisms operating at different length scales,
correlated with phase-specific wear behaviour. The collective
contribution of these individual phases, which together form a
composite, impacts the overall microstructure, properties and
performance of the coating. Furthermore, the corrosion resistance
of the coating has been evaluated in sea water solution and
compared with conventional materials and other HEA TS coatings
in literature.

2. Experimental procedure

2.1. Spraying procedure

Mechanically alloyed (MA) equiatomic AlCoCrFeNi HEA was
thermal sprayed using a conventional atmospheric plasma spray
system (Metco 7 MB, Sulzer Metco Inc., Westbury, NY). The syn-
thesis of feedstock powder (AlCoCrFeNi HEAs) and spray process
parameters was similar to those mentioned in previously by Ang
et al. [27] and is represented in Table 1. The temperature of the
substrate during plasma spraying was monitored using a thermo-
couple temperature logging device so that the thermal stresses due
to differential cooling rates between substrate and coatings could
be determined.

Two sets of coating samples were prepared: one series was
sprayed on 3.0 mm thick stainless steel (SS316L) substrates and
they were used for microstructural and mechanical characteriza-
tion. The other series was sprayed on 3.2 mm thick copper sub-
strates that were used for the neutron diffraction experiments to
carry out a residual stress analysis.

2.2. Microstructural and mechanical characterization

Cross-sectioned samples for coating characterization were
processed according to the ASTM E1920: Standard Guide for
Metallographic Preparation of Thermal Sprayed Coatings [36].
Cross-section microstructural characterization was performed us-
ing a field emission scanning electron microscope (SEM) (Zeiss
SUPRA™ 40VP FESEM system) with a working voltage of 5 kV and
working distance of 9 mm. An energy dispersive X-ray spectrom-
eter EDS (Oxford Instruments, INCAxcat detector) allowed point
scanning of element distributions. X-ray diffraction patterns were
replotted as per the previous reports [27,30] and, further analysed
in DIFFRAC. SUITE TOPAS 4.2 (Bruker Corp., Billerica, MA, USA) to
compute the lattice parameters and phase contents in both powder
and coating using quantitative Rietveld analysis method.

Microindentation was performed using a Hysitron TI 980 Tri-
boindenter under a load of 300 g applied for 15 s. Thirty indents
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were taken across the cross section of the AlCoCrFeNi coating to
determine their mechanical response in terms of microhardness
and elastic modulus.

For the PS AlCoCrFeNi HEA coating, nanoindentation was per-
formed with a cube conical diamond tip on a Hysitron TI 980 Tri-
boindenter. An XPM testing function is incorporated into Hysitron’s
Triboscan control and data analysis software package. In XPM, an
array of indents can be arranged spatially with a specific indenta-
tion load onto the desired area within the microstructure, which is
located by using both optical and in-situ scanning probe micro-
scopy (SPM) that is part of the Hysitron Triboindenter. Testing in
XPM mode can be accomplished 500 � faster than conventional
nano-mechanical testing. An indentation matrix of 6 � 6 with 36
indents per map, within an area of 50� 50 mm2, at a maximum load
of 5000 mN was executed using nanoindentation XPM accelerated
property mapping. Nine suchmatrices were created over thewhole
coating cross-section. A spacing of 8 mm between indents pre-
vented the indent impressions from confounding the individual
data points. Post-indent SEM was performed to observe the
indentation impressions within individual phases. Any interfacial
indent measurements were excluded from analysis. The data sets
were assessed by Weibull statistical analysis.

The Oliver and Pharr method measures a series of load-
displacement data sets, with fitting the initial unloading curve to
the derivative of the Hertz equation to evaluate the hardness and
elastic modulus [37]. This method is less erroneous due to analysis
of an array of unload points and, moreover, can be implemented
without using a microscope to image the residual indent for the
calculation of hardness [38,39]. The nano-indentation hardness, H,
and reduced elastic modulus, Er, derived from Oliver and Pharr
method are determined as follows:

H¼ Pmax

AC
(1)

Er ¼
ffiffiffi
p

p
2

S
ffiffiffiffiffiffi
AC

p (2)

where, Pmax is the maximum load applied (in mN), Ac is the pro-
jected contact area (in nm2) and S is the contact stiffness (in mN/
nm).With the assumption of using an ideal cube-corner indenter as
for the current study, the projected contact area is equivalent to
2:60h2c with hc being the contact depth (in nm) between indenter
and the sample.

Origin Pro (Origin 2019b, OriginLab Corp., MA) was used for data
analysis to develop contour and heat maps of hardness for each
matrix. A heat map is a two-dimensional graphical demonstration
of data in which different values are visualised in different colours.
Superimposition of SEM micrographs, nanoindentation in-situ
scanning probe micrographs (SPM), and statistically analysed heat
and contour maps revealed deviations in localized properties as
well as variations within individual phases. Weibull statistical
analysis allowed comparison of hardness distributions among the
phases observed in the coating.

The same nanoindentation equipment was also used for nano-
wear analysis using scanningwear testingwith in-situ SPM imaging
mode. In scanning wear tests, the indenter tip is raster scanned
over the polished sample surface (Ra¼ 0.02 mm) for a given number
of passes to create thewear regions. Wear volume can be calculated
by multiplying the scanned area size to the height difference be-
tween pre- and post-scanning surfaces. Before conducting the
scanning wear test, the desired areas within APS AlCoCrFeNi HEA
coating were first identified using SEM. These areas were further
mapped using in-situ SPM imaging mode to enable the direct
3

measurement of the surface morphology. Hysitron Triboindenter
has integrated in-situ SPM, which uses the same probe to image the
specimen surface under a load of 2 mN and scanning frequency of
0.8 Hz, keeping the sample stationary. Scanning wear tests were
conducted using a cono-spherical 1 mm diameter diamond tip un-
der a load of 300 mN across an area of 10 � 10 mm2. Each area was
scanned with 3 passes at a scanning frequency of 0.8 Hz. A total of 4
areas were analysed to calculate the average nanowear of the
coating surface and to accurately analyse the localized wear char-
acteristics of individual coating phases. After scanning wear testing,
the worn surface was scanned by in-situ SPM using the same tip
over a 20 � 20 mm2 area. The line scan and contour profiles of worn
area were plotted using Origin Pro (Origin 2019b, OriginLab Corp.,
MA).

Wear testing was performed using a pin-on-disc tribometer
(Microtest, S.A., Spain) with a 6 mm diameter Al2O3 ball against the
flat coating sample. The top surface of coating samples was pol-
ished to 1200 grit and cleaned with ethanol before wear testing.
The tests were executed at room temperature (25 �C) and 500 �C
(denoted as RT and HT, respectively). Three wear tests on each
coating sample were conducted at 10 N load to obtain the average
volume loss of materials at both temperatures. The sliding distance
was 1000 m, at a speed of 0.52 m/s, with a 10 mm wear-track
diameter. For HT tests, the sample temperature was stabilized to
500 �C before starting the experiment. In order to estimate the
volume loss of the coating, laser confocal microscopy (LEXT
OLS5000, Olympus, Japan) was used to scan the wear area of the
materials followed by volume loss analysis through Lext software.
Wear track surface and wear debris were further analysed using
SEM and EDS and surface topographical images were acquired us-
ing a 3D optical profilometer (Bruker Corporation, Billerica, MA,
USA). The chemical composition of the HT worn surface was ana-
lysed using an X-ray photoelectron spectrometer (XPS) with a
Kratos Axis Ultra DLD spectrometer. The XPS data were analysed by
CasaXPS software (Version 2.3.15, CASA Software Ltd., Cheshire,
UK) with the correction of binding energy for carbon at 284.8 eV.

2.3. Electrochemical analysis

The electrochemical performance of the coating was evaluated
in filtered sea water with a conventional three-electrode cell sys-
tem using a PARSTAT 2273.02 potentiostat (Princeton Applied
Research) at room temperature. The polished surface (1200 grit) of
both coating sample and uncoated substrate SS316L with surface
area 1 cm2 were used as working electrodes. The reference elec-
trodewas Ag/AgCl in a saturated KCl solution. Two parallel graphite
rods were employed as the counter electrode. The open circuit
potential (OCP) was measured for 60 min prior to electrochemical
testing to obtain the steady state potential. The potentiodynamic
polarization test was conducted at a scan rate of 1 mV/s from an
initial potential �0.5 V to a final potential of 1.5 V against the OCP.
The experiment was repeated three times to ensure repeatability.

2.4. Neutron diffraction residual stress measurement

Residual stresses of plasma sprayed AlCoCrFeNi HEA coating on
copper substrates were measured by neutron diffraction technique
using KOWARI [40], which is the neutron residual stress diffrac-
tometer at the Australian Centre for Neutron Scattering (ANSTO).
The basics of the neutron diffraction experimental setup, experi-
mental procedure and data analysis in the case of substrate-coating
systems are given in details elsewhere [41,42]. Other specific
experimental parameters for the HEA samples are reported below.

Since the substrate thickness was 3.2 mm, the through-
thickness stress profile was measured with high spatial resolution
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(0.2 mm in the through-thickness direction) at 0.2 mm steps. Due
to the possibility of using match-stick gauge volume for the planar
sample geometry, the overall gauge volume of 0.2 � 0.2 � 20 mm3

was sufficient for fast (10 min per point) and accurate (50 mstrains)
measurements on the Cu substrate. The elastic strain were derived
from analysis of the shift of the strongest Cu (311) reflection
measured at 90�-geometry using neutron beamwith wavelength of
1.55 Å. Residual strains were quantified in the two principle di-
rections: in-plane and normal, assuming an equi bi-axial stress
state that was demonstrated in similar coating systems [41,43]. The
stresses were recalculated from strain using hkl-dependent X-ray
elastic constants: S1¼�2.88 TPa�1 and S2¼11.06 TPa�1. Theywere
evaluated in the quasi-isotropic approximation from the single
crystal elastic constants of copper using IsoDEC software [44].

Measuring the coating material in the same neutron diffraction
setup, with the same resolution, was not practical due to several
complications. First, intensity of the HEA diffraction peak, even the
strongest HEA (311), was relatively low; approximately 10 times
lower than Cu (311). Second, a strong overlap between Cu (311) and
HEA (311) prevented performing high accuracy positioning and the
peak fitting routine could not provide a good accuracy of strain
even for long measurement times. Potentially reducing the spatial
resolution to 0.1 mm might have benefited the positioning pro-
cedure, but this would further reduce the intensity with no prac-
tical value to the overall stress analysis of the coating material.
Third, with the evidence that the coating material is multiphase,
the experimental difficulties are more challenging with the ne-
cessity to measure all phases with low volume fraction and with
high resolution. Fourth, even though there are no measurements
for coatings, the overall stress in coatings can be derived indirectly
on the basis of accurate measurements in the substrate. The mac-
rostress or phase-averaged stress can then be calculated by
considering the force and bending moment balance conditions.
This method was confirmed in previous experiments on thin
coatings [45].

In the current coating system, the stresses induced from the
grit-blasting process were included into the stress analysis on the
basis of the model approach of Tsui & Clyne [46]. The grit-blasting
induced residual stress in the substrate exhibited the typical dis-
tribution of a compression zone to the depth of less than a milli-
metre from the surface/interface. This grit-blast residual stress can
be characterized by several parameters such as intensity and width,
which can be included into the fitting procedure.

3. Results and discussion

3.1. Microstructural characterization

XRD patterns of AlCoCrFeNi powder mechanically alloyed (MA)
for 10 h, and plasma sprayed AlCoCrFeNi coating, which were re-
ported in previous studies [27,30], are replotted with the additional
Rietveld fitting using the TOPAS 4.2 user interface in Fig. 1. As re-
ported earlier, MA powder was composed of major BCC (marked as
B) and minor FCC (marked as F) phases. Rietveld analysis was used
to calculate the lattice parameters and weight fractions of the
phases, (Table 2), and revealed that both the BCC and FCC phases
had similar phase fractions, at 52 and 48 wt%, respectively. It must
be noted that after 10 h of MA, only alloy BCC and FCC phase peaks
were observed, and no undissolved elemental peakswere detected;
implying that alloying is complete. In contrast, for the same
composition, Ji et al. [47] reported a single phase BCC after 60 h of
MA; while Vaidya et al. [48] report that at least 15 h of MA is
required to dissolve all elemental peaks. It is noted that there are
slight variations in the milling parameters reported in the litera-
ture, demonstrating the sensitivity of phase formation in this HEA
4

composition processed by this route.
We report BCC phase with a calculated lattice parameter of

2.87 Å, and FCC phase with lattice parameter of 3.57 Å. Based on
phase evolution studies carried out by Vaidya et al. [48], it is
evident that the BCC phase formed initially is FeeCr based. Addi-
tionally, Ni and Co tend to stabilize the FCC phase. Al is a known
BCC/B2 stabilizer owing to its negative mixing enthalpy with Co, Ni
and Fe. There is thus the possibility that the BCC phase observed
after 10 h of MA is composed of two BCC phases e one AleNi rich
(B2) and the second, FeeCr rich BCC, with very close lattice pa-
rameters, making them difficult to resolve in XRD. These phases
have been detected in as-cast AlCoCrFeNi as decomposed at nano-
scale, while the XRD showed only a single-phase BCC [49]. The FCC
phase is expected to be NieCoeCr based, and lean in Al. The three
phases are still comprised of five elements in non-minor quantities.
Perhaps milling for longer duration would stabilize the BCC phase,
but it would also accrue contamination from the milling medium
(WC), which is undesirable.

XRD analysis of the APS coating revealed FCC and BCC as the
major phases. A second minor BCC phase (marked as B’) with a
slightly different lattice parameter than the dominant BCC was also
detected. In addition, due to in-flight oxidation (IFO) characteristic
of APS process, peaks of mixed spinel oxides (marked as S) AB2O4

(A¼Ni/Co/Fe, B¼ Al/Cr) were also observed. The lattice parameters
and weight fraction calculated using Rietveld analysis in TOPAS 4.2
of APS coating are also presented in Table 2. During APS, HEA
particles (composed of up to 3 phases) experience melting and
varying degrees of in-flight oxidation, as discussed by Anupam et al.
[30].

The major FCC phase (68 wt%) in the APS coating stems from (i)
the original NieCo based FCC in MA AlCoCrFeNi; (ii) Al-depleted
AlxCoCrFeNi (x < 0.5) (from the previously Al-rich B2/BCC phase
after IFO); and (iii) the Fe/Cr based second BCC phase, which lost
some Fe, Cr to IFO. The FCC phase fraction increases from 48 wt% in
MA powder to 68 wt% in APS due to the additional contribution
from the new Al-depleted phases. The BCC phase corresponds to
the unoxidized HEA phase that is retained in the coating. The
drastic difference in the BCC phase fractions in the MA and APS
XRDs (52 wt% vs. 8.5 wt%) bears testimony to the high reactivity of
these nanocrystalline powders to an oxidizing environment. The B’
(BCC) phase, with a lattice parameter of 2.98 Å and weight fraction
of 1.53% could be a residual alloy phase. However, phases below 5%
weight fraction cannot be detected by XRD, and this measurement
could be an aberration. The mixed oxide phase peaks, although
grouped under one heading, are actually composed of multiple
oxides; of the AB2O4 type such as NiCr2O4, FeAl2O4, etc., derived
from different degrees of oxidation of the various alloy phases
during APS.

As reported earlier [27], cross-sectional SEM (Fig. 2) of APS
AlCoCrFeNi HEA coatings reveal the presence of three phases with
different atomic number (z) contrasts; (i) grey (denoted as G), (ii)
white (denoted as W), and (iii) black (denoted as B), forming a
homogenous composite layered structure. Energy dispersive
spectroscopy (EDS) point analysis of individual phases specifies
that ‘B’ phase is rich in aluminium and oxygen; however, these
phases do not appear in XRD owing to their lower content. Phase ‘G’
refers to AleCreFe rich oxide, which are essentially the mixed
oxides detected in XRD. The ‘W’ phase shows depletion in Al con-
tent with a low oxygen level, resulting in an aluminium depleted
multicomponent HEA, i.e., the FCC þ BCC phases from XRD.

In our recent work [30], extensive advanced microstructural
characterization of an APS AlCoCrFeNi HEA coating discovered the
presence of multiple alloy phases with various compositions within
the W phase; both AB2O4 (A ¼ Ni, Co, Fe; B ¼ Al, Cr) and complex
HEA oxide phases within the G phase; and (Al,Cr)2O3 oxides within



Fig. 1. Rietveld analysis peak fitting of the phases observed in the XRD patterns of the mechanically alloyed AlCoCrFeNi powder and atmospheric plasma sprayed AlCoCrFeNi HEA
coating.

Table 2
Lattice parameters and phase content of the constituent phases of the atmospheric
plasma sprayed AlCoCrFeNi HEA coating.

Phase Lattice parameter (Å) Phase content (wt.%)

Powder BCC (B) 2.87 ± 0.25 51 ± 3
FCC (F) 3.57 ± 0.31 48 ± 3

Coating FCC (F) 3.57 ± 0.01 68.2 ± 0.6
BCC (B) 2.87 ± 0.01 8.5 ± 0.4
BCC (B0) 2.98 ± 0.01 1.5 ± 0.4
AB2O4 (S) 8.28 ± 0.03 21.7 ± 0.5
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the B phase of the coating. Since our focus is on an in-depth me-
chanical analysis of APS AlCoCrFeNi HEA coating, and the nano-
indentation technique used here is limited in terms of the test area
Fig. 2. Cross-sectional SEM micrograph of (a) plasma sprayed AlCoCrFeNi HEA coating, (b)
Black (B) phases.

5

observed by optical microscopy, the easily perceivable z-contrast
between phases has been used as the main differentiator.
3.2. Micro- and nanoindentation analysis

The Vickers hardness of AlCoCrFeNi coating was 4.13 ± 0.43 GPa
(HV300gf, n ¼ 30), which was higher than that for supersonic APS
AlCoCrFeNi (1.7 GPa) [28] and cold sprayed AlCoCrFeNi coatings
(3.8 GPa) [32]. This can be attributed to the additional strength-
ening of the alloy phases with relatively harder oxide phases
generated by IFO. The elastic modulus of coating was measured as
106 ± 7 GPa and used in calculating the coating thermal stresses.

Nanoindentation is the appropriate technique for analysis of
nanomechanical properties of multi-phase APS AlCoCrFeNi HEA
high magnification image showing distinct contrast between Grey (G), White (W) and



Table 3
Average contact depth (in nanometers), reduced elastic modulus, Er (in GPa), hardness, H (in GPa) values with their standard deviation and coefficient of variation (CV), H/Er
and H3/Er2 ratios measured during nanoindentation of individual phases observed in AlCoCrFeNi coating.

ID Phases Number of Indents
(n)

Contact Depth, hc

(nm)
Reduced Elastic Modulus, Er
(GPa)

CV Reduced Elastic
Modulus (%)

Hardness, H
(GPa)

CV Hardness
(%)

H/Er H3/Er2

B Al-rich Oxide (Black) 25 243 ± 119 162 ± 42 26 15 ± 9 57 0.093 0.125
G AleCreFe rich Oxide

(Grey)
88 239 ± 71 151 ± 28 19 13 ± 5 37 0.083 0.086

W Al depleted HEA
(White)

107 430 ± 104 142 ± 31 22 5 ± 2 34 0.037 0.007
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coating. Each of the indentation matrices of 6 � 6 indents was
observed under SEM to locate each indent on individual phases,
followed by an evaluation of their nanomechanical properties.
Table 3 lists the results of contact depth (in nanometers), reduced
elastic modulus, Er (in GPa) and hardness, H (in GPa) for the three
phases (white (W), grey (G) and black (B)). The average hardness
and average reduced elastic modulus for all 324 indents was
9 ± 6 GPa and 153 ± 33 GPa, representing a coefficient of variation,
CV, of 63% and 21%, respectively.

Fig. 3(a) and Fig. 3(b) show the SEM images of nanoindent im-
pressions on the individual G, W and B phases. Fig. 3(c) represents
the load-depth curves corresponding to phase-wise indents as
indicated in Fig. 3(a) and (b). Under identical loading conditions
(5000 mN), for an average of 25 indents per phase, the indentation
depth for B was found to be lowest, followed by G, and W. This
implies that phase B (alumina) is harder and more resilient to
plastic deformation, than G (mixed oxides); while W (alloy) is the
softest phase. The higher indentation depth and wider indent
impression for the softer phase W (Fig. 3(a) and (b) and Table 2)
substantiate these results. Thus, there is a significant difference in
hardness distribution for different phases. This variation in nano-
hardness with the indentation depth is associated with the
indentation size effect (ISE), which implies that a decrease in indent
size corresponds to both an increase in hardness and decrease in
plasticity [50]. The variation in reduced elastic modulus is not as
radical as hardness, as evident from the lower CV values shown in
Table 3.

The wider impression of the white phase (W) also exhibited
material pile-up around the indents, see Fig. 3(a). The appearance
of material pile-up during nanoindenation has been attributed to
highly localized plastic deformation of the phase [51,52]. Further,
the ratio H3/Er2 signifying the material’s resistance to plastic
deformation, was found to be lowest in the case of the white phase
(Table 3). A simulation study conducted by Muthupandi et al. [52]
predicted that nanoindentation of material with low H/Er ratio
results in pile-up along the indent due to progression in plasticity
and proliferation of the plastic strain across the indenter tip. The
observed lowH3/Er2 ratio andmaterial pile up around indents in the
W phase conformed to this behaviour.

Weibull plots assessed the hardness variability of B, G, and W
phases, as shown in Fig. 4(a). The Weibull modulus (m) measures
the distribution of flaws; the R2 value measures the goodness of fit;
and n represents the number of indents. A higher Weibull modulus
indicates a lower CV in hardness values [27,53], implying greater
uniformity in property distribution. The “m” values for the B, G and
W phases were 1.7, 3.0 and 3.4, respectively. Note that although the
B phase possesses the highest average hardness, it also displays the
largest variation in hardness compared to the other two phases.
This could arise from compositional variations due to varying
oxidation kinetics and solidification rates operating during thermal
spray [30].

Melting and oxidation of HEA feedstock powders during
spraying resulted in generation of multiple alloy and oxide phases
6

with varying chemistries. The hardness values of both oxide phases
(B and G) are within the error range of each other, implying dif-
ferences arising from oxide chemistries and crystal structures. It is
established in bulk HEA literature that Al is a BCC/B2 stabilizer and
improves the alloy hardness/strength [7]. However, in the present
case, Al depletion from the alloy during IFO results primarily in Al-
lean CoCrFeNi type FCC phases, which are much softer (570 HV1 as
reported by Praveen et al. [54]) than the oxide phases.

In comparison to nanoindentation, the Vickers hardness and
elastic modulus obtained for APS AlCoCrFeNi coating were
4.13 ± 0.43 GPa and 106 ± 7 GPa, respectively. As expected, nano-
hardness measured at relatively low load (5000 mN) exhibited
higher values than Vickers hardness, whichwasmeasured at higher
load (300 g-force ¼ 2.94 N). This difference can be attributed to the
ISE, wherein the generation of strain fields under the smaller indent
areas lead to dislocations that are responsible for the higher
hardness. TheWeibull moduli were 9.2 and 2.2 for micro and nano-
hardness, respectively (Fig. 4(b)). The high “m” arising from Vickers
hardness establishes its reliability as a hardness measurement
technique. This bulk measurement, however, confounds the nano-
mechanical properties. The Vickers indentation impression of a
typical 31.50 mm diagonal encompasses a volume of ~908 mm3. This
macroscopic volume includes many phases, porosity and micro-
structural defects that develop due to the spray process, as shown
in Fig. 3(d). Thus, the calculated hardness is the balance of many
microstructural artefacts that are confined under the Vickers
indent. On the other hand, Fig. 3(a) illustrates that nanoindentation
is minimally affected by such defects due to (i) the small indent size
with less volume tested (approximately 0.63 mm3) and (ii) precise
indent positioning [55,56]. Hence, the volume of the nano-
indentation probe is focused on a specific phase and its hardness
can be directly measured. The high variation in hardness values for
nanoindentation verifies that nano-hardness values depend on
individual phase structures, their compositions and positioning of
the indent within the microstructure.
3.3. Microstructure-mechanical properties correlation

Hardness contour and heat maps were developed using data
analysis and graphing software by Origin Pro 2018b. Fig. 5 shows
the superimposed heat map of a 6� 6 indent matrix upon the post-
indent SEM image. The B, G and W letters mentioned in Fig. 5
specify the indents located precisely on Black, Grey and White
phases, respectively. The indent data points are colour coded ac-
cording to their values. Superimposition of the hardness heat map
onto the post-indent SEM image in Fig. 5 reveals that the hardness
distribution at the nano-scale is inhomogeneous throughout the
coating microstructure.

Microstructure-mechanical property mapping is depicted in
Fig. 6 where the hardness and reduced elastic modulus contour
map is laid over the post-indent SEM image. Nanoindentation
mapping was performed for a matrix of 6 � 6 indents (36 indents)
within an area of 50 � 50 mm2 using the XPM technique. Initially,



Fig. 3. (a) Precise nanoindentation impressions on G and W phases and pile-up around the indent of W phase imaged by SEM, (b) indent impression on B phase, (c) load-depth
curve of the corresponding indent impressions of G, B and W phase mentioned in (a) and (b) and, (d) Vickers indentation impression covering a large volume of the microstructure,
including multiple phases, porosity and microstructural defects imaged via optical microscopy.

Fig. 4. (a) Weibull plots showing variability in nanoindentation hardness within three phases (B, G and W) observed in plasma sprayed AlCoCrFeNi coating, and (b) Weibull plots
comparing hardnesses between Vickers indentation and the pooled nanoindentation data.
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the area of interest focused on a region where the three phases
were observable under SEM. The identical area was identified
through in-situ SPM imaging. After nanoindentation, the area was
scanned using in-situ SPM to capture the post-indentation image
(Fig. 6(a)); which was followed by post-indent SEM (Fig. 6(b)). A
hardness contour map was coupled with the hardness values and
superimposed on the post-indent SEM image (Fig. 6(c)). A similar
model was followed for reduced elastic modulus mapping
(Fig. 6(d)). Superimposing the images revealed the correlation be-
tweenmicrostructure andmechanical properties at local levels. The
hardness and reduced elastic modulus variation among different
phases is distinctly revealed and the influence at phase boundaries
is noticeably visible.
7

Fig. 6(a) is an in-situ SPM image of the coating cross section after
indentation has been carried out. The image contrasts correspond
to topological variations in the surface where the hills and valleys
correspond to harder and softer phases, respectively; andwhich are
created by preferential polishing of the softer phase. This is thus a
qualitative indicator of the hardness differences of the various
phases. On the other hand, Fig. 6(b) is the BSE-SEM image delin-
eating the identity of the various phases in the coating. BSE-SEM
after XPM mapping is vital for identifying the exact location of
the indents: that is, whether they fall completely within a phase, or
at a phase interface. This is important because, (i) in the former
case, the nanohardness can be attributed to that specific phase,
while (ii) in the latter case, the nanohardness value is akin to a



Fig. 5. Superimposition of statistically analysed heat map on post-indent SEM image of
an indentation matrix of 6 � 6 indents to reveal variability in hardness distribution at
the local level among different z-contrast phases denoted as B, G and W.
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weighted average of the two phases, depending on the area of the
indent falling on either side of the phase boundary. These three
features (SPM, BSE-SEM and XPM) are combined to develop XPM
maps shown in Fig. 6(c) and (d) for nanohardness and reduced
elastic modulus, respectively.

Hardness measured by nanoindentation is a function of the
sample material response only (equation (1)), whereas Er in-
corporates compliance from the indenter (equation (2)). For this
reason, the nanohardness value distinguishes between the alloy
and oxide phases within the APS-HEA coating (Fig. 6(c)). Calcula-
tion of E from the Er values depend on the Poisson’s ratios of the
respective phases, which can only be estimated. For this reason, the
Fig. 6. (a) Post-nanoindentation mapping image obtained by in-situ scanning probe micros
contour map over the post-indent SEM image to show variation in hardness and reduced e
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Er map looks largely homogeneous (Fig. 6(d)), whereas nanohard-
ness maps identify regions rich in alloy or oxide splats. As it was
stated in an earlier section, B phase possesses higher hardness
compared to G and W phases due to oxide formation, crystal
structure and chemistry (Fig. 6(c)). In contrast, the reduced elastic
modulus showed little difference with respect to the different
phases; but follows a similar pattern as hardness mapping at the
coating defect location (Fig. 6(d)). More importantly,
microstructure-mechanical property mapping demonstrates the
transition of hardness at the phase interface, which follow a step-
by-step decrement instead of a rapid change (Fig. 6(c)).

There is also an inherent issue of differences in resolution
offered by XPM concerning the size and irregular shape of the
microstructural splats in the coatings. As mentioned earlier, a
spacing of 8 mm was maintained between indents to avoid overlap
between neighbouring indents. Therefore, the contouring function
must interpolate values between the two measured data points. As
learned recently from Phani et al. [57], the inter-indent spacing can
be safely reduced further; hence the resolution of XPM maps for
such microstructures may be improved.

The microstructure-mechanical property mapping technique
precisely evaluates the localized disparity in properties which, in
conjunction with statistical analysis, uncovers mechanical
property-microstructural relationships that are obfuscated by
traditional Vickers indent methods. The mapping technique boosts
both the resolution limit and functionality of the nanoindentation
test. A matrix of indents can be spatially arranged over the desired
microstructure and variability in mechanical properties across the
microstructure can be determined using statistical analysis.
3.4. Residual stress profiling

The main contributors to residual stresses resulting due to the
copy, (b) post nanoindentation mapping SEM image, and (c, d) superimposition of the
lastic modulus across and within different phases.



Fig. 7. (a) Through-thickness stress profiles of plasma sprayed AlCoCrFeNi HEA coating
measured by neutron diffraction for the 3.2 mm copper substrate. The experimental
data points are shown as symbols, while lines represent model profiles that fit the
experimental data; (b) Through-thickness stress profiles of plasma sprayed AlCoCrFeNi
HEA coating calculated for the 3.0 mm thick SS316L substrate. The conventions of the
plots are the same as those in Fig. 7(a).
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plasma spray process can be attributed to: (i) quenching
(compressive deposition stress), and (ii) differential thermal
contraction (between the substrate and coating). The quenching or
intrinsic stresses arise due to the hindered shrinkage of individual
molten splats as they undergo rapid solidification. The substrate is
usually maintained at an elevated temperature during coating
deposition. On cooling, differences between the thermal expansion
coefficients (CTE) of the deposit and the substrate generate a sec-
ond contribution to the residual stress that is termed as the dif-
ferential thermal contraction stress. The final residual stress
distribution is a result of a complex balance of stresses generated
within the coating and substrate system. This distribution can be
further analysed by attributing the stress state to several contri-
butions under the formal framework proposed by Tsui& Clyne [46].

The overall stress state of the coating was modelled using
neutron diffraction measurements to scan the residual stresses in
the substrate (Fig. 7). These contributions are quantitatively pre-
sented in Table 4, where Da is the difference in the CTE between the
coating and substrate materials. Thermal mismatch stresses (Dεth)
are attributed to differences in the thermal expansion coefficient
(CTE) between the coating and substrate materials in conjunction
with the temperature change after spraying; Dεth ¼ DaDT. CTE
values for the SS316L substrate range from 10 � 10�6 to
17 � 10�6 K�1 between 273 and 373 K. The CTE values for Alx-
CoCrFeNi range from 8.84 � 10�6 to 11.25 � 10�6 K�1 between 423
and 1073 K and decreases monotonically with increasing Al content
[58]. These CTE values for the coating and substrate materials are
similar. Hence, the contribution of thermal mismatch stresses has
been considered of minor influnce for the calculation of residual
9

stress in this particular coating/substrate system, Table 4. The
thermal contraction stresses were calculated from the temperature
measurement data of the substrate that was logged during the
coating deposition process. The elastic modulus of the PS AlCoCr-
FeNi coating (106 ± 7 GPa), obtained throughmicroindentationwas
combined with the differential thermal expansion coefficient (Da)
to calculate the thermal stress in coating due to cooling, Table 4.

Results of stress measurements for AlCoCrFeNi HEA coating on
copper substrate shown in Fig. 7(a) and Table 4 indicate that the
average residual stress in the coating is slightly tensile because the
quenching stress dominates the thermal contraction stress. There is
evidence of a compressive stress zone near the interface due to grit-
blasting, which extends to less than 1 mm depth and is character-
ized by two fitting parameters.

In case of the copper substrate, both contributions to the overall
stress, i.e., the quenching stress and thermal mismatch stress, are of
similar magnitude but of the opposite sign, so their superposition
results in a coating residual stress of a moderate magnitude. While
quenching stress is relatively independent of the substrate mate-
rial, although second order effects can be envisaged due to variation
in thermal conductivities, the thermal mismatch stress is an effect
of the first order and depends directly on the CTE differences be-
tween the coating and substrate. Therefore, if the substrate mate-
rial is different, the thermal mismatch stress should be different.
Thus, of a special interest is to determine the residual stresses in the
system with the stainless steel substrate on the basis of experi-
mental data obtained on the copper substrate system. These cal-
culations are reported in Table 4, while recalculated residual stress
profiles with respect to stainless steel substrate is plotted in
Fig. 7(b).

As it seen that the change in substrate material results in a re-
sidual stress increase because (i) the contribution of the thermally
generated stress changed significantly, while (ii) the quenching
stress remained almost unchanged. In the newcircumstances of the
stainless steel substrate, the thermal mismatch stress does not
balance the quenching stress anymore, but in fact, contributesmore
toward the tensile stress. The large tensile stresses are generally
associated with preconditions of coating failure through cracking;
hence the residual stresses pose a certain risk for the crack for-
mation and propagation.

The stresses in AlCoCrFeNi HEA coatings discussed above are, in
technical terms, macro-stresses. However, with the microstructural
evidence (Fig. 2) that the material is multi-phase, yet another
contribution to the total stress, so-called micro-stress should be
present in a multiphase material such as the AlCoCrFeNi HEA
coating. The micro-stresses must arise due to thermal mismatch
between individual phases of the coating material, in a similar way
as the thermal mismatch stress arises due to a CTE differences
between the substrate and coating. However, these micro-stresses
are physically scaled to the dimensions of a splat or less and they do
not affect the results of the macro-stress analysis presented here.
Additional fundamental research using high-energy synchrotron
radiation could investigate such stresses.

3.5. Scanning wear analysis

As discussed earlier, the composite APS AlCoCrFeNi HEA coating
can be categorized into three phases exhibiting distinct z-contrast
and corresponding nanomechanical properties of nanohardness
and reduced elastic modulus. A combination of these phases and
properties governs the mechanical properties of the coating. The
precise analysis of nanoscale wear behaviour of the individual
phases would be valuable in assessing the overall tribological per-
formance of the coating, both qualitatively and quantitatively.
Essentially, the nanohardness and reduced elastic modulus



Table 4
Residual stress in APS AlCoCrFeNi HEA coating on 3.2 mm thick copper substrate determined from the experimental data and recalculated residual stress corresponding to the
3.0 mm thick SS316L substrate.

Substrate Estimated deposition temperature
of substrate (�C)

Differential thermal
coefficient
Dε ¼ DaDT
mstrain

Quenching
stress (MPa)

Average stress due to thermal
mismatch (MPa)

Average stress due
quenching (MPa)

Overall residual stress in
coating (MPa)

Copper 184 �1150 ± 50 190 ± 45 �130 165 35
SS316L 184 ~0 190 ~0 170 170
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obtained from nanoindentation experiments can be exploited
further to qualitatively evaluate the wear resistance of the coating.

The ratio of nanohardness to reduced elastic modulus (H/Er)
signifies the material’s ability to resist strain to failure. It is an
appropriate parameter for assessing wear resistance at the nano-
scale [59e61]. In addition, yield pressure measured as H3/Er2, which
characterizes the resistance to plastic deformation, can be
employed to evaluate the nanoscale wear behaviour [60,62]. In the
present study, the values of H and Er measured at a load of 5000 mN
were used to determine H/Er and H3/Er2 for all three phases and are
represented in Table 3. The black phase exhibited maximum wear
resistance, followed by the grey and white phases, respectively.

The wear behaviour of the APS AlCoCrFeNi HEA coating was
quantitatively assessed at nanoscale by conducting 2D scanning
wear tests at four areas of the coating cross-section. Each area was
scanned with three passes. Each pass included a combination of
forward and reverse scans of whole area. The indenter tip was used
to raster scan the chosen coating surface area of 10 mm � 10 mm
with a specified normal force of 300 mN. The wear volume was
calculated using the following formula:

j hf j � j hi j ¼ Dh (3)

Aw � Dh ¼ Vw (4)

where, hi is the average pre-scanning height of wear area (in nm), hf
is the average post-scanning height of wear area (in nm), Dh is the
wear height (in nm), Aw is the wear scan area (in mm2) and Vw is the
final wear volume (in mm3).

Table 5 summarises the wear volume of the four individual
tested areas. The average wear volume of the APS AlCoCrFeNi
coating was 0.92 ± 0.45 mm3. Interactions between the indenter tip
and coating phases occur at discrete asperities during the scanning
wear test; hence, this test can recognise the wear behaviour of
phases at local levels. In addition, the nano-wear mechanism can be
applied to describe the overall coating wear behaviour. The wear
performance of the black, grey and white phases can be investi-
gated individually. Hence, the contour and line profiles of area 1
(A1) and area 4 (A4), which exhibited highest and lowest wear
volume loss respectively, were investigated further.

Fig. 8 represents the contour and line profile analysis of area 1
(A1), wherein, Fig. 8(a) and (d) represent the pre- and post-
scanning SEM images of worn area; Fig. 8(b) and (e) represent
the pre- and post-scanning surface profile of the wear area exam-
ined using in-situ SPM integrated in the Triboindenter; and Fig. 8(c)
Table 5
Scanning wear volume per area calculated using average height difference.

Area Average pre-scanning height, hi (nm) Average post-scanning height, hf (nm)

A1 0.12 - 14.40
A2 - 11.40 - 24.40
A3 7.10 1.68
A4 17 13
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and (f) represent the pre- and post-scanning contour profile of the
wear area analysed using Origin Pro. In addition, to understand the
wear behaviour of individual phases in terms of their topography
(post-scanning depth), line profiling was analysed using Origin Pro;
as shown in Fig. 8(g) and (h) as vertical and horizontal line profiles,
respectively. Pink and blue vertical lines in Fig. 8(b) and (e) corre-
spond to the pre- and post-scanning line profiles of the worn area
and their depth is assessed in Fig. 8(g). Similarly, green and red
horizontal lines in Fig. 8(b) and (e) correspond to the pre- and post-
scanning line profile and depth is evaluated in Fig. 8(h). A similar
pre- and post-processing procedure was applied to analyse the
wear behaviour of area 4 (A4), Fig. 9.

As mentioned in Table 5, the wear volume of A4 was three times
lower than that of A1. The main reason behind the large difference
in wear volume for the two areas was the higher area coverage of
the softer white phase (nanohardness ¼ 5 GPa) within A1 (~67%)
compared to A4 (~43%), as apparent in Fig. 8(a) and Fig. 9(a). The
wear resistance of the white phase evaluated using H/Er and H3/Er2

ratios was the lowest, Table 3. Hence, the material loss due to
scanning wear would be highest for the white phase. This was
verified using the contour and line profiling of the A1. The post-
scanning contour profiling shown in Fig. 8(f) of A1 revealed that
the white phase shows a significantly larger wear depth value
compared to the grey and black phases. As represented in Fig. 8(g)
and Fig. 8(h), the depth reduction of the white alloy phase was
apparent in both vertical and horizontal line profiles. On the other
hand, both grey and black oxide phases presented almost negligible
material loss, since their wear depth was similar to the pre-
scanning depth.

In addition, as seen in Fig. 8(d) and (e), a large pile-up wall was
located at the edges of the scanning wear area. However, the pile-
up along the area edges was concentrated in the white phase re-
gions only. This indicated that pile-up mainly occurred due to wear
of the white phase by the indenter tip. The significant height and
thickness of pile-up specified that substantial plastic flow occurred
during scanning wear. The white phase revealed the lowest H3/Er2

ratio, which signifies its endurance to severe plastic deformation.
Furthermore, the pile-up of material was locatedmainly at the edge
of the scan area; thereby implying that cutting wear was the prime
wear mechanism rather than ploughing. The cutting mechanism
operates when worn material is collected in front of the indenter
after each line scan and transported, line-by-line, to the edge of the
scan area [63].

Sample A4 exhibited behaviour dissimilar to A1, since the area
percentages of the grey and black phases is higher than the white
Wear height, Dh (nm) Wear scan area, Aw (mm2) Wear volume, Vw (mm3)

14.28 100 1.43
13 100 1.30
5.42 100 0.54
4 100 0.40



Fig. 8. (a) Cross-sectional SEM image showing distinct contrast phase area (A1) chosen for scanning wear testing, (b) in-situ scanning probe microscopy image prior to scanning
wear, (c) contour map corresponding to pre-scanning in-situ scanning probe microscopy image, (d) post-scanning wear SEM image, (e) in-situ scanning probe microscopy image
post-scanning wear, (f) contour map corresponding to post-scanning in-situ scanning probe microscopy image, (g) vertical line profiles corresponding to pink and blue line shown in
(b) and (e), wherein top to bottom in (b) and (e) represents left to right line profile and, (h) horizontal line profiles corresponding to green and red line shown in (b) and (e) to show
variation in wear depth within different phases and amount of pile-up across the worn area. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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phase (see Fig. 8(a) and Fig. 9(a)). Sample A4 exhibited the lowest
wear volume loss. Moreover, the contour profiling (see Fig. 9(c) and
(f)) of pre- and post-scanning wear revealed that wear depth was
considerably smaller for the grey andwhites phase compared to the
white phase. Horizontal line profiling shown in Fig. 9(h) shows the
difference between the three phases. The black phase endured
almost no depth loss, while it was negligible for grey phase; hence
corresponding to high wear resistance. The high wear resistance of
both grey and black phase is well supported by their high nano-
hardness, H/Er and H3/Er2 values. The pile-up wall seen in Fig. 9(d)
and (e) occurred mainly due to wear of the white phase. The
11
majority of pile-up was accumulated at the edge of the scan area;
thus, the main wear mechanism was considered as cutting wear.

Scanning wear analysis of areas within PS AlCoCrFeNi coating
shows that the wear performance of each phase within the coating
is different. Both grey and black phase, which are predominately
oxide phases created due to IFO, exhibited high wear resistance.
This is evident from their low wear depth, owing to their high
nanohardness and resistance to plastic deformation. Conversely,
the multicomponent HEA phase (white) suffered significant plastic
deformation and exhibited the lowest wear resistance. However,
this difference between soft and hard phases would benefit in



Fig. 9. (a) Cross-sectional SEM image showing distinct contrast phase area (A4) chosen for scanning wear testing, (b) in-situ scanning probe microscopy image prior to scanning
wear, (c) contour map corresponding to pre-scanning in-situ scanning probe microscopy image, (d) post-scanning wear SEM image, (e) in-situ scanning probe microscopy image
post-scanning wear, (f) contour map corresponding to post-scanning in-situ scanning probe microscopy image, (g) vertical line profiles corresponding to pink and blue line shown in
(b) and (e), wherein top to bottom in (b) and (e) represents left to right line profile and, (h) horizontal line profiles corresponding to green and red line shown in (b) and (e) to show
variation in wear depth within different phases and amount of pile-up across the worn area. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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balancing the overall wear performance of the coating. The precise
evaluation of local wear behaviour of the different phases in the
HEA coating provides us the opportunity to strategically design
alloys with optimal wear characteristics.

3.6. Sliding wear behaviour

Room temperature and high temperature (HT ¼ 500 �C) wear
resistance of the plasma sprayed AlCoCrFeNi HEA coating was
investigated against an Al2O3 ball as a counter body at a 10 N load
12
over a sliding distance of 1000 m. The profile of the wear track was
evaluated by 3D optical profilometry and is shown in Fig. 10(a) and
Fig. 10(b). Fig. 10(c) represents the 2D depth and width profile of
two tracks measured at the point shown by white arrow in
Fig. 10(a) and (b). The 2D depth and width profiles evidenced that
the wear track was deeper and wider at RT and, about 4 times
deeper than that at HT. The diminution in depth and width of the
wear track at HT indicates the high thermal stability, hot strength,
and minimal plastic flow of the TS HEA coating. Joseph et al. [21]
reported the high temperature wear performance of AlCoCrFeNi



Fig. 10. Wear surface profilometry of (a) room temperature (RT) wear track, (b) high temperature wear track (500 �C), and (c) 2D wear depth profiles corresponds to bottom point of
wear tracks as shown by white arrow and, (d) volume wear rate for APS AlCoCrFeNi coatings.
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HEAs, with considerable decrease inwidth and depth of wear tracks
with increasing temperature (RT, 300 �C, 600 �C and 900 �C);
signifying good hot strength of AlCoCrFeNi HEAs.

The wear volume loss was calculated using laser confocal mi-
croscopy, which was further used to quantify the volume wear rate
as per the Archard wear equation [64]. As illustrated in Fig. 10(d),
the RT wear rate (3.91 � 10�4 mm3/N-m) of plasma sprayed
AlCoCrFeNi coating was approximately two times higher than the
HT wear rate (2.08 � 10�4 mm3/N-m). The friction coefficient
values recorded were in the range of 0.86e0.92 and 0.39e0.46 for
testing conducted at RT and HT, respectively. Hence, the outcome of
wear testing postulated that plasma sprayed AlCoCrFeNi HEA
coating exhibited superior wear resistance at HT (500 �C) as
compared to RT.

The high values of friction coefficient (0.86e0.92) at RT indi-
cated dominance of 2-body abrasion (sliding) between the HEA
coating and counter body and, also represent the severity of wear.
However, during HT testing, the coating sample was initially heated
to 500 �C, and when temperature was stabilized, wear testing was
carried out. An oxide layer could develop on the coating surface due
to the increased test temperature. The oxide layer would act as a
lubricant layer and prevent direct contact between two mating
surfaces; thus, lowering the friction between two surfaces. The
friction coefficient values obtained at HT (0.39e0.46) were almost
half of the RT values and, also suggested operation of 3-body
abrasion; i.e., rolling, between the two surfaces.

The morphologies of worn surfaces were inspected under SEM
to understand the wear mechanisms and are illustrated in Fig. 11(a)
and Fig. 11(b). The influence of increase in wear temperature was
apparent from the disparity in the morphologies of the two worn
surfaces. The RT wear surface morphology is shown in Fig. 11(a).
The RT wear track (width ¼ 1240 mm) of plasma sprayed AlCoCr-
FeNi coatings was rough and comprises a combination of surface
wear modes and features. The harder Al2O3 ball (hardness¼ 19 GPa
[65]) performed vigorous gliding action against a relatively softer
plasma sprayed coating (hardness ¼ 4 GPa), which led to severe
inter-splat stepwise delamination wear of the coating, as shown in
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Fig. 11(a.1) and also supported by the high value of friction coeffi-
cient. As a consequence, delaminated pits of varying size can be
observed at high magnification of the worn surface; suggesting
surface fatigue. Moreover, as seen in Fig. 11(a), this delamination
zone was limited to the central portion of the worn surface, indi-
cating a difference in the local contact pressure of the Al2O3 ball and
the coating surface. Nonetheless, the result was high volume loss of
material.

In addition to the delamination wear, the RT wear surface can
also be attributed to an adhesive wear mechanism. The adhesive
wear surface appeared smoother and exhibited wear scratches and
micro-cracks. Fig. 11(a.2) shows a wavy pattern comprising a
sequence of parallel serrate ridges, in the form of a wavy pattern
and perpendicular to the sliding direction, suggesting local severe
adhesion between the counter body and coating.

The average chemical composition analysed by EDX of both
worn and normal surfaces is presented in Fig. 12. The oxygen
content of the worn surface was equivalent to that of the normal
surface. The APS coatings possess inherent characteristics of high
temperature in-flight oxidation (IFO). Hence it is hypothesized that
the presence of oxygen in the worn surface arises from IFO and not
frictional heat duringwear. On this basis, the possibility of oxidative
wear operating at RT has been excluded. In summary: RT wear
mechanisms of plasma sprayed AlCoCrFeNi coating is an amal-
gamation of delamination wear and adhesive wear.

Tian et al. [66] inspected RT and high temperature wear
behaviour of APS AlCoCrFeNiTi HEA coating and revealed that the
coating experienced severe adhesive wear during RT wear testing,
which is similar to our results. Surface morphology portrayed
delamination of the splats and a protruding lip along the sliding
direction. The splats constituting the lamellar microstructure of TS
HEA coatings possess weak inter-splat bonding due to a limited 1/
3rd interlamellar bonding ratio [67] and the presence of distinct
phases with variable hardness. This would cause splats to pull away
from the coating surface upon high contact pressure, instigating
high volume loss. Furthermore, the plasma sprayed AlCoCrFeNi
HEA coating comprises of composite microstructure of at least



Fig. 11. (a) SEM micrograph of the worn surface of atmospheric plasma sprayed AlCoCrFeNi HEA coating after wear testing at room temperature. The corresponding high
magnification images of red boxes drawn in (a) are shown in (a.1-a.3), respectively and; (b) SEM micrograph of the worn surface after wear testing at high temperature (500 �C). The
corresponding high magnification images of red boxes drawn in (b) are shown in (b.1-b.3), respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 12. Comparative analysis of average chemical composition of the room tempera-
ture and high temperature (500 �C) wear and normal surface, and wear debris ob-
tained after high temperature wear testing.
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three distinct phases in which all three phases exhibit different
hardnesses. Locally, the nanowear behaviour of oxide phases was
superior to that of the HEA phase within the coating. At the same
time, higher hardness of oxides (black phase ¼ 14 ± 8 GPa and grey
phase ¼ 12 ± 4 GPa) also renders them brittle compared to the
metallic phase (white phase ¼ 5 ± 2 GPa). The brittle nature would
cause the oxides to fragment in the form of fine debris upon crack
growth due to the high contact pressure of the counter body, which
would then further contribute to the wear volume loss.

Fig. 11(b) shows the morphology of the worn surface tested at
500 �C (width ¼ 1065 mm), which was distinctly different from the
RT wear surface. The HT worn surface was relatively smooth and
comprised of deep and shallow ploughing grooves parallel to the
sliding direction, spalling pits, delamination, and evidence of fine
wear debris; all of which signified 3-body abrasion between two
surfaces. The observed worn surface features depicted oxidative
and abrasive wear as the dominant wear mechanism. The high
temperature worn surface also featured substantial plastic defor-
mation along the grooves and at the edge of the wear track. The
uniform distribution of parallel grooves indicated that the contact
pressure of the Al2O3 ball was homogeneously distributed.

As presented in Fig. 12, the high percentage of oxygen on both
the recovered wear debris and the worn surface suggested
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oxidative wear. The combinatorial effect of increase in test tem-
perature and friction-induced heat due to repeated sliding leads to
the development of a tribo-oxidation layer. This layer acts as a
lubricating barrier between the HEA coating and the counter body,
preventing direct coating-counter body contact, and reduces both
the volume wear loss and friction coefficient values. As well, wear
testing at high temperature can be regarded as sintering, which
enhances the interlamellar bonding between the flattened splats.
This would, boost the cohesion strength among splats, ultimately
improving the coating’s wear resistance [68].

EDS detected high oxygen contents in both the HT wear track
and wear debris. Consequently, XPS analysis was performed on
both the HT wear tack and normal HT coating surface to evaluate
the elemental composition and chemical state of the oxide film,
Fig. 13. A wide survey spectrum on the worn surface in Fig. 13(a)
indicated the presence of a high intensity oxygen peak in addition
to the peaks of aluminium, chromium, cobalt and iron. The wide
spectrum survey of normal HT coating surface showed similar
behaviour. XPS high resolution spectra shown in Fig. 13(b-e)
confirmed the formation of an oxidation film comprising metal
oxides such as Al2O3, Cr2O3, Fe2O3 and CoO and Co3O4; all devel-
oped due to the high temperature testing conditions and frictional
heat. Likewise, Liu et al. [69] reported Al2O3, CoO, Cr2O3, Fe2O3, NiO
and Fe3O4 oxides within wear scars during high temperature
(600 �C) wear testing of laser clad AlCoCrFeNi coatings. The for-
mation of this oxide layer diminishes the adhesion between two
mating surfaces and combats the wear volume losses.

The importance of an oxide film for improving wear resistance
can be judged by the differences in two wear rates, surface mor-
phologies, and oxygen content within the worn surface and wear
debris recovered from HT testing. The development of an oxide
layer, which can act as a lubricating film, leads to an increase in
wear resistance. In thermal sprayed HEA coatings, an oxide layer
could form due to several mechanisms. First, the intrinsic IFO
characteristics develop hard and brittle oxides within the coating
that fragment as fine debris on crack growth. Second, the active
metallic elements (such as Al, Cr, Fe) form oxides due to localized
temperature rises from frictional heat and an elevated test
Fig. 13. XPS analysis of the wear track (500 �C) of plasma sprayed AlCoCrFeNi coating: (a
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temperature.
The difference in ability of PS AlCoCrFeNi HEA coating to resist

wear at different temperatures is perceptible in this study. The HEA
coating exhibited improved wear resistance at high temperature
(500 �C) compared to RT. The HTwear testing led to development of
an oxide layer, which acted as a solid lubricant between two sur-
faces; thus, influencing thewear behaviour profoundly. A transition
of wear mechanism from severe delamination wear (2-body abra-
sion) at RT, to oxidative plus abrasive wear (3-body abrasion) at HT
was observed in this study. The importance of in-situ oxide for-
mation during HT wear testing to improve wear resistance has also
been noted in studies on HEAs manufactured by different pro-
cesses, such as atmospheric plasma sprayed AlCoCrFeNiTi [66],
AlCoCrFeNiTi/Ni60 [70], FeCoNiCrMn [68]; HVOF sprayed
Al0$6TiCrFeCoNi [19]; melted and cast Al0$25CoCrFeNi [20], CoCr-
FeMnNi and AlxCoCrFeNi [21] and laser clad TiC reinforced
AlCoCrFeNi [69].

In addition, both the RT and HT residual stress states play an
important role in defining the wear behaviour of the current
coating. As mentioned in Section 3.4, PS AlCoCrFeNi HEA coating on
SS316L substrate is in tensile stress state (þ170 MPa). Large tensile
residual stresses, upon exceeding the fracture limit of the coating,
would promote brittle cracking that leads to delamination under
wear testing (as seen in Fig. 11(a)). These residual stresses thus
adversely affect the coating wear behaviour at RT. Stewart et al. [71]
and Liao et al. [72], in studies on the effect of residual stress on the
abrasive wear behaviour of HVOF coating revealed that tensile re-
sidual stresses are detrimental to the wear resistance of the coating
in the as-sprayed condition. However, wear testing at HT (500 �C)
could anneal the coating sample and relieve stresses [73,74], which
reduce the tensile residual stress state of as-sprayed coatings.
3.7. Electrochemical analysis

The corrosion behaviour of the plasma sprayed AlCoCrFeNi HEA
coating was analysed using the potentiodynamic-polarization
method in filtered sea water. The polarization curve demonstrates
critical information such as corrosion potential (Ecorr), current
) wide spectrum, (b) Al element, (c) Co element, (d) Cr element and, (e) Fe element.



Fig. 14. Potentiodynamic polarization curves of both AlCoCrFeNi HEA coating and
SS316L substrate with scan rate 1 mV/s in the sea water at room temperature. Green
box represents the Tafel area and current fluctuation within HEA coating is shown by
blue arrow. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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density (Icorr) and pitting potential (Epit), which are important pa-
rameters for investigating the corrosion behaviour of a material.
The polarization curves of the AlCoCrFeNi coating and SS316L
substrate were measured at 1 mV/s scan rate in sea water at room
temperature, Fig. 14. Neither the HEA coating, nor the substrate
established an active to passive transition zone, and the curves
transformed directly from the Tafel region to the passive region.
This behaviour could be due to the high scan rate; however, this
characteristic may also be attributed to the instantaneous forma-
tion of a protective film on the sample surface at the corrosion
potential. Shi et al. [22,75] reported a similar polarization curve
characteristic while analysing the electrochemical performance of
cast AlxCoCrFeNi HEAs in 3.5 wt% NaCl solution.

The quantification of resistance to pitting/localized corrosion is
given by the critical pitting potential (Epit), which is the potential
corresponding to a transition in the current density from steady to a
rapid increment. Beyond Epit, faster diffusion of Cl� ions takes place
on the coating surface through defects or corrosion prone phases
and reduces the effect of the passivation film; resulting in localized
corrosion. APS AlCoCrFeNi HEA coating exhibited a gradual increase
in current density without any indication of a critical potential.
However, current fluctuations were noticed in the HEA coating,
shown by blue arrow in Fig. 14, which might be ascribed to the
development and repassivation of metastable pits or selective
corrosion [75,76]. On the contrary, a rapid increase in current
density for SS316L substrate was observed, which represents the
stabilization of pitting.

Table 6 compares the electrochemical data of the current HEA
coating and substrate with HEAs manufactured by other tech-
niques, as well as with several conventional alloys. PS AlCoCrFeNi
HEA coating are observed to be more susceptible than SS316L
substrate, not only to general corrosion, but also to localized
corrosion. This increased susceptibility is indicated by their slightly
higher Icorr and lowerEcorr values. However, the PS AlCoCrFeNi
coating exhibited high resistance to general corrosion compared to
plasma sprayed (CoCrFeNi)95Nb5 HEA coating [77], electrospark
deposited AlCoCrFeNi [78], laser clad AlCoCrFeNi [79], AlCoCrFeNiSi
[80], AlCoCrFeNiTi [79] and Al2CrFeCoCuTi [81] HEA coatings.

The surface morphology of the PS AlCoCrFeNi coating after the
potentiodynamic polarization test were examined by SEM, Fig. 15.
The coating surface appeared to be smooth. However, corrosive
attack in the form of selective corrosion was observed, Fig. 15(a);
although no preferential sites were detected for their incubation.
High magnification SEM images further revealed variation in the
size and shape of these selective corrosion spots. First, small bowl-
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shaped deep holes of ~5e10 mm size were observed, Fig. 15(b); and
second, a large shallow region with numerous sub-micrometre
sized holes was detected, Fig. 15(b) and (c). Wang et al. [77] ana-
lysed the corrosion behaviour of plasma sprayed (CoCrFeNi)95Nb5
in a 3.5 wt% NaCl solution and reported similar surface features
after polarization testing.

Fig. 15(b) shows that the majority of multicomponent HEA
phase (point 1) and oxide phase (point 3) regions were unaffected
by corrosion attack since the local surface remained relatively flat
and smooth. In addition, EDS analysis specified that their compo-
sition remained steady even after corrosion test. Point 2 refers to
the area where micro-sized holes have been observed within the
multicomponent HEA phase. This phenomenon may be attributed
to the selective localized dissolution of aluminium, cobalt, nickel
and iron in the form of oxides and hydroxides. This mechanism is
implied because the region is rich in Cr (point 2), leaving the
shallow corroded surface as a residual Cr-rich oxide, as seen in
Fig. 15(b). The Cr-rich oxide may have behaved as a protective film
and prevented severe corrosion, as evidenced by the fact that the
micro-holes were superficial. In addition, a bulged product (point
4) with cracks was observed on the coating surface, exhibiting high
oxygen and low metallic content. This feature could be associated
to an oxide bubble, developed as a by-product, during the forma-
tion of a protective Cr(OH)3 film on the coating surface [88].

The direct transition from a Tafel to a passive region suggested
spontaneous formation of a protective film on the coating surface,
which broke down on further increase in potential, as evident from
the formation of localized corrosion sites on the coating surface.
The corrosion resistance of the investigated HEA coating is postu-
lated to originate from the development of an oxide film on the
coating surface. This oxide film impedes the attack of electrolyte
and reduces the dissolution of the corrosion prone phases [82]. The
driving force for the development of corrosion resistant AlCoCrFeNi
HEA based coatings lies in the ease of formation of a protective film
that is based on alloying elements Al, Cr and Ni. Li et al. [78] eval-
uated the corrosion behaviour of electrospark deposited AlCoCr-
FeNi coating in 3.5 wt% NaCl. They reported improved corrosion
resistance vis-�a-vis the substrate AISI1045 steel and cast AlCoCr-
FeNi HEA, which was attributed to the formation of aluminium and
chromium oxides on the HEA surface. Qiu et al. [23] investigated
the electrochemical performance of cast AlxCoCrFeNiTiy, and
described the development of Al2O3, Cr2O3, Fe2O3, Co3O4 and NiO
on the corroded surface after the polarization test in 0.6 M NaCl.
Similarly, formation of a largely Cr2O3 passivation film enhanced
the corrosion resistance of plasma sprayed (CoCrFeNi)95Nb5 HEA
coating [77].

However, with increased Al content in cast AlxCoCrFeNi HEA
(x ¼ 0.3, 0.5 and 0.7), a reduction in corrosion resistance was re-
ported due to growth of a porous and thick aluminium oxide layer,
which diminished the fraction of a more passive chromium oxide
layer, resulting in deterioration of the alloys’ corrosion resistance
[75].

Applying similar concepts here, the plasma sprayed equi-atomic
AlCoCrFeNi HEA coating exhibited inferior corrosion resistance
than substrate SS316L, possibly due to the following reasons. First,
the coating was composed of both aluminium and chromium. The
standard potential of aluminium, at �1.66 V, is lower than �0.74 V
for chromium [89]. Aluminium will, therefore, be more vulnerable
to corrosion attack in sea water since it will preferentially act as an
anode and expose the coating to selective corrosion. Second, the
coating composition is equi-atomic AlCoCrFeNi HEA; i.e., the con-
centration of both aluminium and chromium are equal (~20e21 at
%). Aluminium is more active than chromium; hence the proba-
bility of spontaneous growth of a thick and porous aluminium
oxide layer [90] would be higher than for a passive chromium oxide



Table 6
The electrochemical data of (i) current atmospheric plasma sprayed AlCoCrFeNi HEA coating and substrate SS316L, (ii) HEAsmanufactured by other techniques, and (iii) several
conventional alloys.

Material Process Solution Ecorr (mVSCE) Icorr (mA/cm2) Epit (mVSCE) Reference

AlCoCrFeNi Atmospheric plasma spray Sea water - 321 0.83 e Current study
(CoCrFeNi)95Nb5 Atmospheric plasma spray 3.5 wt% NaCl - 370 7.23 260 [77]
AlCoCrFeNi Laser cladding 3.5 wt% NaCl - 427.8 2.50 e [79]
AlCoCrFeNi Laser cladding 3.5 wt% NaCl - 270 0.07 - 208 [82]
FeCoCrAlNi Laser surface alloying 3.5 wt% NaCl - 167 0.07 257 [83]
AlCoCrFeNi Direct laser fabrication 0.6 M NaCl - 264.1 0.12 5.1 [84]
AlCoCrFeNi Electrospark deposition 3.5 wt% NaCl - 349 0.01 e [78]
AlCoCrFeNi Cast 3.5 wt% NaCl - 294 0.09 e [78]
Al0$9CoCrFeNi Cast 0.6 M NaCl - 252 0.24 290 [23]
AlCoCrFeNiTi Laser cladding 3.5 wt% NaCl - 467.4 2.16 e [79]
AlCoCrFeNiSi Laser cladding 3.5 wt% NaCl - 326 0.65 e [80]
Al2CrFeCoCuTi Laser cladding 3.5 wt% NaCl - 510 68 e [81]
Al2CrFeCoCuTiNi Laser cladding 3.5 wt% NaCl - 220 13 e [81]
CrMnFeCoNi Laser surface alloying 3.5 wt% NaCl - 99.5 0.11 218 [85]
CoCrFeNi Cast 0.6 M NaCl - 248 0.11 442 [23]
SS316L e Sea water - 274 0.26 274 Current study
AISI 304 3.5 wt% NaCl - 482 7 e [80]
AA1100 e Sea water - 920 e - 575 [86]
AA5083 e Sea water - 950 e - 680 [86]
g - TiAl e Sea water - 672 8.24 e [87]
g - TiAl e 3.5 wt% NaCl - 428 1.94 e [87]

Fig. 15. (a) Surface morphology of the AlCoCrFeNi coating surface after potentiodynamic polarization tests, (b) high magnification SEM images of coating surface representing
formation of pits and bulged oxide product, (c) micro-pits observed on coating surface and, (d) EDS analysis corresponding to the points mentioned in (b).
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layer.
The existence of inherent microstructural inhomogeneities

within the PS AlCoCrFeNi coating could lead to inferior corrosion
resistance. HEA coatings produced through plasma spray develop a
lamellar microstructure, which include formation of porosity due
to incomplete intersplat bonding; multi-phase formation; unmelts;
and thermal and contraction stresses. The presence of porosity in a
thermal spray coating substantially influences its electrochemical
performance, mostly in a destructive manner [91e94]. Also, the
HEA feedstock transformed to a multi-phase coating after plasma
spray process. This includes development of oxides due to IFO. The
internal chemistry of these oxides would affect the uniformity of
17
the passivation film; thereby influencing the corrosion behaviour of
the coating in terms of micro-galvanic corrosion.

The combinatorial effects described above negatively impact the
corrosion resistance of PS AlCoCrFeNi HEA coating. In contrast, the
substrate SS316L is composed of 16e18 wt% chromium and
10e14 wt% nickel. The high chromium content would lay the
foundation for the development of a passive and compact Cr2O3
layer that is well-supported by the formation of a NiO layer [95];
which leads to superior corrosion resistance. Another fact is that
the electrochemical data; i.e., Ecorr and Icorr for the HEA coating,
exhibits only slightly lower resistance to general and localized
corrosion compared to the SS316L in seawater. The identical anodic
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and cathodic polarization behaviour of the HEA coating to SS316L
indicates that the AlCoCrFeNi-based HEAs have strong potential as
corrosion resistant materials.
4. Conclusions

The conclusions of this study are:

a) Plasma sprayed equi-atomic AlCoCrFeNi HEA coatings are
composed of a lamellar microstructure constituted by a
mixture of three types of phases exhibiting distinct z-
contrast; (i) a black (B) phase that is an Al-rich oxide phase,
(ii) a grey (G) phase that is an AleCreFe rich oxide, and (iii) a
white (W) phase that is an Al-depletedmulticomponent HEA
phase.

b) The ultra-high speed nanoindentation XPM technique was
used for evaluating the localized hardness and reduced
elastic modulus, in combination with in-situ scanning probe
microscopy and scanning electron microscopy.

c) Statistical analysis of observed nanoindentation datasets
revealed that the black phase exhibited the highest hardness
and the white phase lowest. Also, pile-up around the white
phase indicated that the alloy phase endured extensive
localized plastic deformation. Moreover, Weibull regression
analysis showed that hardness within the black phase is least
homogenous compared to the other two phases. However,
the reduced elastic modulus displayed only a minor differ-
ence among the phases.

d) Superimposing the concepts of statistical analysis and
nanoindentation XPM mapping has been shown to be a
powerful tool to establish relationships between local me-
chanical properties and multi-phase microstructures. This
technique can also be exploited to evaluate the influence of
interphase, neighbouring cracks and inter/intra splat
behaviour, to understand the overall performance of
coatings.

e) Residual stress in a plasma sprayed AlCoCrFeNi HEA coating
is tensile since the quenching stress mechanism dominates
over that of thermally generated stress from thermal
expansion mismatches between the coating and substrate
materials.

f) In nano-scale scanning wear test, the coating cross-sectional
area with a higher fraction of the softer white phase
exhibited a high wear volume loss and vice versa. The wear
resistance of grey and black oxide phases generated by in-
flight oxidation (IFO) was superior to that of the multicom-
ponent HEA phase (white), as evident by their substantial
differences in wear depth. Concurrently, white phase with
the lowest nanohardness suffered significant plastic defor-
mation, as evident from pile-up around edges of the worn
area; implying that cutting wear was the dominant wear
mechanism operating at nanoscale.

g) Plasma sprayed AlCoCrFeNi HEA coatings exhibited superior
wear resistance at high temperature (500 �C) than at room
temperature. A two-fold decrease in volume wear was
observed. The wear mechanism changes from a combination
of delamination wear and adhesive wear at room tempera-
ture, to oxidative and abrasive wear at elevated temperature.

h) Potentiodynamic polarization tests show that plasma
sprayed AlCoCrFeNi HEA coatings displayed slightly lower
corrosion resistance than SS316L substrate, in both general
and localized corrosion. However, identical polarization
curve characteristics indicated that AlCoCrFeNi-based HEAs
are promising corrosion resistant materials.
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