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This study investigates the structure and properties of Al-Co-Cr-Fe-Ni high-entropy alloy (HEA) based coatings on
steel substrates produced by non-vacuum electron beam cladding. Powder mixtures with Al molar ratios of 0.5, 1,
and 1.5 were used for cladding, resulting in coatings with fcc, bee + fee, and bec structures, respectively. The Fe
content, which entered the coating from the substrate during cladding, increased from 9.9 up to 48.1 at. % with
the decrease of the Al molar fraction from 1.5 to 0.5. In-situ synchrotron X-ray diffraction analysis showed that
this effect can be attributed to the higher solidus temperatures of the compositions with higher Al content.
Electron backscatter diffraction showed that differences in grain morphology and crystallographic texture were
related to the crystallization temperatures in different zones of the coatings. The bcc coating with an Al molar
ratio of 1.5 demonstrated superior hardness and wear resistance. Fcc coating, which received more Fe from the
substrate, had lower hardness and was prone to plastic flow. However, the specific wear rate of the fcc coating

was close to that of the bcc + fcc one due to the hardening of the fcc phase during sliding wear.

1. Introduction

The concept of alloys consisting of multiple major elements, also
known as high entropy alloys (HEAs), was introduced by Yeh in 2004
[1]. Since then, HEAs, specifically those of the Al-Co-Cr-Fe-Ni system,
have garnered significant attention from the scientific community and
have become one of the most intensively developed topics in materials
science [1-5]. Al-Co-Cr-Fe-Ni-based HEAs alloys exhibit a unique com-
bination of properties, including high hardness, strength, and ductility
[6-12]. Furthermore, these alloys possess excellent wear resistance at
both room and elevated temperatures [8,11,13,14], as well as high
oxidation [6,10] and corrosion resistance [7,9]. These properties make
Al-Co-Cr-Fe-Ni HEAs promising candidates for replacing NiAl-based
intermetallic coatings, which are widely used as heat- and wear-
resistant materials but have high brittleness at room temperature.

Currently, Al-Co-Cr-Fe-Ni-based coatings are often produced by arc
or laser surfacing and plasma spraying [8,9,19,20,10,11,13-18]. These
methods typically require a vacuum or a protective gas environment,
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increasing the complexity and cost. In this study, Al-Co-Cr-Fe-Ni coat-
ings were produced using a non-vacuum electron beam cladding tech-
nique. This technique, known for its high performance, utilizes a high
initial electron energy (1.4-2.4 MeV) to achieve coatings up to 2 mm
thick in a single pass. However, there are only a few publications on
obtaining HEA-based coatings using this method [6,21-23]. For today,
electron-beam technologies are increasingly being used for 3D printing
of products made of HEAs [24,25], or can be applied to change the
structure and properties of the surface layers of bulk HEAs [26]. But, for
such applications, the process takes place in vacuum chambers with
lower energy levels compared to the technique demonstrated in this
study.

The fabrication of the Al-Co-Cr-Fe-Ni coatings by non-vacuum elec-
tron beam cladding on steel typically implies that Fe is transferred into
the coating from the substrate, which eliminates the need to add Fe to
the initial powder mixture. This approach was previously successfully
tested for the formation of HEA coatings in our previous studies [6,27].

The phase composition of the Al-Co-Cr-Fe-Ni coatings significantly
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depends on the molar ratio of the components, with Al acting as the
strongest stabilizer of the bcc phase. Variations in Al content signifi-
cantly affect the phase composition, structure, and properties of the
alloys in this system [28-33]. Taking this into account, it is hypothesized
that the Al content during non-vacuum electron beam cladding of Al-Co-
Cr-Fe-Ni HEAs on steel substrates could impact the transfer of Fe from
the substrate to the cladded layer, ultimately affecting the formation
process of coatings. While this hypothesis may not be immediately
apparent, this study will demonstrate that such an effect does indeed
exist and has a significant impact on the structure and properties of
coatings. Currently, there is a lack of research in the scientific literature
addressing this specific issue.

The aim of this study was to investigate the effect of Al content on the
structure, phase composition, and mechanical properties of Al-Co-Cr-Fe-
Ni coatings obtained by non-vacuum electron beam cladding of Al, Co,
Cr, and Ni powders on steel substrates.

2. Materials and methods
2.1. Production of coatings

Experiments on non-vacuum electron-beam cladding were per-
formed at the UNU Stand ELV-6 industrial electron accelerator facility
(BINP SB RAS, Novosibirsk). This facility offers a high initial energy of
electrons ranging from 1.4 to 2.4 MeV, which provides deep penetration
of the electron beam in solid materials, allowing for the cladding of layer
thicknesses ranging from 0.5 to 2 mm in a single pass. The electron beam
passes through a multi-chamber vacuum system and is injected into a
regular air atmosphere. This unique feature significantly simplifies the
cladding process and reduces manufacturing costs.

The diameter of the beam at the outlet of the electron accelerator was
initially 1 mm. The distance from the outlet to the sample was 90 mm. As
the beam traveled through this distance, it scattered in the air atmo-
sphere, increasing its diameter to 12 mm. During cladding, the table
with the sample moved under the beam at a constant speed, while an
electromagnetic scanning system deflected the electron beam in the
transverse direction at a frequency of 50 Hz to increase the width of the
processed area. In this study, the beam was deflected from the vertical
axis by an angle of +£21°, allowing the processing of 50-mm-wide sam-
ples in a single pass. A detailed description of the ELV-6 accelerator and
the results of typical experiments are provided elsewhere [6,21].

The cladding parameters shown in Table 1 were selected based on
preliminary experiments. These parameters ensured the formation of
smooth, uniform coatings for all compositions of the powder mixtures
used in this study.

Three different powder mixtures, each containing a different amount
of Al, were used for the cladding:

— composition with equal molar ratios of Al, Co, Cr, and Ni;

— composition with an Al molar ratio of 0.5 and Co, Cr, and Ni molar
ratios of 1;

— composition with an Al molar ratio of 1.5 and Co, Cr, and Ni molar
ratios of 1.

Commercially pure Co and Cr powders and intermetallic NiAl

Table 1
Parameters of non-vacuum electron beam cladding.
Mass of Mass Current, Table velocity, Mass of Energy
metal of flux  mA (mm/s) powder density
powders*, *,(8) mixture kJ/
(8 (metal + cm?)
flux) per unit
area (g/cm?)
15.75 7.2 25 15 0.45 4.67

* Mass distributed over the entire area of the substrate 100 x 50 mm?2.
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powder were used to prepare the powder mixtures. Low-carbon steel
(0.2 wt% C, 0.25 wt% Cr, 0.28 wt% Si, 0.55 wt% Mn) plates with di-
mensions of 100 x 50 x 20 mm? were used for the substrates. One may
notice that Fe was not included in the powder mixture. During electron
beam cladding, the substrate material will inevitably enter the coating
when the surface layer of the steel substrate is melted and mixed with
the molten powders. Besides, HEAs don’t require much Fe in their
compositions, thus, the better way is to receive it from the substrate
without adding to the powder mixture. If needed, the amount of Fe can
be varied by varying the energy density of the electron beam. To prepare
the composition with a molar ratio of Al = 1.5, pure Al powder was
added to the powder mixture. To obtain a composition with a molar
ratio of Al = 0.5, the amount of other powders in the mixture was
increased accordingly.

Flux was added to the powder mixture to dissolve oxide films and
protect the melt pool from oxidation. The content of flux was 32 wt% of
the total mass of the powder mixture. Because of its low density, the flux
floated up when melted and solidified on the coating surface as a slag
crust, which was easily removed mechanically. Based on the recom-
mendations presented in [34], a mixture of 50 wt% CayF and 50 wt% LiF
powders was selected as the flux material. According to [34], the
working temperature range of the flux should be within the melting and
boiling points of the most easily melting component. CasF (melting
temperature 2527 °C) provides an effective dissolution of oxide films on
steel substrates. Additions of LiF due to its low melting temperature
(849 °C) helps prevent the spitting of melted Al in compositions that
contain Al powder.

2.2. Characterization methods

The structure of the samples was studied in a cross-section. The
samples were cut using a Struers Discotom-65 disk cutting machine and
ground using abrasive papers ranging from P300 to P2500. Subse-
quently, they were polished using diamond (particle size of 9-1 pm),
aluminum oxide (particle size of 0.3 pm) and silica (particle size of 0.05
pm) suspensions. A solution consisting of 25 % nitric acid, 25 % hy-
drofluoric acid, and 50 % water was used for etching. The microstruc-
ture was characterized using a Carl Zeiss Axio Observer Z1m light
microscope (LM) and a Carl Zeiss EVO 50 XVP scanning electron mi-
croscope (SEM) equipped with an Oxford Instruments X-Act energy
dispersive X-ray (EDX) spectrometer. EDX analysis was used to measure
the average content of elements in the samples and the local composi-
tion of transition zones at the “coating-substrate” interface and in the
local points of the coating. Average composition was found by 5 mea-
surements in rectangular regions with an area of ~0.5 mm? each. The
composition of local zones was measured in 5 points for each charac-
teristic zone of the coating. The measurement errors were calculated
using a confidence interval with a statistical significance level of 0.05.
The grain structure after etching was studied using a Carl Zeiss Sigma
300 SEM with an Inlens Duo detector.

Electron backscatter diffraction (EBSD) analysis was performed
using a Carl Zeiss Sigma 300 microscope equipped with an Oxford In-
struments HKL Channel 5 detector. Specimens for EBSD analysis were
prepared by mechanical grinding using sandpaper, followed by polish-
ing using diamond suspensions of 9, 6, 3 and 1 pm, and 0.3 um silica
suspension. The final preparation step was 1.5 h of polishing with a QPol
Vibro vibratory polisher (SAPHIR VIBRO) using a 0.05 pm colloidal
silica suspension.

The phase composition of the samples was found by synchrotron X-
ray diffraction (SXRD). Experiments using synchrotron radiation were
carried out at 8-A beamline of the VEPP-4 source at the Shared Use
Center SCST (BINP SB RAS, Novosibirsk). The 0.5-mm-thick samples
were cut from the cladded layer by wire discharge machining and
examined in transmission mode. The photon energy was 69.5 keV,
which corresponded to a wavelength of 0.1783 A. The beam size was
200 x 200 um?, the distance from the sample to the detector was 473.8
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mm. Diffraction patterns were recorded using a Mar345 detector (res-
olution 3500 x 3500 pixels, pixel size 100 x 100 um?) with an exposure
time of 2 min per pattern. Two-dimensional diffraction rings were
azimuthally integrated, and analyzed as typical “Intensity — Scattered
angle 20” powder diffraction patterns.

In-situ high-temperature SXRD studies were performed to estimate
the temperature of liquid phase formation during heating. A halo
appeared in annular diffraction patterns when the liquid phase appeared
during heating. For this experiment, the radiation energy was 49,87 keV,
the wavelength was 0.2480 f\, the beam size was 200 x 200 pmz, the
distance from the sample to the detector was 286.65 mm. Diffraction
patterns were recorded by a Mar345 detector with an exposure time of 2
min. The size of the specimens was 5 x 5 mm?, and the thickness was
0.5 mm. The experiment was carried out in an argon atmosphere.
Heating was performed using an ytterbium fiber laser with a maximum
power of 527 W. The temperature of the sample was measured using a
thermal imaging camera. The accuracy of the temperature estimation
was + 25 °C. The obtained annular diffraction patterns were azimuth-
ally integrated, and the “Temperature — Scattered angle 20" intensity
maps were built. The scheme of the experiment and a typical two-
dimensional diffraction pattern showing the appearance of a halo
above the solidus temperature are shown in Fig. 1.

Vickers microhardness was measured using a Wolpert Group
402MVD instrument. The measurements were carried out in a cross-
section in the direction from the top of the cladding layer toward the
substrate. The load on the indenter was 0.98 N. The distance between
the indentations was 100 pm.

Dry sliding wear tests with reciprocating motion were performed
using a universal friction machine Bruker Nano GmbH UMT-2 at room
temperature using a “ball-plane” scheme with a non-rotating ball. WC
balls of 6.35 mm in diameter were used as a counterbody. Before the
tests, the surface of the coatings was prepared according to a traditional
sample preparation technique, including grinding on abrasive paper and
diamond suspensions and polishing to a mirror finish using a colloidal
silica suspension. The tests were carried out in the following modes:
movement length was 5 mm, movement frequency was 5 Hz; load
applied on the counterbody was 25 N; and the total sliding distance was
100 m. The wear surface was examined using a Carl Zeiss EVO 50 XVP
scanning electron microscope. The volume of the worn material was
determined using a Bruker Nano GmbH Contour GT-K1 optical
profilometer.

3. Results and discussion
3.1. Microstructure of the coatings

3.1.1. Elemental composition and phase constitution of the coatings
Table 2 lists the elemental compositions of the initial powder

Laser
beam

v\ Halo
Synchrotron beam Specimen

Diffraction pattern
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mixtures before cladding, the average element composition of the
samples after the cladding, and the corresponding molar ratios of the
elements in the coatings. For convenience, the samples will be desig-
nated hereafter according to the stoichiometric ratio of the elements
measured after the cladding.

The thickness of the coatings varied with the amount of Al. The
coatings with a molar ratio of Al = 1 and 1.5 were ~600 pm thick, and
the coatings with a molar ratio of Al = 0.5 were ~900 pm thick. EDX
analysis showed that the molar ratio of Al, Co, Cr, and Ni in the cladded
layers approximately corresponded to the initial ratio of these elements
in the powder mixtures; however, the amount of Fe entered from the
substrate differed significantly. AlCoCrFeg¢Ni sample, which was pro-
duced with an equal molar ratio of elements in the initial powder
mixture, contained approximately 12.8 at. % Fe. In coatings with an
excess of Al (Al; 5CoCrFe sNi), the Fe concentration was slightly lower
at around 9.9 at. %, and in coatings with a lack of Al in a powder mixture
(Alp.5sCoCrFes oNi), the Fe content significantly increased to 48.1 at. %.

A small amount of carbon, as well as Cr, Mn and Si (i.e. the alloying
elements of the low carbon steel, which was used for the substrates),
entered the coating during the process of cladding. EDX analysis didn’t
reveal any amount of Mn in the main part of the AlCoCrFeg¢Ni and
Al; 5CoCrFeq 5Ni samples, 0.6 at. % of Si was detected in the AlCoCr-
FeoeNi sample, and 0.5 at. % of Si in the Al; 5CoCrFesNi sample. In
Alg 5CoCrFes oNi sample, Si content was 0.7 at. % and Mn content was
0.2 at. %. The amount of carbon can’t be estimated quantitatively by
EDX analysis, but it was also detected in a very small amount in the
interdendritic regions of the samples AlCoCrFeygNi and Al; sCoCr-
FeosNi, and in the FCC phase of the AlysCoCrFesoNi sample. As the
amount of C, Si and Mn was very small, it didn’t influence the phase
constitution, structure, and properties of the alloys. The amount and
distribution of alloying elements entering the coating from the low-
carbon steel substrate were also evaluated more precisely in our previ-
ous publications devoted to cladding of NiAl-based alloys [23] and
annealing of AlCoCrFeNi HEAs [27].

SXRD analysis showed that the sample with an equiatomic ratio of
the initial components in the powder mixture (AlCoCrFe( ¢Ni) consisted
of bce and fce phases. The Al; 5CoCrFepsNi sample predominantly
contained the becc phase (Fig. 2a); however, upon a more precise anal-
ysis, faint fcc phase reflections were also noticed (Fig. 2b and c). Thus, it
can be concluded that a very small volume fraction of the fcc phase was
present in this sample. The becc phase displayed additional superstruc-
tural reflections, suggesting the formation of an ordered B2 structure.
The formation of disordered A2 + ordered B2 structures is a common
fact for Al-Co-Cr-Fe-Ni-based HEAs [28,30,32,35]. The Alg sCoCrFes oNi
sample obtained with an Al deficiency in the powder mixture was found
to consist of a single fcc phase.

The tendency of HEAs to form bcc or fec structures depends on the
valence electron concentration (VEC). Research by Guo et al. [36]

Halo

Fig. 1. The scheme of the experiment (a), and an annular diffraction pattern with a halo, obtained when heating the sample above the solidus temperature (b).
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Table 2
The composition of the powder mixtures used for the cladding and the average elemental composition of the samples after the cladding measured by EDX analysis.
Molar ratio of Al relative to other Nominal composition of the Composition of the cladded layer Stoichiometric
elements powder mixture before cladding composition
- ) (Sample designation)
Al Co Cr Ni Al Co Cr Fe Ni
at. % at.% at.% at.% at. % at. % at. % at. % at. %
1 25 25 25 25 21.1 + 22.0 £ 221 + 12.8 + 22.0 £ AlCoCrFeg ¢Ni
1.2 0.5 1.1 0.6 0.5
1.5 33.3 22.2 22.2 22.2 29.2 + 20.3 + 20.4 + 9.9 +£0.7 20.2 + Al; 5CoCrFeq sNi
1.5 0.4 1.3 0.5
0.5 14.2 28.6 28.6 28.6 7.0 £0.7 151 + 15.0 + 48.1 + 14.8 + Aly 5CoCrFes 5Ni
0.5 0.8 2.2 0.4
a 45 ¥ b Al, .CoCrFe, Ni (BCC)
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Fig. 2. SXRD patterns of the Al-Co-Cr-Fe-Ni coatings produced by non-vacuum electron beam cladding.

showed that alloys with VEC > 8.0 tend to adopt an fcc structure, a bce
structure is formed when VEC < 6.87, and for intermediate VEC values
ranging from 6.87 to 8, two-phase bcc + fcc alloys should exist. Different
studies may slightly vary on the exact VEC values for single-phase bcc
and fcc regions, but the overall trend remains consistent. For instance,
according to Tian et al. [37], the regions of single bcc and fcc phases
formation correspond to VEC < 7.04 and VEC > 7.57, respectively. In
the Al-Co-Cr-Fe-Ni system, Al has the lowest VEC value at 3 electrons per
atom, making it the strongest stabilizer of the bcc phase. As a result, in
Al-Co-Cr-Fe-Ni HEAs, Al has the greatest effect on the value of VEC.
The VEC values calculated from the EDX data in this study are
summarized in Table 3. The phase constitution of the samples agrees
with the criterion described above. Specifically, AlysCoCrFegoNi sam-
ple exhibited the highest VEC value of 7.80, resulting in the formation of
an fcc phase. The sample Al; 5CoCrFe sNi with the lowest VEC value of
6.74 predominantly consisted of a bcc phase. AlCoCrFeg¢Ni sample,
with an intermediate VEC value of 7.16 possessed a two-phase bcc + fcc

Table 3
VEC values calculated for the samples.

Sample Phase composition of the coatings VEC (electrons per
atom)
Alg sCoCrFes oNi fce 7.80
AlCoCrFeg gNi bee + fee 7.16
Al; 5CoCrFepsNi  Predominantly bec + small amount of ~ 6.74
fee

structure. It is important to note that most literature sources report VEC
values corresponding to the equilibrium state of the alloys, whereas the
coatings in this work crystallized under conditions of rapid heat removal
toward the substrate. Therefore, quantitative correlations between
phase composition and VEC values should be interpreted with caution.

The different Fe content in the samples can be explained as follows.
When cladding, before Fe started to transfer into the just-melted
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coatings, their composition corresponded to the nominal ratios
Al 5CoCrNi, AlCoCrNi, and Al; sCoCrNi. As mentioned above, as the
amount of Al in the alloy increases, the likelihood of forming a bec phase
also increases, whereas the likelihood of forming an fcc phase decreases.
The data of Saha et al. [38] indicate that the Aly5CoCrNi alloy has a
liquidus temperature of ~1380 °C and regularly crystallizes in the fcc
phase. Phase diagrams proposed by G. Zhang et al. [39] and Ostrowska
et al. [40] suggested that the AlCoCrNi alloy has a bcc crystal lattice and
a higher liquidus temperature of approximately 1465 °C. Information on
melting temperatures for the Al; sCoCrNi alloy was not found in the
literature. Nevertheless, as can be seen from the calculated phase dia-
grams of most systems, such as Al-Fe-Ni, Al-Co-Ni, Al-Cr-Ni [41-44], Al-
Co-Cr-Fe-Ni [25,39,40,45,46], the melting temperature of the Al-rich
bcc B2 phase is usually 150-300 °C higher than that of the Al-
depleted disordered fcc phase. This temperature range can vary
depending on the elemental composition and stoichiometry.

For this reason, when cooling down the Al-rich liquid alloys, which
are prone to the formation of bec B2 structure, crystallization begins at
higher temperatures (about 1500-1600 °C) compared with Al-depleted
compositions. Therefore, other things being equal, Al-rich samples
spend less time in the molten state and don’t have enough time to
dissolve a large amount of Fe from the substrate. Conversely, if there is a
lack of Al, the coating remains in the liquid state longer, and a significant
amount of Fe from the steel substrate has time to transfer into the
coating.

Fe, which is introduced into the coatings from the substrate, can also
impact the crystallization temperature of the samples. According to the
literature data, AlICoCrFe4Ni alloys with a lower Fe concentration have a
larger volume fraction of the bec phase and higher melting tempera-
tures. For instance, according to the calculated AlCoCrFeyNi phase

Temperature, °C

2.5 5.0 7.5 10.0
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diagrams presented by G. Zhang et al. [39] and Ostrowska et al. [40],
when the molar fraction of Fe decreases from 1 to 0, the melting tem-
perature of the alloy increases from the range of 1350-1400 °C to
1440-1465 °C. According to the calculations given in [39], in AlCoCr-
Fe,Ni alloys x = 3, the melting point notably lower at around 1330 °C.

The effect of changing the concentration of two elements simulta-
neously (Al and Fe) on the melting temperature of HEAs is difficult to
assess without experimental studies. To address this issue, phase trans-
formations in the coatings near solid-liquid phase transition tempera-
tures were studied using in-situ SXRD analysis Furthermore, EBSD
analysis was performed to better understand the process of coating
crystallization. The results of these studies are detailed in the subsequent
sections.

3.1.2. SXRD analysis of coatings during heating

A visual representation of phase transformations during heating for
each sample is shown in the colored map (Fig. 3). Each point of this map
represents the intensity of the scattered X-ray radiation at the corre-
sponding 26 angle during heating. The data obtained were compared
with the results of calculations previously published by other re-
searchers (Table 4), [25,39,40,45-48]. It should be considered that the
samples analyzed in this study may vary slightly in composition
compared with the samples studied by other researchers. However, a
joint analysis of theoretical and experimental data allows understanding
how phase transition temperatures shift with variations in Al and Fe
content. Let us now delve into the results obtained for each of the three
samples individually.

3.1.2.1. AlCoCrFeyNi sample. When heating the AlCoCrFeggNi sam-
ple, the formation and dissolution of the c-phase were observed in the

Scattering angle 26, degrees

Temperature, °C

2.5 5.0 1.5 10.0

Scattering angle 26, degrees
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10.0
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Fig. 3. Heating maps of AlCoCrFe ¢Ni (a), Al; sCoCrFeq sNi (b), and Aly sCoCrFes 5Ni (c) samples obtained by SXRD. White circles are used to mark the diffraction

maxima at the corresponding phases.
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Table 4

Applied Surface Science 665 (2024) 160367

The solidus and liquidus temperatures for the AICoCrFeg ¢Ni, Aly sCoCrFes »Ni, and Alg sCoCrFes »Ni samples estimated in this work by SXRD, and the data for alloys

with similar compositions obtained by other researchers.

Composition Approximate solidus temperature, °C Approximate liquidus temperature, °C Method Reference
AlCoCrFe( gNi 1275 above 1375 SXRD This work
Al 5CoCrFeq sNi 1425 above 1500
Alp sCoCrFes oNi 1200 above 1250
Alp 5CoCrNi 1350 1380 Thermodynamic calculations [38]
AlCoCrNi 1340 1440 [39]

1315 1465 [40]
AlCoCrFe ¢Ni 1280 1380 Thermodynamic calculations [39]

1315 1210 [46]

1250 1430 [40]
Al; sCrCoFeNi 1430 1470 Thermodynamic calculations + DSC [45]

1420 1500 Thermodynamic calculations [40]

1320 1460 [25]

1180 1390 [46]
AlCoCrFe3Ni 1290 1330 Thermodynamic calculations [39]

temperature range of 750-1025 °C (Fig. 3a). Furthermore, the intensity
of the fcc reflections increased in this sample in the temperature range of
900-1275 °C. These structural changes during heating occurred due to
the fact that the coating material after cladding was rapidly cooled,
leading to its crystallization in a highly nonequilibrium state. The pre-
cipitation of the 6-phase upon heating in bcc + fce Al-Co-Cr-Fe-Ni alloys
usually occurs up to 1000 °C [39,40]. The appearance of the fcc phase in
bee Al-Co-Cr-Fe-Ni HEAs is often observed during the annealing of
samples produced under nonequilibrium conditions, for instance, by gas
atomization [42,49,50] or mechanical activation [31].

The heating of the alloy above the solidus temperature and the for-
mation of a liquid phase can be detected through the appearance of a
halo in the diffraction patterns. In AlCoCrFe(¢Ni sample, which pre-
dominantly consisted of the bcc phase and a certain amount of the fcc
phase, the first signs of melting became noticeable at 1275 °C. At this
temperature, the intensity of fcc significantly decreased, indicating its
melting (Fig. 3a). The volume fraction of fcc inclusions in the bee matrix
of the AlCoCrFe( ¢Ni sample wasn’t large, therefore, when the fcc phase
melted, no noticeable blurring of reflections or halo were observed. A
bright halo appeared when the temperature reached 1300 °C, which
indicated the melting of a significant portion of this sample. Apparently,
the melting of bcc A2 phase began at this temperature. Y. Zhang et al.
[46] and G. Zhang et al. [39] found that the bcc A2 phase becomes liquid
at temperatures approximately 40-60 °C higher than the melting point
of the fcc phase. It should be noted that there are very few publications
on the phase diagrams of AICoCrFe,Ni alloys, and the existing publica-
tions show discrepancies. Moreover, the authors of this study were un-
able to find in the literature any experimental data on the solidus and
liquidus temperatures of AlICoCrFeyNi alloys, such as data from differ-
ential scanning calorimetry. As a result, it is challenging to speculate
which of the known versions of the existing AlCoCrFexNi phase diagram
is more accurate and suitable for comparison with our experiment.
Therefore, we have chosen to compare our results with various existing
literature data. According to the phase diagram reported in [39], the
melting temperatures of the fcc and bec A2 phases are approximately
1280 and 1310 °C, respectively, whereas in [46], these temperatures are
around 1210 and 1270 °C. In contrast, the diagram calculated in [40]
predicts a different order of phase melting, with the bcc A2 phase
turning into a liquid state at ~1250 °C followed by fcc melting at
~1310 °C. The temperatures and melting sequences of the fcc and bec
A2 phases observed experimentally in the present study are close to the
data reported in [46] and [39].

During heating, weak reflections of the (Ni,Co)Fe;04 and Al;03 ox-
ides were also observed in the diffraction patterns. Apparently, a small
amount of these compounds was formed on the surface of the specimens
as they were subjected to high temperatures during the in-situ SXRD
experiment. Thin films containing (Ni,Co)Fe>O4 and Al;O3 phases are
usually formed on Al-Co-Cr-Fe-Ni HEAs during high-temperature

oxidation [27,51-56].

3.1.2.2. Al; 5CoCrFeg sNi sample. At room temperature, the reflections
of the fcc phase were poorly visible in the diffraction pattern of the
Al; 5CoCrFeq sNi sample, but their intensity increased significantly in
the temperature range from 775 to 1100 °C (Fig. 3b). With further
heating, the fcc phase in the Al; 5CoCrFepsNi coating gradually
decomposed and almost completely disappeared at 1375 °C.

The sample began to melt at 1425 °C (Fig. 3b). This approximately
corresponds to the solidus temperature of the Al; 5sCrCoFeNi alloy ac-
cording to the calculations carried out by Stryzhyboroda et al. [45] and
Ostrowska et al. [40] and is around 100 °C higher than the data reported
by Kuwabara et al. [25]. The SXRD data in Fig. 3b indicated that even
when the temperature was increased up to 1500 °C, the liquidus tem-
perature of the Al; sCoCrFe( sNi sample hadn’t yet been reached. Usu-
ally, at this temperature, only the B2 bcc phase remains in the crystalline
state in AlCoCrFeNi-based alloys because of its high melting point. Ac-
cording to [25,40,45], the compound Al; sCrCoFeNi completely trans-
forms into a liquid state in a range of 1460-1500 °C. A possible reason
why the Al; 5CoCrFe( sNi sample didn’t melt at 1500 °C might be the
low Fe content. According to the calculated data of other researchers,
the lack of Fe in Al,CrCoFeNi alloys [39,40,46] and the excess of Al in
the Al,CrCoFeNi alloys [25,40,45] lead to a higher volume fraction of
the B2 bee phase and contribute to raising the melting point of the alloys.

3.1.2.3. Alp5CoCrFesoNi sample. The onset of melting in the
Alp 5CoCrFes oNi sample was observed at 1200 °C, as indicated by the
formation of a halo and a sharp decrease in the intensity of nearly all fcc
reflections (Fig. 3c). According to the AlICoCrFesNi phase diagram re-
ported by G. Zhang et al. [39], the solidus temperature of the alloy with
x = 3 is approximately 1290 °C. The solidus temperature for the
Al 5CoCrFes oNi sample observed in this study is lower than that
calculated in [39] for close stoichiometry AlCoCrFe3Ni. However, due to
the lower Al content in AlysCoCrFes 2Ni, the solidus temperature may
differ. Considering the effect of Fe, the solidus temperature 1350 °C of
the composition Alg 5CoCrNi calculated in [38] was ~150 °C lower than
that for AlysCoCrFesoNi. This suggests that the gradual transfer of Fe
during cooling of the coating led to a gradual reduction of the solidus
temperature, and finally the alloy crystallized when 48.1 at.% of Fe
dissolved in the cladded layer during this process.

Thus, SXRD analysis revealed that the AICoCrFe( ¢Ni sample was in a
liquid state in the temperature range 1275-1375 °C, the Al; 5CoCr-
FeogsNi sample — in the range 1425-1500 °C, and AljsCoCrFeg oNi
sample — in the range 1200-1250 °C. The data obtained showed that the
temperatures of liquid phase formation in the Al sCoCrFesoNi sample
were the lowest. Although the design of the experiment didn’t allow the
recording of diffraction patterns at temperatures as close as possible to
the liquidus temperature, and the accuracy of temperature estimation
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(£25 °C) didn’t allow the determination of the phase transitions tem-
peratures with an accuracy of a degree, the data obtained were sufficient
for a relative assessment of the difference in melting temperatures and
for confirmation of the hypothesis explaining the difference in Fe con-
tent in the cladded samples.

3.1.3. Microstructure of the coatings

The two-phase bce + fecc AlCoCrFep¢Ni sample had a dendritic
structure, which is typical for crystallization from a liquid state. The
body of the dendrites was a bec phase, and the fcc phase was predom-
inantly distributed in the interdendritic space, having the shape of
discontinuous thin layers less than 2 pm thick (Fig. 4a—c).

The results of local EDX analysis of the dendritic and interdendritic
areas presented in Table 5 showed that the bce phase was enriched in Al
and Ni, and the fcc phase was enriched in Fe and Cr (Fig. 4b). Co was
distributed fairly evenly throughout the sample. Other elements were
noticeably segregated inside the bcc grains. In the center of the dendritic
crystals, the concentrations of Al and Ni were higher, while regions with
increased Fe and Cr concentrations were located closer to the fcc zones.
Etching of the AlCoCrFe( ¢Ni sample revealed the segregation of the bcc
phase with the precipitation of a nanosized mixture of A2 and B2
structures (Fig. 4d-f), which often appears in AlCoCrFeNi HEAs as a
result of spinodal decomposition [28,30]. In the center of the dendritic
branches, fine spherical nanoprecipitates approximately 50 nm in size
were formed (Fig. 4d), while closer to the edges of the dendrites, a
nanosized structure of braided wavy morphology was revealed with a
thickness of elements ~70 nm (Fig. 4e). In some areas near the edges of
the bec grains, these precipitates had a labyrinth-like shape (Fig. 4f)
elongated in the direction of crystallization and mixing with zones of
spherical nanoprecipitates. The center of the dendrites in the AlCoCr-
Fep ¢Ni sample contained more Al and Ni; therefore, it can be concluded
that the lighter, less etched particles in Fig. 4c—e most likely corre-
sponded to the A2 structure, and the darker, well-etched areas corre-
sponded to the B2 structure. The morphology of A2 + B2 structure in the
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Table 5
EDX analysis of local zones of the coating.

Element AlCoCrFeq gNi Al; sCoCrFeq sNi
DR DRedge ID DR DRedge ID
center center

Al, at. % 29.2 + 20.2 + 11.0 £ 39.9 + 34.2 + 18.5 +
2.7 3.3 3.4 3.6 3.9 5

Cr, at. % 14.8 + 22.7 £ 29.8 + 9.7 +£2 17.6 + 36.7 £
1.8 4.1 5.6 5.2 7.3

Fe, at. % 6.3 £ 12.5 + 15.3 £ 58 + 9.3+ 11.8 £
0.7 29 4.7 3.2 0.7 1

Co, at. % 215+ 221 + 23.8 + 179 + 18.4 + 18.4 +
0.5 1.5 2.7 0.2 0.3 0.7

Ni, at. % 28.2 £ 225+ 20.1 + 26.7 + 20.5 £ 134 +
0.5 2.0 2.7 1.4 1.2 2.1

DR - dendritic region, ID - interdendritic region

center and at the periphery of the dendrites may differ due to significant
chemical heterogeneity. As a result, the periphery of the dendritic grains
was depleted in Al, and the volume fraction of the A2 structure was
presumably higher closer to the dendritic boundaries.

(a) dendritic structure after etching, (b) dendritic structure before
etching, areas of local EDX analysis are marked with arrows (Table 5),
(c) structure with bee and fec regions after etching; (d) bee region with a
high content of Al, and Ni, (e,f) bcc region with a high content of Cr and
Fe.

The Al; 5CoCrFe(sNi sample consisted predominantly of the bcc
phase and had a dendritic structure similar to that of the AICoCrFeq ¢Ni
sample. A similar segregation of elements with increased Ni and Al
contents in the center of the dendrites and increased Cr and Fe contents
closer to the boundaries of the dendritic branches was observed (Table 5,
Fig. 5a and b).

In contrast to the previously discussed AlCoCrFeygNi sample, the
Al 5CoCrFeq 5Ni sample showed a lack of fcc phase precipitation in the
interdendritic regions, likely due to the higher Al content. The A2 + B2

Fig. 4. Structure of the AICoCrFe(¢Ni sample: (a) — LM; (b-f) — SEM, BSE mode, (c-f) - SEM SE mode, InLens Duo detector.
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Fig. 5. Structure of the coating Al; sCoCrFeq sNi: (a) LM; (b and ¢) SEM. The arrows in (b) indicate the areas of local EDX analysis (see results in Table 4).

mixture was formed in the shape of a nanosized wavy rippled texture
with precipitations ~30 nm thick. In addition, long ribbon precipitates
around 50 nm in thickness were observed throughout the nanosized
wavy structure. Unlike the AlCoCrFep¢Ni sample, the morphologies of
the A2 + B2 mixture in the Al; 5CoCrFeg sNi sample appeared similar
both in the center and at the periphery of the dendrites, probably due to
less pronounced element liquation and a more uniform distribution of
Al

The fcc-based Al sCoCrFes oNi sample predominantly consisted of
elongated grains with cellular crystals inside (Fig. 6). Most cellular
crystals grew in the direction perpendicular to the surface of the sub-
strate. The formation of a distinct structure in the AlgsCoCrFesoNi
sample can be attributed to its narrower crystallization temperature
range, as opposed to the two previously discussed samples.

The structure at the coating-substrate boundary differed from that of
the main part of the sample due to the higher concentration of Fe near
the substrate. In the AlCoCrFe(¢Ni sample, a 40 pm thick layer con-
sisting of fcc crystals was found between the substrate and the coating.
This layer contained a large amount of Fe (65-85 at. %). This indicates
that for such a composition, the fcc phase was more favorable. As
moving from the substrate towards the coating, the concentration of Fe
and the tendency of the alloy to form the fcc phase decreased, and the fcc
phase was formed only as a thin layer between large bec grains (Fig. 7a).
In the Al; sCoCrFeg sNi sample, an fcc interlayer was also formed at the
coating-substrate boundary, but the average element composition of the
sample didn’t favor the formation of the fcc phase. Therefore, the
expansion of fcc grains did not extend into the main part of the coating,
stopping near the interface (Fig. 7b). In the fcc Aly sCoCrFes oNi sample,
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a needle-shaped martensitic layer approximately 60 pm thick was
formed near the coating-substrate boundary due to the local quenching
of the alloy near the substrate (Fig. 7c inset).

Below the coating-substrate interface, a heat-affected zone was
formed in the substrate of all three samples. The typical structure of the
heat-affected zone formed near the coating-substrate interface in the
low-carbon steel substrate during non-vacuum electron beam cladding
of HEAs and intermetallic compounds was examined in detail in our
previous studies [6,23].

3.1.4. EBSD analysis

The results of the EBSD analysis of the Aly sCoCrFes oNi sample are
shown in Fig. 8. While the grains near the substrate of the cladded layer
didn’t have a predominant crystallographic orientation, in the middle
and upper parts of the coating, large grains 80 pm in width elongated in
a (100) direction grew perpendicular to the substrate. Probably, during
the initial stages of crystallization, the nucleation of randomly oriented
grains occurred. As the crystallization front moved forward from the
substrate toward the top surface, those crystals grew faster, whose
growth direction (100) coincided with the direction of the fastest heat
transfer. Such a (100) texture is typical for the directional crystalliza-
tion of fcc and bec alloys. Simultaneously with this process, grain growth
with an “unfavorable” crystallographic orientation slowed down and
stopped. Furthermore, a thin layer of equiaxed grains was observed on
the top part of the coating. Most likely, this layer appeared due to heat
transfer by convection and radiation during cooling of the surface layers
of the coating.

The AlCoCrFeypgNi and Al; sCoCrFegsNi samples (Fig. 9a and b)

Fig. 6. Structure of the AlysCoCrFesoNi coating (LM).
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FCC

Fig. 7. Microstructure near the coating-substrate interface of AlICoCrFeq¢Ni (a), Al; sCoCrFeq sNi (b) and Al sCoCrFes 5Ni (c) samples (inset shows the needle-like

structure observed by SEM).
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Fig. 8. IPF-map and pole figures of the AlysCoCrFesoNi sample.

predominantly consisted of the bcc phase with grain morphology
different from that of the AlysCoCrFes2Ni sample. Columnar grains
with (100) direction perpendicular to the substrate were formed in the
lower part of the coating, but in the middle and upper parts of the
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coating, equiaxed grains of ~65 pm in size were observed. In addition,
the phase distribution maps (Fig. 9c and d) confirmed that the interlayer
in the coating-surface interface in the samples AlCoCrFeyggNi and
Al; 5CoCrFeg sNi, previously discovered in metallographic images, and
thin films between the dendritic grains in the AICoCrFe( ¢Ni sample had
an fcc structure.

The significant difference in the grain structure and texture of the
bce- and fee-based coatings is most probably associated with differences
in the crystallization temperatures, which were observed by SXRD
analysis (see above Section 3.1.2. “SXRD analysis of coatings during
heating”). The elongated grains observed throughout the entire
Alg 5CoCrFes oNi coating and in the bottom part of AlCoCrFeggNi and
Al; 5CoCrFegsNi ones were formed when the crystallization front
sequentially propagated from the substrate toward the top of the sample.
In the upper and middle zones of the AlCoCrFeygNi and Al; 5CoCr-
FeosNi coatings, equiaxed crystallographically disoriented grains
appeared as a result of the emergence of a second crystallization front
originating from the top of the samples, caused by convection and ra-
diation transfer of heat. This suggests that the crystallization of bcc
grains in the upper zones began at higher temperatures until these zones
were reached by the crystallization front moving from the substrate.
These conclusions are in agreement with the in-situ SXRD studies and
literature data, which indicate that with an increase in Fe content in the
bece AlCoCrNi-Fey alloys, their crystallization temperature decreases
[39,46].

Note that the thicknesses of the layers with equiaxed and elongated
grains in the AlCoCrFeggNi and Al; sCoCrFepsNi samples were
different. The average thickness of the layer with elongated grains in the
AlCoCrFeg¢Ni sample (~275 pm) was larger than that in Al; 5CoCr-
FeosNi (~175 pm). This feature was also associated with the difference
in the crystallization temperatures of the AlCoCrFe( ¢Ni and Al; 5CoCr-
FeosNi coatings. In the lower part of the coatings, the alloy had a Fe-
based composition (60-85 at. % of Fe), and the content of the other
elements was not large. Thus, the crystallization temperatures and

Exp. densiies (mud}
Mine 0,00, Ma=27 43

Fig. 9. IPF-maps and pole figures of the AlICoCrFe ¢Ni (a) and Al; sCoCrFe, sNi samples (b). (c) and (d) Show phase distribution maps corresponding to the IPF-maps
in (a) and (b), respectively. The areas, which were used to plot the pole figures, are marked with dotted lines.
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growth rates of the columnar grains in both samples were approximately
the same. However, according to the in-situ SXRD data, the melting
point of the main part of the coating AlICoCrFe ¢Ni was lower than that
of the Al; 5CoCrFegsNi one. Accordingly, the equiaxed grains in the
AlCoCrFe ¢Ni coating began to crystallize later upon cooling compared
with those in Al; 5CoCrFeg s5Ni. Therefore, before the collision of the two
crystallization fronts occurred, the columnar textured grains in the
AlCoCrFe( ¢Ni coating had time to grow deeper into the coating than
those in the Al; 5CoCrFeg sNi sample.

3.2. Mechanical properties of the samples

3.2.1. Microhardness

The bcc-based Alj 5CoCrFegpsNi sample exhibited the highest
microhardness (637 HV) (Fig. 10a). This can be attributed to the
increased Al content and the high tendency to form an ordered B2
structure, which is known for its superior hardness compared with the
disordered A2 structure. The hardness of the AlCoCrFe( ¢Ni sample was
slightly lower (563 HV), which is explained by its lower Al content
compared with that of Al; sCoCrFeosNi (Fig. 10b). Moreover, the
AlCoCrFe( ¢Ni coating contains a certain amount of the fcc phase. As a
rule, the fcc phase in the Al-Co-Cr-Fe-Ni HEAs is more ductile than the
bce phase and has a lower hardness [57]. Consequently, the presence of
fec inclusions could reduce the overall microhardness of the sample. The
fcc layers at the coating-substrate interface of AlCoCrFepgNi and
Al 5CoCrFeq 5Ni samples had lower hardness. This resulted in a gradual
decrease in hardness in the coating-substrate transition zone, as can be
seen in Fig. 10a and b. The microhardness of the fcc Alg 5CoCrFes oNi
coating was 186 HV (Fig. 10c). However, at the coating-substrate
boundary, a sharp increase in microhardness associated with the for-
mation of a hard martensitic layer was observed. The underlying
mechanism of the martensite formation can be explained as follows. As
it was mentioned before, the amount of Fe near the boundary between
the coating and the substrate greatly increases and reaches 85 at. %. In
fact, in this area, the composition of the coating corresponds to a
composition of alloyed steel, which in stable condition should have bcc
structure. Due to the high cooling rates typical for electron beam clad-
ding, the martensite forms near the substrate of the Aly5CoCrFesoNi
sample at the cooling stage.

3.2.2. Dry sliding wear behavior

The results of the dry sliding wear tests are presented in Fig. 11. Note,
that the wear behavior of the coatings on a substrate can be estimated by
a lot of contact models, which take into account the gradient layers and
finite thicknesses of the coatings [58-61]. Considering the wear tests in
the present study, it should be taken into account that the coatings
described in the manuscript have a thickness ranging from 600 to 900
pm. The average depth of the wear dimples on AlysCoCrFegoNi and
AlCoCrFe ¢Ni samples was ~60 pm (Fig. 12 a, b), and ~38 pm on the
Al 5CoCrFeq sNi sample (Fig. 12c¢). The most parts of all the obtained
coatings are homogeneous and have the structures shown in Figs. 4a, 5a,
and 6a, respectively. The transition zones with different structure near
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Fig. 11. Specific wear rate of the HEA coatings during dry sliding wear tests.

the substrate didn’t exceed 100 pm in thickness (see gradient zones in
Fig. 7). Thus, wear conditions in this case can be considered as wear tests
of bulk materials.

Al 5CoCrFeq sNi sample showed the highest wear resistance under
dry sliding wear conditions with a specific wear rate of 2.30 x 107°
mm3/(N x m). The high result exhibited by this sample is related to the
good resistance of the hard B2 bcc phase to plastic deformation and
delamination, which allows the coating to withstand abrasion
[29,39,62]. In many cases, the wear resistance of a material is directly
related to its hardness. Even though the average microhardness of
Al; 5CoCrFepsNi and AlCoCrFeg¢Ni samples was approximately the
same, the latter showed twice lower resistance to wear.

After the wear test, the cross-sectional structure of AlCoCrFeg¢Ni
sample differed significantly from that of AlysCoCrFessNi and
Al; 5CoCrFegsNi ones. In the AlysCoCrFesoNi and Al 5CoCrFeg sNi
samples, thin deformed layers of the initial structure were observed
(Fig. 13a and b, respectively). Due to greater ductility, the thickness of
the deformed layer in the AlpsCoCrFes oNi sample is larger (~54 pm,
compared to Al; 5CoCrFeg sNi one, which is ~16 pm), and the plastic
strain is greater, as can be seen from the shape of deformed cellular
crystals. In the AlCoCrFeygNi sample, the mechanically mixed layer
(MML) was found on the top of the wear surface; it had a different
structure compared to the initial structure of the sample. The thickness
of MML varied from 10 to 60 pm. EDX analysis revealed that the
composition of MML matched the average composition of the coating;
no presence of oxygen or tungsten from the counterbody was detected.
The cracks in this layer (Fig. 13c and d, shown with an arrow) evidenced
that the structure hardened and embrittled during its formation. Pre-
sumably, MML partly delaminated and moved out from the wear dimple
during tests, and promoted higher wear rates. The delamination of
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Fig. 10. Microhardness of coatings produced by non-vacuum electron beam cladding (a) — Al; sCoCrFeq sNi, (b) — AlICoCrFe ¢Ni, and (c) — Alp sCoCrFes oNi.
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Fig. 12. Reliefs of the wear dimples after dry sliding wear tests, recorded using an optical profilometer (a) Aly sCoCrFes 5Ni sample, (b) AlCoCrFeq ¢Ni sample, and

(c) Al; sCoCrFeg sNi sample.

Fig. 13. Cross-section of the wear dimple after dry sliding wear tests (a) Alp sCoCrFes »Ni sample, (b) Al; sCoCrFeq sNi sample, (c and d) AlCoCrFeq ¢Ni sample (OM).

brittle MML and the corresponding increase in mass loss during dry
sliding wear of HEAs were also described in [63].

The AlysCoCrFesoNi sample consisted of only a ductile fcc phase,
thus, it showed the highest specific wear rate of 5.54 x 10 mm®/(N x
m). However, although the microhardness of the AlpsCoCrFesaNi
sample was 3 times less than that of AlICoCrFe( gNi, their specific wear
rates were very similar. This was related to the special wear behavior of
the fcc-based HEAs. The topography of the samples after the tests
revealed the formation of a bead with a height of about 25 pm at the
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edges of the wear dimple (Fig. 12a). This suggests that the fcc coatings
experienced noticeable plastic deformation due to sliding wear. At the
same time, the bcc coatings exhibited smooth and even crater edges,
with no evidence of material displacement on a significant scale
(Fig. 12b). A lot of fcc Fe-based alloys [64] and fcc HEAs [29,33,65,66]
undergo work hardening during friction. For this reason, despite their
low microhardness, they can exhibit good wear resistance. Therefore,
the AlysCoCrFesoNi sample, which predominantly consisted of fcc
phase, exhibited a wear rate comparable to that of AlCoCrFe( ¢Ni, which
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consisted of bcc A2 + B2 phase.

Thus, under some operating conditions, the use of Fe-rich fcc
AlCoCrFeNi alloys may be more cost-effective. This can happen, for
example, in situations where both wear resistance and a high level of
reliability and crack resistance are required, which can’t be provided by
hard but more brittle B2 bee-based AlCoCrFeNi alloys.

SEM images of the wear surface, typical for coatings with a pre-
dominance of the bce phase (AlCoCrFeg ¢Ni and Al; 5CoCrFeg sNi sam-
ples), are shown in Fig. 14. These samples demonstrated a smooth wear
surface with shallow grooved scratches from wear debris (indicated by
arrows in Fig. 14a and b), which indicates the predominance of the
abrasive wear mechanism. In some local areas, the counterbody flat-
tened and imprinted wear debris into the surface of the sample. EDX
analysis of such inclusions revealed the presence of elements of the
coating and a large amount of oxygen. Apparently, during sliding, the
mechanically activated wear debris reacted with the oxygen in the air,
resulting in the formation of oxides of the coating elements. Scratches
were also revealed on the imprinted wear debris (Fig. 14c-f). Mild
oxidation and adhesion wear of Al-Co-Cr-Fe-Ni HEAs during sliding
friction at room temperature were also observed in [29,39,62].

SEM analysis of the wear surface of the Al sCoCrFes 2Ni fcc sample
revealed the formation of ploughing grooves, as shown in Fig. 15a and b.
Due to the higher ductility of the fcc phase, many debris particles
weren’t carried out from the wear dimple but stuck and adhered to the
wear surface. They were actively mixed by the counterbody with the
material of the sample and partially penetrated into the sample surface
(Fig. 15d). In some places, the oxidized layers, which adhered to the

abrasive
scratches

- ~oxidized
wear
debris

oxidized =

WEE
debris

Applied Surface Science 665 (2024) 160367

wear surface, exfoliated and formed a rougher wear surface morphology
(Fig. 15a, c, e, f). Meghwal et al. [62] also observed that during the dry
sliding wear of AlCoCrFeNi HEA, some of the debris were converted to
oxides due to frictional heat, pierced through the soft fcc phase, and
acted as a barrier, reducing mass loss. Thus, in some cases, the oxidation
wear mechanism can also have a beneficial effect on the wear resistance
of HEAs.

4. Conclusions

1) Al-Co-Cr-Fe-Ni HEA coatings with different amounts of Al in powder
mixtures were obtained by non-vacuum electron beam cladding. It
was revealed that with the change of the Al molar ratio in the powder
mixture from 0.5 to 1.5, the content of Fe, which enters the coating
from the steel substrate, changed from 9.9 at. % up to 48.1 at. %. The
average stoichiometric compositions of the samples after the clad-
ding were AlpsCoCrFesNi, AlCoCrFeyeNi, and Al sCoCrFeq sNi;
they consisted of fcc, bee + fee, and bee phases, respectively.

In-situ SXRD analysis showed that the Al sCoCrFes2Ni sample had
the lowest solidus temperature of approximately 1200 °C, and the
Al; 5CoCrFe( sNi sample had a relatively high solidus temperature of
around 1425 °C with a liquidus temperature above 1500 °C. As a
result, the crystallization of the Al; 5CoCrFeq sNi sample after clad-
ding began at higher temperatures. The brief period in the liquid
state meant that only 9.9 at. % of Fe entered the sample from the
substrate. Conversely, the lower solidus temperature of the
Alp 5CoCrFes oNi sample resulted in a longer duration in the liquid
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Fig. 14. Typical morphology of the wear surface of the AlCoCrFe( ¢Ni and Al; sCoCrFeq sNi samples after dry sliding wear tests; (a and b) general view, (c and d)
oxidized wear debris flattened out and imprinted on the wear surface of the AlICoCrFe( ¢N sample, (e and f) large oxidized debris flattened on the wear surface of the
AlCoCrFeq ¢N sample. (a-c, e) SEM secondary electron detector (d and f) SEM backscatter electron detector.
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Fig. 15. The wear surface of the AlysCoCrFe;oNi sample after dry sliding wear tests; (a) low magnification view, (b) ploughing grooves on the wear surface, (c)
oxidized and exfoliated debris on the wear surface, (d) SEM backscatter electron detector image of the mixed structure of the wear surface and oxidized wear debris,
(e) three zones with wear surface, oxidized flattened and delaminated oxidized wear debris, (f) SEM backscatter electron image of the figure (e).

state, allowing for a higher incorporation of Fe from the substrate
(48.1 at.%) into the coating.

3) In the AlysCoCrFesoNi sample, the crystallization front propagated
from the substrate into the coating and promoted the formation of
columnar grains with a (100) direction perpendicular to the sub-
strate. Because of the higher solidus temperatures of the AlCoCr-
FepeNi and Alj 5CoCrFeosNi samples, their crystallization began
both from the top and bottom parts of the coatings. This contributed
to the formation of equiaxed grains in the main part of the coatings.

4) The Al; 5CoCrFegsNi bee sample exhibited the highest microhard-
ness of 637 HV and wear resistance during dry sliding friction. On the
other hand, the fcc Alg sCoCrFes oNi sample had a low microhardness
of 186 HV, but due to the work hardening, it demonstrated a com-
parable specific wear rate to that of the bec + fec AlCoCrFeq ¢Ni
sample, which had a hardness of 563 HV.

5) Al-rich AlCoCrFeNi coatings can be recommended for application in
wear operating conditions. Cost-effective Fe-rich AlCoCrFeNi coat-
ings can be used in critical structure units, when satisfactory wear
resistance, high reliability, and crack resistance are required. By
varying the parameters of non-vacuum electron beam cladding, one
can control the amount of Fe in the coatings. From the results ob-
tained, it follows that when cladding Ni-rich AlCoCrFeNi powder
mixtures, a lower energy density is required to receive coatings with
the same Fe content as in the Al-rich ones.
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