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Keywords:
Cold spraying
HEA coatings

Novel High Entropy Alloy (HEA) coatings in the Al0.1-0.5CoCrCuFeNi and MnCoCrCuFeNi multi-materials
systems on Mg substrate were prepared from mechanical alloyed HEA powder feedstocks and by three
different Cold Spray (CS) process gas (N2) temperatures (650, 750 and 850 °C). Macro and microstructural

gﬁraaenzatmn characterization of mechanically alloyed and cold sprayed HEA coatings were carried out by macro photography,
SEM-+EDS OM, SEM + EDS study, micro-hardness testing, roughness, and porosity measurements.

Porosity Mechanical alloying (MA) caused plastic deformation and fracture in harder particles. Relatively soft and
Micro-hardness ductile Al phase and Cu-rich region particles were coarser and globular in shape. Some separate Cu-rich regions
Roughness were also observed apart from Al particles. Mn-HEA powder showed a different trend with finer particle sizes

Mg substrate due to the more brittle nature of the powder and acicular shape. During MA, a loose structure with lots of gaps,
cracks, plastic deformation signs, and small particles adhering to the particle surface is generated.

Based on the experimental data obtained, it cannot be concluded that the chemical composition of the high
entropy alloy influences the roughness of the coating. The deposited volume increases with temperature only for
Alp; and Mg-based HEA, while for the other Al-based HEA no noticeable influences can be observed. The micro-
hardness of a coating depends significantly on its chemical composition: as the percentage of aluminum increases
in the samples micro-hardness increases. The hardness of the coating is significantly higher than that of the

substrate, and the hardness measured at the interface is intermediate between the two values.

1. Introduction

Metallurgical science has enabled the development of alloys, which
show better and tailored properties than single metals. However,
traditional alloys are based on a single main element, which limits the
degrees of freedom in designing an alloy composition. J. W. Yeh and B.
Cantor proposed a new alloy concept, “HEA” (High Entropy Alloy),
which contains at least five major elements with an atomic percentage of
5-35% [1]. Any secondary alloying elements, therefore, are character-
ized by an atomic percentage of less than 5% [1-10]. Current knowledge
mainly focuses on the system of alloys made up of Al, Co, Cr, Cu, Fe, and
Ni and those derived from it, obtained by adding other elements or
substituting some of them; many other alloys are still to be explored [2].
HEAs have high potential in a wide range of applications as structural
and functional materials. Empirical results have shown that high mixing
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entropy promotes the formation of solid solutions with simple micro-
structures [2]. The crystal lattice is characterized by high strains and
stresses, increasing strength and hardness, and a lower sensitivity to
temperature variations [1,2,9,10]. Thanks to the characteristic chemical
composition consisting of multiple main elements, HEAs can present
excellent properties, in many cases better than conventional alloys: high
strength and hardness, considerable resistance to wear, exceptional
resistance in conditions of high temperature, good structural stability
and excellent resistance to corrosion and oxidation. They are of great
interest for applications in many industrial fields, particularly in areas
where the material is subjected to harsh conditions. The manufacture of
HEAs does not require special production techniques and plants, so they
can be implemented with current technologies and existing plants. The
presence of multiple main elements within HEAs involves “core effects”
that determine the microstructural characteristics and exceptional
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Table 1
Nominal composition of HEA powders.
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Samples Designation

Nominal chemical composition

Al Cu Cr Co Fe Ni
Alj 1 CoCrCuFeNi At% 4.22 17.38 21.2 18.67 19.74 18.79
Wt% 1.96 19.61 19.61 19.61 19.61 19.61
Al 2CoCrCuFeNi At% 8.13 16.65 20.33 17.91 18.95 18.02
Wt% 3.85 19.23 19.23 19.23 19.23 19.23
Alp sCoCrCuFeNi At% 18.3 14.8 18.09 15.96 16.84 16.0
Wt% 9.15 18.1 18.1 18.1 18.1 18.1
MnCoCrCuFeNi At% - 15.62 16.81 13.6 13.6 16.86
Wt% - 16.7 16.7 16.7 16.7 16.7
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Fig. 1. Light microscopy (LM) and powder particle surface SEM imaging (SE) of mechanically alloyed Alg 1.9.5 (Mn)-HEA (—63 pm size fraction) feedstock powder.
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Fig. 2. Specimen nomenclature.

properties. These effects include high mixing entropy, severe distortion
of the crystal lattice, sluggish diffusion, and cocktail effect [1,2,5,6,9,
10]. The first study in this regard was published [11] and considers
samples of Alps5CoCrCuFeNi composition quenched in water and cold
rolled showed better performance than many conventional alloys, with
fatigue strength limit values in the range of 540-945 MPa. These results
demonstrate that the HEA of this system could be useful in future ap-
plications where fatigue strength is important. The tribological proper-
ties of HEAs are dependent on their chemical composition. The addition
of elements such as Al, Fe, and Nb refines the grains and promotes the
formation of phases with a BCC structure [5]. Mn and Cr also favor the
formation of phases of greater hardness. As concentrations of C, N, B,
and Si increase, the tribological properties improve due to the formation
of carbides, silicates, and boron compounds, or the phase transformation
from FCC to BCC/B2. Mo increases the hardness better than those of AISI
304 stainless steel with the same heat treatment. The wear resistance of
HEAs depends on the type of phase prevailing within them. Alloys
composed exclusively of simple and disordered phases (“SDPs”) gener-
ally do not exhibit greater wear resistance than conventional alloys of
similar hardness. However, if the prevailing phase is of the complex and
ordered type (“COPs”), the wear resistance is often much higher than
that of conventional alloys of similar hardness [2,12]. For this reason,
one of the major applications for HEAs is represented by the creation of
coatings with high wear resistance, which can be deposited using
different technologies on a substrate. Composite-type coatings, in which
particles of various ceramic materials are dispersed in the metal matrix,
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can cause an increase in the overall hardness of the coating and,
consequently, a decrease in its wear rate [1,3,6-8,12-18]

This paper aims is to report on the characterization of HEA coatings
obtained by cold spray, in particular dimensional and profile measure-
ments, surface and microstructural characterization and mechanical
properties (HV) determination of Cold Spray (CS) HEA coatings on Mg
substrate. Two HEA compositions are investigated, one based on Al
CoCrCuFeNi and the other on MnCoCrCuFeNi; and 3 deposition tem-
peratures are explored: 650°, 750° and 850 °C.

2. Materials and method

Detailed characterization was performed on coating material
composition, surface profile, microstructure, and interlayer.

2.1. Specimen preparation

2.1.1. Materials and mechanical alloying

Elemental powders of Al, (Mn), Co, Cr, Cu, Fe, and Ni, with high
purities (>99.9%), were processed by mechanical alloying (MA) for
octonary HEA mixtures: Alj ;.9 5CoCrCuFeNi and MnCoCrCuFeNi (all
expressed in molar ratio). Details of the mechanical mixing (MM) and
mechanical alloying (MA) stages are mentioned in detail in Ref. [21].
Charge calculations of pure elemental powders of Al, Cu, Co, Cr, Fe, and
Ni were made to reach Al 1.9.5CoCrCuFeNi and MnCoCrCuFeNi nominal
composition (Table 1), accordingly. Mixing, homogenizing, and MA
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Table 2 Table 4
Properties of the MA Alg ;.05 and Mn -HEA powder feedstocks. Specimen dimensions and weights.
HEA dd d& Distribution Particle Particle surface Specimen Id L3 [mm] L, [mm] Weight [g]
powder [pm] [pm] mode shapes condition b 10.09 9.39 0.4189
Alp, 29.5 34.0 tri-modal globular/ rough E 10.01 9.43 0.5829
irregular G 10.11 9.42 0.4865
Alp o 26.2 31.7 tri-modal globular/ rough H 10.73 10.01 0.5656
irregular I 10.72 10.01 0.5836
Alys 28.0 33.0 tri-modal globular/ rough J 11.27 10.01 0.5622
irregular K 11.19 9.97 0.5649
Mn-HEA 24.2 31.1 qua-modal globular/ rough M 10.09 9.17 0.4282
irregular N 10.59 9.21 0.5142
(0] 11.73 9.23 0.5807

“Median particle diameter.
YMean particle diameter.

Table 3
Cold spray process and denomination of chemical composition samples Al
CoCrCuFeNi and MnCoCrCuFeNi.

Alp 1 CoCrCuFeNi Cold spray-Temperature [°C] 650 750 -
Denomination D E

Alj »CoCrCuFeNi Cold spray-Temperature [°C] 650 750 850
Denomination G H I

Al 5CoCrCuFeNi Cold spray-Temperature [°C] 650 750 -
Denomination J K

MnCoCrCuFeNi Cold spray-Temperature [°C] 650 750 850
Denomination M N (6]

(5.5 h) procedures were successfully applied to charge materials. MA
powders were kept in plastic-sealed containers filled with Ar gas until
Cold Spray (CS) processing to prevent any contamination risk from the
atmosphere. A detailed description of the effect of MA on powders is
reported in Ref. [24].

2.1.2. Cold spraying

Novel HEA coatings in the Alp ;1.9 5CoCrCuFeNi and MnCoCrCuFeNi
multi-materials system on Mg substrate were prepared from these
powder feedstocks and by cold spraying coating deposition using
different Cold Spray (CS) nitrogen gas temperatures, 650,750 and
850 °C respectively (Figs. 1 and 2). The Cold Spray deposition system,
available at Trinity College, Dublin, Ireland, and described in Refs. [22,
23] was used. By using variable and controlled cold spray process and
coating parameters, variations in the microstructure and properties for
both MA and CS AlpsHEA coatings were attained. CS was carried out
with N gas with 30 bar pressure. The nozzle used was Nz1 type, standoff
distance was 47 mm, powder feed rate was 9%, nozzle speed was 15 mm
s!, beam distance was 2 mm, each coating contained 4 layers, Mg
substrate plate size was 50 mmx50mm, —63 pm size fraction of MA
Al sHEA powder feedstocks were used for CS. The nominal composition
of the MA Alg.1.9.5CoCrCuFeNi and MnCoCrCuFeNi HEA coatings [24]
correspond to powder feedstock composition, reported in Table 1.

Powder properties are reported in Table 2. 10 samples of high en-
tropy alloy (HEA) coatings, deposited on a magnesium substrate through
the innovative Cold Spray (CS) deposition process, were prepared. 4
feedstock powders were used: Alp1CoCrCuFeNi, Aly,CoCrCuFeNi,
Alg 5CoCrCuFeNi and MnCoCrCuFeNi. Table 1 shows the nominal
compositions of the coatings in atomic (At%) and weight (Wt%) per-
centages for each element present. In Ref. [24] a detailed description of
the HEA coating process is described.

To distinguish the various samples, the denominations indicated in
Table 3 were assigned.

Furthermore, two samples of magnesium substrates, without
coating, named 1 and 2, were studied. In Fig. 2, it can be observed that
the coating thickness is not uniform as it is obtained by a single pass of
cold spray nozzle along a direction parallel to an edge of the specimen.
In the same Fig. 2, a schematic representation of the resulting specimens

Table 5
RTP80 roughness tester technical specifications.

Characteristic Description/value

Measuring range [pm] +500
Resolution [pm] 0.001
Cut-off length [mm] 0.25
Measuring length [mm] 1.5

is reported.

Specimen dimensions and weights were measured with a caliper and
Mettler precision balance and reported in Table 4, according to di-
mensions as reported in Fig. 2.

2.2. Microstructure characterization

Details of metallographic sample preparations and microstructural
characterizations were given in Ref. [24].

To assess the coating microstructure, cross-sectional samples were
prepared according to standard metallographic procedures utilizing
0.06 mm colloidal silica for the final polishing. HEA powders and
coating elements were analyzed using an energy-dispersive X-ray spec-
troscopy (EDS) unit equipped with a scanning electron microscope
(SEM). During the study, coating thicknesses were measured using a
Leica microscope as well as surface images were acquired using a Key-
ence digital microscope with a magnification of 100x. To evaluate the
porosity of the HEA coating, binary images were analyzed using SEM.

2.3. Surface characterization measurement

An RTP80 roughness tester by SM-Instruments, was used to measure
roughness. Table 5 provides a summary of the measurement specifica-
tions. The surface roughness measurements were obtained over all the
specimen coatings and the two substrates. The roughness profiles were
measured in directions parallel and perpendicular to the deposition di-
rection. 0.25 mm cut-off and 1.5 mm measuring length were selected.

Three roughness measurements were made for each direction and
each coating sample. Different roughness parameters were acquired. In
particular: Ra, Rq, Rt, Rz, Rp and Rv. According to Standards definitions
(UNI EN ISO 4287 (2011)) they are all parameters related to the
amplitude of roughness, i.e. the distances between peaks and valleys. Ra
is the arithmetical mean deviation of the assessed profile; Rq is the root
mean square of the mean deviation of the assessed profile and it is an
average amplitude measurement in the height direction; Rt is the
maximum height of the profile, that is the distance between the
maximum peak and the minimum valley, and it is related to the total
height of the profile; Rz is the average distance between the highest peak
and lowest valley in each sampling length and it is related to the
maximum height of the profile; Rp and Ry the maximum peak height and
valley depth over the sampling length respectively.

The surface profiles and the volume of the coating deposited on the
substrate were determined for each sample, using the optical
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Fig. 3. Surface characterization: (a-b) the superior and the lateral surface images with a magnification of 100x respectively, (c) The average profile of the sample,

(d) The Lateral surface area measurement.

profilometer functions of the Keyence VHX 7000 digital microscope. In
particular, a three-dimensional scan of the upper surface of each sample
was acquired, using the 3D Stitching software function. This function
acquires numerous two-dimensional images and three-dimensional
scans of adjacent surface portions and stitches them together to form
the overall scan. Every single portion of the surface was scanned with a
magnification of 100x. On the three-dimensional scan, for each sample,
the profiles calculated on 60 lines parallel to each other and perpen-
dicular to the axis of the central swelling (150 pm apart) were consid-
ered. The vector containing the mean profile data was imported into
Matlab and processed. Subsequently, the area under the mean profile
was calculated, which represents the area of the mean perpendicular
section of the cladding. Finally, the volume of the coating was calculated
by multiplying this area by the depth of the sample in the direction
parallel to the axis of the bulge.

Fig. 3(a-b) illustrates the superior and lateral surface images with a
magnification of 100x. The extracted average profile of the sample is
shown in Fig. 3(c), while the lateral surface area measurement is shown
in Fig. 3(d). The area estimation was cross-checked by measuring a
polygon approximating the coating lateral area to check the order of
magnitude of the computed cross-sectional area under the average
profile of each specimen.

2.4. Microhardness measurement

The Innovatest Vickers microdurometer was used to measure the
HV30 microhardness profiles of the coating samples with 3 N preload
and 15 s of indentation time. For each specimen, the microhardness was
calculated by averaging the results of 9 indentations on the polished side
cross-section.

3. Result and discussion
3.1. Microstructure characterization

In Fig. 1 LM cross-sectional microstructure (—63 pm size fraction) of
the Alp1.9.5CoCrCuFeNi and MnCoCrCuFeNi HEA powder after 5.5 h
milling time is reported. Relatively fine A2 and B2 harder particles were
whitish and their shape was flaky and elongated due to plastic defor-
mation and fracture during MA. Relatively soft and ductile A1 phase and
Cu-rich region particles were coarser and globular in shape. Cu-rich
regions appeared as brownish-orange color and the Al phase appeared
as white with black dots due to exposure to heavy plastic deformation
during MA. Some separate Cu-rich regions were also observed apart
from Al particles. This general trend of particle characteristics in Al-
HEA powders was different in Mn-HEA powder where finer particle
sizes due to the more brittle nature of the powder and the acicular shape
of the particles were observed [24].

In the same Fig. 1, the SEM surface morphology of the Al ;Co-
CuCrFeNi powder milled for 5.5 h shows fine to moderate size A2/B2
particles. Moreover, coarser particles for both Al and Cu-reach regions
and very fine surface CryO3 particles were observed with light micro-
scopy (LM) and powder size distribution (PSD) study (as illustrated in
Ref. [25]). It was also observed that, during mechanical alloying (5.5 h),
there was a loose structure with lots of gaps, cracks, plastic deformation
signs, and small particles adhering to the particle surface. Particle sur-
faces were also rough due to heavy plastic deformation, cold welding,
and fracture mechanisms induced by MA processing. It is known that in
the Alp;CoCuCrFeNi HEA system, metallic elements exhibit high plas-
ticity and go through plastic deformation, cold welding, and fracture
processes, and the elemental powder size chosen during MA was influ-
enced by their hardness and ductility.

SEM images (left column) at the interface between the as-deposited
coatings and substrate are reported in Fig. 4(a-d). All the coatings
showed good bonding with their substrates, free of pores and cracks.
Mechanical interlocking was also observed along the coating-substrate
interface. Moreover, some particles penetrated the substrate and were
tightly bound by the material. Mechanical interlocking occurs as a result
of the plastic deformation of the soft substrate material upon impact
with the hard coating particles. Cold-sprayed coatings typically exhibit
mechanical interlocking, which contributes to the coating’s high adhe-
sion strength. The cross-sectional SEM images of the coatings as
deposited are shown in Fig. 4(e-h). The coatings show a dense micro-
structure with only a few pores, as indicated by the yellow arrows and
the interparticle boundaries marked by the red arrows. Fig. 5(a) shows
the quantitative analysis of the chemical elements of the coating of
sample D and the mapping of the chemical elements is depicted in Fig. 5
(b). In Fig. 6 an example of image processing for porosity evaluation of
specimen I is reported. Porosity results of specimens were in the range of
1.5-3.2 %.

3.2. 3.2. Surface characterization

3.2.1. Roughness measurements

The average and standard deviation (Std Dev) on 6 measurements for
each sample, for the various roughness parameters, are reported in Ta-
bles 6 and 7.

Fig. 7 compares the roughness values obtained for samples with the
same chemical composition at different deposition temperatures. Spec-
imens in Al 1CoCrCuFeNi show a decrease in all roughness parameters
with increasing deposition temperature. For other specimens, due to the
experimental scattering, a monotonic relationship between the rough-
ness parameters and the temperature of the deposition process cannot be
stated. An ANOVA analysis was performed to investigate the influence of
deposition temperature and chemical composition on the Ra roughness
parameter.
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Fig. 4. Coating-substrate interfaces and coatings in cross-sectional SEM images: (a-d) Al, CoCrCuFeNi coating, (e-f) MnCoCrCuFeNi.
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Quantitative results
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Fig. 5. SEM analysis: (a) Quantitative analysis of chemical elements of sample with composition of Aly; CoCrCuFeNi, (b) EDX mapping of chemical elements of
sample D.
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Fig. 6. Porosity analysis: SEM BSD binary image of sample I with 5000x magnification.

Table 6 Table 7
Average values of roughness parameters Ra, Rq, and Rt, for all samples. Average values of the roughness parameters Rz. Rp and Ry, for all samples.
Sample  Ra Rq Rt Sample Rz Rp Ry
Average Std dev  Average Stddev  Average Std dev Average Std dev  Average Std dev  Average Std dev
[pm] [pm] [pm] [pm] [pm] [pm] [pm] [pm] [pm] [pum] [pm] [pm]
D 5.912 0.461 7.217 0.560 42.757 2.318 D 28.342 1.344 14.169 1.182 14.173 1.084
E 4.847 0.432 5.868 0.475 31.201 3.296 E 23.059 2.641 12.102 2.028 10.957 1.122
G 5.006 0.850 6.083 0.875 31.669 3.826 G 23.782 2.995 11.934 1.398 11.848 1.732
H 5.860 0.852 7.133 1.064 38.346 9.246 H 27.376 3.224 13.721 1.734 13.655 1.667
I 5.001 0.410 6.248 0.434 37.219 6.565 I 25.109 0.955 13.487 1.597 11.622 1.219
J 6.493 0.578 7.675 0.739 39.350 6.196 J 28.315 2.943 13.913 1.841 14.402 2.064
K 5.732 0.818 6.981 0.927 38.299 8.922 K 27.486 2.284 14.080 2.138 13.406 1.775
M 5.402 0.592 6.566 0.741 34.733 2.571 M 25.519 2.351 12.796 1.039 12.723 1.914
N 5.528 0.336 6.681 0.337 33.543 2.123 N 25.684 1.336 12.839 1.193 12.845 0.994
o 5.698 0.304 6.780 0.392 36.392 6.736 o] 24.942 2.225 12.627 1.562 12.315 1.357
1 0.797 0.440 1.081 0.555 10.221 3.512 1 5.344 2.273 2.026 0.686 3.309 1.586
2 0.641 0.555 0.803 0.663 5.016 3.121 2 3.683 2.732 1.500 1.067 2.183 1.681




R. Sesana et al.

Results in Materials 21 (2024) 100540

1 fin
il E
b &
A §
Pefirs Dol rCu e AinCoCrlsFell
2 ENSCnCrCuFaN| I A ST DTNl
A 2o Ll st AR Co T uFe ki
i [aLith e et S ] 0 A L LG uei
&5 Ti0 B50 f50 il BS50
3 15
25
20 10
15
1o I Dol pa P [ SAn Tl rCuFali
AN, Sl D el AKFLSCoCC uFal|
] K0 oDl eNi Akl LnlriufeN|
8 A CeCrCshall o AN ECoCnluRakl
650 RO &N
]
50 15
&3
[s]
K
L] Pafiry Do i il 5, i SinCoCrCuFali
18 AN STl Care i &R SCacrCureN
A G CrCuFehi ARG 2CaCrlufeki
a A ECarnD uleki a AL 1Ca 0 uFel
BYL i =i S50 TSl ]
Fig. 7. Roughness parameters vs deposition temperature.
Table 8
Coating volume from profile measurements.
Specimen Id Coating volume [mm?]
r
D 1863 F
E 4069
G 3453 1!
H 3549
I 3375 g
J 3584 .
K 3753 3
M 2251 g
N 3057 e
o 3589 ! "
RE R
s
The parameters of Ra, Rq, and Ry are maximum for sample I, while v i o S "
the parameters Rt, Rz and Rp are maximum for sample O. Based on the " f' M o
experimental data obtained, it cannot be concluded that the chemical x-:'v" ¥ at LF
composition of the high entropy alloy influences the roughness of the & & " &

coating.

Fig. 8. Coating volume from profile measurements.
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Table 9
Vickers microhardness measurements for samples D and E.
Interface Substrate Coating
Alp 1CoCrCuFeNi D (650 °C) Average 117,35 106,39 226,60
Std dev 5,92 0,97 3,05
E (750 °C) Average 112,10 84,01 221,52
Std dev 3,59 4,10 7,41
Al »,CoCrCuFeNi G (650 °C) Average 119,48 75,82 229,38
Std dev 15,17 3,62 12,39
H (750 °C) Average 132,47 73,90 239,47
Std dev 8,82 1,41 10,28
1(850 °C) Average 149,77 112,62 248,90
Std dev 10,93 10,70 5,51
Alp 5CoCrCuFeNi J (650 °C) Average 170,03 115,57 318,69
Std dev 14,83 4,96 30,90
K (750 °C) Average 135,82 80,60 318,08
Std dev 10,59 8,19 7,59
MnCoCrCuFeNi M (650 °C) Average 150,23 84,26 268,47
Std dev 7,19 2,22 10,81
N (750 °C) Average 177,36 103,60 314,49
Std dev 6,65 3,38 3,19
0O (850 °C) Average 167,96 78,26 239,82
Std dev 14,26 4,08 2,31
Mg Substrate M1 Average 89,50
Std dev 2,40
M2 Average 76,12
Std dev 3,72

3.2.2. Profile measurements

Results of coating volumes from profile measurements are reported
in Table 8 and Fig. 8.

It results that the deposited volume increases with temperature only
for Alp; and Mg-based HEA, while for the other Al-based HEA no
noticeable influences can be observed.

3.3. Microhardness test

On the lateral surface of the samples, after careful polishing, in-
dentations were made at the interface between substrate and coating, on
the coating at a distance of 100 pm from the interface, and on the sub-
strate at a distance of 100 pm from the interface. A mean value was

Wlls mnlimridmess % wkars J11VALY]

I Wiy Trvimn b bor P
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calculated for each position based on three measurements. An ANOVA
analysis was performed to investigate the influence of deposition tem-
perature and chemical composition on the microhardness parameter.

The microhardness values are shown in Table 9.

According to Table 9, the microhardness of a coating depends
significantly on its chemical composition. As the percentage of
aluminum present increases in the samples (D-K) with chemical
composition AlxCoCrCuFeNi, an increasing trend with microhardness is
evident. Samples of Al0.1CoCrCuFeNi composition (D-E) exhibit the
lowest microhardness, while those of Al0.5CoCrCuFeNi composition (J-
K) exhibit the maximum microhardness. Microhardness values were
measured using the same parameters and procedures for samples 1 and 2
of magnesium substrates. The microhardness profiles obtained experi-
mentally for various coating samples are presented in Figs. 9-12. The
distance from the interface takes on negative values in the substrate
area, while it takes on positive values in the coating area. According to
the plots, the hardness of the coating is significantly higher than that of
the substrate, and the hardness measured at the interface is intermediate
between the two values. This result is due to the “hammering" effect, i.e.
the progressive hardening of the material passing from the substrate to
the coating due to the plastic deformation caused by the very high-speed
impact of the alloy powders.

3.4. ANOVA results

In Fig. 13 the contour plots and surface plots for roughness and
microhardness ANOVA study are reported.

An increase in the hardness of the coating was found as the atomic
percentage of aluminum in the chemical composition increased for the
groups belonging to the AlxCoCrCuFeNi system, in agreement with what
was stated by the studies in the literature. The hardness of the
MnCoCrCuFeNi composition coatings was found to be intermediate
between those of the A10.2CoCrCuFeNi and Al0.5CoCrCuFeNi groups; it
also showed greater sensitivity to the temperature variation of the
deposition process. Also in this case, it was not possible to identify a
tendency for hardness to increase or decrease as the Cold Spray tem-
perature increased, common to all groups of samples of similar

= .

Fig. 9. Microhardness profiles for samples D and E vs distance from the interface.
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Fig. 11. Profiles of microhardness vs distance from the interface for samples J and K.
composition. The samples of composition Al0.2CoCrCuFeNi showed an Statistical analysis of variance (ANOVA), applied using the experi-
increase in hardness as the deposition temperature increased, while mental data, demonstrated that:
those of composition Al0.1CoCrCuFeNi showed a decrease. For the
samples of composition Al0.5CoCrCuFeNi the hardness was approxi- 1) The average roughness of the surface of the coatings of the samples of
mately constant, while for those of composition MnCoCrCuFeNi a non- the AlxCoCrCuFeNi composition group, in as-sprayed conditions, is
monotonic trend was found as the Cold Spray temperature increased, influenced in a statistically significant way both by the atomic per-
with the maximum value for the N sample, deposited at the intermediate centage of aluminum present and by the temperature of the depo-
level temperature (equal to 750 °C). sition process, but not by the interaction of the two factors. The
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Fig. 12. Profiles of microhardness vs distance from the interface for samples M, N, and O.

average roughness decreased as the Cold Spray temperature
increased and increased as the percentage of aluminum increased.
The hardness of the coatings of the samples of the AlxCoCrCuFeNi
composition group, at a distance of 100 pm from the interface, is
influenced in a statistically significant way by the atomic percentage
of aluminum present, but not by the temperature of the Cold Spray
deposition process. In particular, the hardness, as expected,
increased as the percentage of aluminum present increased. The
interaction between the two factors considered did not demonstrate
a significant influence.

2

—

4. Conclusions

Mechanical Alloying and Cold Spray processed Alg1.9.5(Mn)
CoCuCrFeNi HEA coating surface, deposited on Mg substrate, using Ny
as the process gas with three different gas temperatures, was charac-
terized in microstructure, roughness, and hardness properties.

Based on the results obtained in this research, the following con-
clusions can be drawn.

Mechanical Alloying caused plastic deformation and fracture of A2
and B2 harder particles. Relatively soft and ductile A1 phase and Cu-rich
region particles were coarser and globular in shape. Some separate Cu-
rich regions were also observed apart from Al particles. Mn-HEA pow-
der showed a different trend with finer particle sizes due to the more
brittle nature of the powder and acicular shape. SEM surface
morphology of the Alj;CoCuCrFeNi powder milled for 5.5 h shows fine
to moderate size A2/B2 particles. Moreover, coarser particles for both
Al and Cu-reach regions and very fine surface CryOs particles were
observed with light microscopy (LM) and powder size distribution (PSD)
study. It was also observed that, during MA, there was a loose structure
with lots of gaps, cracks, plastic deformation signs, and small particles
adhering to the particle surface. Particle surfaces were also rough due to
heavy plastic deformation, cold welding, and fracture mechanisms
induced by MA processing. The elemental powder size chosen during
MA was influenced by metallic elements’ hardness and ductility as, in
the Alp1CoCuCrFeNi HEA system, they exhibit high plasticity and go
through plastic deformation, cold welding, and fracture processes. All

11

the coatings showed good bonding with their substrates, free of pores
and cracks, mechanical interlocking was observed along the coating-
substrate interface and some particles penetrated the substrate and
were tightly bound by the material, resulting in the coating’s high
adhesion strength. The coatings show a dense microstructure with only a
few pores. Porosity results of specimens were in the range 1.5-3.2 %.
Specimens in Aly;CoCrCuFeNi show a decrease in all roughness pa-
rameters with increasing deposition temperature. For other specimens, a
monotonic relationship between the roughness parameters and the
temperature of the deposition process cannot be stated. Based on the
experimental data obtained, it cannot be concluded that the chemical
composition of the high entropy alloy influences the roughness of the
coating. The deposited volume increases with temperature only for Alj ;
and Mg-based HEA, while for the other Al-based HEA no noticeable
influences can be observed. The microhardness of a coating depends
significantly on its chemical composition. As the percentage of
aluminum increases in the samples an increasing trend with micro-
hardness is evident. The hardness of the coating is significantly higher
than that of the substrate, and the hardness measured at the interface is
intermediate between the two values.
Results are confirmed by ANOVA analysis.
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Appendix. hardness measurements (Vickers)

Specimen Interface Substrate Coating

D - 650° Meas 1 120,65 107,24 230,1
Meas 2 120,89 105,34 224,51
Meas 3 115,23 104,30 221,12
Meas 4 117,41 106,70 221,19
Meas 5 110,52 106,60 225,18
Mean 116,94 106,04 224,42

(continued on next page)
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(continued)
Specimen Interface Substrate Coating
Std dev 4,29 1,19 3,68
Specimen interface substrate coating
E — 750° Meas 1 109,55 88,46 218,59
Meas 2 110,54 83,18 229,95
Meas 3 112,14 87,54 220,68
Meas 4 111,34 82,43 212,44
Meas 5 116,21 80,39 216,03
Mean 111,96 84,40 219,54
Std dev 2,56 3,46 6,58
G - 650° Meas 1 119,43 79,37 224,78
Meas 2 134,67 75,94 243,41
Meas 3 124,87 76,45 234,56
Meas 4 115,93 77,23 228,45
Meas 5 104,33 72,14 219,94
Mean 119,85 76,23 230,23
Std dev 11,19 2,63 9,10
H - 750° Meas 1 141,96 74,20 250,47
Meas 2 130,92 72,36 230,11
Meas 3 136,60 70,51 245,2
Meas 4 129,43 73,94 240,07
Meas 5 124,52 75,13 237,84
Mean 132,69 73,23 240,74
Std dev 6,74 1,82 7,69
1-850° Meas 1 155,20 123,78 254,19
Meas 2 137,18 102,45 243,2
Meas 3 152,50 116,52 250,89
Meas 4 145,98 112,64 251,31
Meas 5 156,92 111,62 249,31
Mean 149,56 113,40 249,78
Std dev 8,07 7,76 4,08
J - 650° Meas 1 152,90 116,37 344,76
Meas 2 178,68 110,26 275,28
Meas 3 161,99 112,45 320,98
Meas 4 170,45 115,90 300,87
Meas 5 178,50 120,08 336,02
Mean 168,50 115,01 315,58
Std dev 11,10 3,79 28,01
K- 750° Meas 1 128,53 89,09 324,12
Meas 2 130,96 79,97 320,57
Meas 3 135,88 80,56 315,67
Meas 4 132,49 78,97 322,45
Meas 5 147,97 72,75 309,56
Mean 135,17 80,27 318,47
Std dev 7,64 5,84 5,90
M - 650° Meas 1 155,50 82,70 259,91
Meas 2 153,14 86,80 280,61
Meas 3 148,53 85,60 278,91
Meas 4 150,96 86,78 262,56
Meas 5 142,04 83,27 264,88
Mean 150,03 85,03 269,37
Std dev 5,16 1,94 9,66
N - 750° Meas 1 178,59 99,70 314,3
Meas 2 183,31 105,76 317,77
Meas 3 175,60 103,47 318,92
Meas 4 172,42 100,96 315,64
Meas 5 170,18 105,33 311,39
Mean 176,02 103,04 315,60
Std dev 5,17 2,66 2,96
O - 850° Meas 1 152,63 73,62 240,36
Meas 2 170,42 81,31 237,29
Meas 3 164,78 79,23 241,46
Meas 4 175,62 75,44 238,88
Meas 5 180,83 79,84 241,82
Mean 168,86 77,89 239,96
Std dev 10,86 3,22 1,88
Specimen
Mg substrate M1 Meas 1 91,40
Meas 2 86,80
Meas 3 89,21
Meas 4 88,48
Meas 5 90,30
Mean 89,24
Std dev 1,76
Mg substrate M2 Meas 1 79,29
Meas 2 77,04
Meas 3 74,82
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(continued)
Meas 4 78,13
Meas 5 72,03
Mean 76,26
Std dev 2,88
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