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Abstract—A coating of high-entropy Cantor alloy FeCoCrNiMn of nonequiatomic composition was formed
on a 5083 aluminum alloy substrate by wire-arc additive manufacturing (WAAM). The methods of physical
materials science were applied to analyze the structure, elemental composition, microhardness, and wear
resistance of the coating—substrate system. The deposition of the FeCoCrNiMn high-entropy coating on the
5083 alloy surface is accompanied by the formation of microhardness and elemental composition gradients.
Microcracks and micropores were revealed in the cross section of the coating. Microhardness in the volume
of the coating is 2.5—3.5 GPa and increases to 9.9 GPa at the boundary with the substrate. In the middle part
of the coating, the wear factor is 2.3 x 10~ mm?/N m; the friction coefficient is 0.7. A transition layer up to
450 um thick is formed at the interface between the coating and the substrate. We analyzed the elemental
composition gradient of the transition layer and noted a high level of chemical homogeneity of the coating.
The found doping of the coating with substrate elements (aluminum) leads to the formation of a
FeCoCrNiMnAI high-entropy coating, causing a lamellar structure at the interface between the transition
layer and the substrate.
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INTRODUCTION

In the last two decades, the attention of researchers
in the field of physical materials science has been
drawn to the study of high-entropy alloys (HEAs).
Articles, analytical reviews, and monographs consider
the original results in the field of HEAs in detail, dis-
cuss the microstructure, properties, and thermody-
namics of HEAs, assess the methods for simulating
HEA structure, and offer new methods for obtaining
multicomponent alloys [1—8]. Earlier, George et al.
[1] and ourselves [5, 6] showed that nanostructures
and even amorphous structures can be formed due to
various methods for obtaining HEAs containing
chemical elements with different atomic radii. One of
the first high-entropy alloys under study is the
FeCoCrNiMn alloy, which can maintain a face-cen-
tered cubic structure in a wide temperature range and
has a good balance of strength and ductility [9]. Glu-
dovatz et al. [ 10] showed that this alloy simultaneously
demonstrates an increase in strength at room tempera-

ture and viscosity at cryogenic temperature (77 K)
because of the dominance of twinning as a deforma-
tion mechanism.

One of the aspects of technical progress is the
development and application of new HEAs with high
mechanical, cryo- and heat-resistant, corrosion-
resistant, special magnetic and electrical properties, as
well as their compounds (carbides, nitrides, oxides,
borides, silicides) [11, 12]. The fields of application of
nitride HEA coatings [12] are rather wide, including
biomedicine. They have a low modulus of elasticity,
high chemical stability, wear and corrosion resistance
in physiological media, low friction coefficient, bio-
compatibility, and excellent adhesion to the surface on
which protective coatings are deposited.

The foregoing comments indicate the relevance
and prospects of studying HEA coatings. This work
analyzes the structure and properties of the
FeCoCrNiMn Kantor HEA coating deposited on the
5083 alloy.
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Table 1. Chemical composition of alloy 5083 (wt %)

Cr Cu Fe Mg Mn Si Ti Zn Other Al
elements
<0.25 <0.10 <0.40 4.0—-4.9 <1.0 <0.10 <0.15 <0.25 <0.15 Rest
EXPERIMENTAL 300 um) decreases to 1.1 GPa, practically correspond-

Samples of the coating—substrate system were used
as the objects of research. The coating was a high-
entropy alloy of nonequiatomic elemental composi-
tion FeCoCrNiMn, formed on the substrate using the
wire electric arc additive manufacturing (WAAM) [11,
13—15]. The substrate was an aluminum 5083 alloy
(Table 1).

The structure and elemental composition of the
coating and the substrate layer adjacent to the coating
were studied by scanning electron microscopy (SEM)
using an LEO EV50 microscope (Carl Zeiss) with an
energy-dispersive analyzer. The properties of the coat-
ing and substrate were characterized by microhardness
using an HV-1000 instrument at an indenter load of
0.5 N and wear resistance using a TRIBOtester instru-
ment with factors: normal load 2 N, rotation speed
25 mmy/s, friction path length 100 m, the radius of the
friction track is 2 mm; the counterbody was a tungsten
carbide ball with a diameter of 6 mm; tests were per-
formed by dry friction in air at room temperature.

RESULTS AND DISCUSSION

The mechanical properties of the coating were
studied by constructing a microhardness profile. The
results showed that in the bulk of the coating, the
microhardness values vary within 2.5—3.5 GPa (Fig. 1,
region /) and increase to almost 10 GPa (9.91 GPa) at
the boundary with the substrate (Fig. 1, region 2). The
hardness of the substrate at the boundary with the
coating reaches 8 GPa and quickly (at a distance of
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Fig. 1. Microhardness profile of the coating—substrate sys-
tem: (/) coating, (2) transition layer, and (3) substrate.

ing to the hardness of the substrate (1.0 GPa) (Fig. 1,
region 3). Tribological tests performed on the longitudi-
nal section of the coating (section parallel to the coat-
ing/substrate interface) in its middle part showed that
the wear factor of the coating is 2.3 x 10~* mm?3/N m,
and its friction coefficient is 0.7.

The structure of the coating—substrate system was
studied by scanning electron microscopy of an etched
section (Fig. 2); three layers were revealed: the coating
itself, the transition layer, and the substrate itself. The
thickness of the transition layer varies quite signifi-
cantly between 100 and 450 um. The relatively
extended transition layer corresponds to region 2 in
Fig. 1 with high micro-hardness values.

The study of the cross section of the coating
revealed micropores and microcracks. Depending on
the degree of etching, the coating can be divided into
three sublayers. The difference in the degree of etching
indicates the inhomogeneity of the elemental compo-
sition of the coating.

The transition layer of the coating—substrate sys-
tem has a highly developed relief, indicating that the
coating has been fused into the surface layer of the sub-
strate (Fig. 2a). There is a sublayer with an acicular
(lamellar) structure between the transition layer and
the substrate (Fig. 2b).

The results of X-ray microanalysis of the elemental
composition of the upper region of the coating (Fig. 3)
suggest that it contains not only the HEA components
but also aluminum, a substrate element. The results of
the quantitative analysis of the elemental composition
of the upper and middle regions of the coating are
given in Table 2.

The results obtained for the gradient of the elemen-
tal composition of the coating by X-ray microanalysis
“by points” (Table 3) indicate a high level of chemical
homogeneity of the coating. Significant concentration
changes were revealed only for aluminum, which is an
element of the substrate and got into the coating by
diffusion during the formation of the coating—sub-
strate system.

The results for the gradient of the elemental com-
position of the transition layer are shown in Fig. 4.
Studies were carried out along two tracks located per-
pendicular to the surface of the coating. The thickness
of the doped substrate layer reaches 450—500 um.
Alloying elements are distributed unevenly over the
thickness of the substrate. For the track in Fig. 4a, the
concentration of chemical elements that form the
coating decreases with distance from the upper
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Substrate

Fig. 2. (a) SEM images of the cross-sectional structure of the coating—substrate system; (b) (1) transition layer adjacent to the
coating and (2) transition layer adjacent to the substrate.

KCn Element wt% at%
L2r AIK 5.55 |10.98
CrK 12.85 13.18
09k rke | MnK 3.35 | 03.25
FeK 33.48 | 31.99
07L coka | CoK 28.55 | 25.85
NiK 16.22 | 14.74
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Fig. 3. Energy spectra obtained from the upper layer of the coating.
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Fig. 4. Dependence of the concentration of chemical elements that form the transition layer and the substrate layer adjacent to it
on the distance from the interface between the transition layer and the coating (Al is the rest); (a) and (b) two tracks of analysis.
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Fig. 5. Electron microscopic image of the lamellar crystal-
lization structure of the substrate layer adjacent to the
transition layer; the “+” sign indicates the sites the ele-
mental composition at which is given in Table 4.

SEl 25pum.L——

boundary of the transition layer. For another track
(Fig. 4b), the maximum concentration of the chemical
elements of the coating is revealed in the layer having
a lamellar structure. These results are confirmed by
the results of the data presented in Fig. 5.

Table 2. Elemental composition of different coating regions

Elemental composition, at %
Region
Al | Cr [ Mn | Fe | Co | Ni
Upper coating layer |10.9 | 13.2 | 3.3 |32.0|25.9| 14.7
Middle coating layer | 9.6 | 13.1 | 3.3 | 32.7 | 26.7 | 14.6

Table 3. Elemental composition of the coating at different
distances from its surface

Elemental composition, at %

X, um
Al Cr Mn Fe Co Ni
60 7.2 13.4 3.9 33.0 27.7 14.8
380 7.2 13.2 3.4 34.0 26.9 15.3
840 5.7 13.7 3.3 34.0 28.4 14.9
1700 8 13.1 3.4 33.2 279 14.4
2100 9.5 13.1 33 32.7 26.7 14.7

Table 4. The elemental composition of the sites indicated in
Fig. 5 with a “+” sign

Elemental composition, at %
Site
Mg Al Cr Mn Fe Co Ni
4.7 1923 | 0.6 06 | 06 | 0.7 0.5
2 3.1 80.5 2.1 1.5 6.2 4.4 2.2

We performed an elemental analysis of the transi-
tion layer with a lamellar structure (Fig. 5); The quan-
titative results for regions 1 and 2 are given in Table 4.

The data in Table 4 suggest that a lamellar structure
at the interface between the transition layer and the
substrate is formed due to the doping of the coating
with substrate elements.

CONCLUSIONS

Using scanning electron microscopy, we studied
the structure, elemental composition, mechanical,
and tribological properties of the HEA coating—5083
alloy substrate system formed by WAAM by determin-
ing its microhardness and wear resistance. The follow-
ing main results have been obtained:

—Deposition of HEA on the 5083 alloy surface is
accompanied by the formation of a gradient structure
characterized by a regular change in microhardness,
elemental, and phase composition;

—A stepwise nature of the change in the micro-
hardness of the HEAcoating—5083 alloy substrate sys-
tem was revealed;

—The formation of a transition layer up to 450 um
thick, located at the interface between the coating and
the substrate, was found;

—Dopping of the coating with substrate elements
(aluminum) was observed, leading to the formation of
a HEA of the chemical composition Al-Mn—Fe—
Cr—Co—Ni;

—The formation of a lamellar structure in the sub-
strate layer adjacent to the coating was revealed.
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