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Abstract: This article presents the results of a study on
composite coatings based on high-entropy FeCoNiCrCuNb
alloys with varying niobium content obtained through
high-speed laser cladding. The primary objective of the
research is to investigate the influence of composition on
the structure, mechanical characteristics, and behaviour of
the coatings. Microstructure analyses were performed using
scanning electron microscopy and energy-dispersive spec-
troscopy analysis. The microhardness, shear strength, and
coefficient of friction of the composite coatings were exam-
ined. It was demonstrated that the microstructure of the
coatings is characterized by fine grains and the presence
of columnar crystals. An increase in copper content leads
to a transition to the face-centred cubic phase with elevated
niobium content, influencing the mechanical characteristics.
It was revealed that niobium-containing composite coatings
exhibit improved mechanical properties and wear resis-
tance. The incorporation of niobium synergistically affects
the mechanical characteristics of the alloys. The obtained
results hold practical applicability in the field of engi-
neering, particularly where wear resistance and strength
are of paramount importance.
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1 Introduction

In recent years, an increasing amount of attention from
researchers has been directed towards multi-component
high-entropy alloys (HEAs) [1,2]. Due to the synergy of
high entropy, lattice distortion, sluggish diffusion, and
the cocktail effect, HEAs have garnered interest for their
exceptional physical and mechanical properties [3]. Conse-
quently, both HEAs and their affiliated composites exhibit
significant potential for engineering applications [4,5].

Unlike conventional alloys, which typically consist of a
single base element, such as aluminium alloys, titanium
alloys, or iron alloys [6], HEAs embody an innovative
approach to alloy design [7]. HEAs, also referred to as
multi-component alloys, are broadly defined as solid solu-
tion alloys comprising more than five primary elements with
relatively equiatomic percentage composition (at%). This
approach involves the incorporation of a substantial number
of elements or components (usually five or more) with concen-
trations ranging from 5 to 35 at%. They have emerged as pro-
mising candidates with elevated potential for application in
tools, dies, and structural components [5,8]. Numerous investi-
gations have demonstrated the enhancement of microhardness
and wear resistance through selective adjustment of multiple
constituents within HEAs [9]. HEAs also exhibit solid solution
strengthening and antioxidant protection properties at elevated
temperatures [10]. HEAs have become promising candidates
capable of satisfying the demands of intricate, extreme, and
highly sensitive service environments, particularly within the
nuclear, turbine, and aerospace sectors [11].

The investigation of stability or metastability of high-
entropy phases commenced shortly after the discovery of
HEAs and remains a subject of discourse to this day.
Precursors to these alloys can be identified in bulk amor-
phous alloys, also recognized as metallic glasses. Upon soli-
dification from the molten state, they form a singular
phase [12]. Upon heating, this phase undergoes devitrifica-
tion, transitioning into a crystalline state and occasionally
segregating into multiple phases [13].
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In contrast to metallic glasses, atoms in HEAs assume
simpler crystalline structures, namely, face-centred cubic
(FCC), hexagonal close-packed, and body-centred cubic
(BCO) lattices upon crystallization from the molten state.
Various types of atoms are randomly situated at lattice
sites, resulting in HEAs being unordered substitutional solid
solutions. The disordered arrangement of all atoms at lattice
nodes leads to heightened configurational entropy in this
phase, thereby accounting for the nomenclature attributed
to this class of materials [14,15].

Laser cladding technology represents a cost-effective
approach to applying specialized coatings to conventional
metallic substrates. Consequently, the laser cladding tech-
nique is gaining increasing traction for the production of
HEAs [16-18].

Qiu et al. [19] performed coating of an HEA Al,CrFeCoy.
CuNiTi onto Q235 steel. They extensively discussed the influ-
ence of Co content on the microstructure of the coating and
its corrosion resistance. Remarkably, the presence of Co
accelerates the formation of a passive film on the surface
of the plated layer under the influence of H,SO, and HCl
solutions, leading to enhanced corrosion resistance [19].
Xulong and Qibin [20] discovered that the incorporation of
WC particles into an HEA SiFeCoCrTi coating increases both
microhardness and wear resistance. The presence of WC
particles had a noticeable impact on the shell layer, inducing
a shift in the lattice structure from FCC to BCC, alongside the
formation of various intermetallic compounds [20]. Huang
et al. [21] employed laser cladding to generate a layer of HEA
AICrNiSiTi on the surface of Ti-6A1-4V alloy (Ti64). This
study revealed that the introduction of the (Ti, Cr)(5)Si-3
phase enhances the wear resistance of the coating [21].
Sha et al. [22] subjected a layer of HEA AlCoCrFeNiTi0.5 to
annealing at 900°C for 5 h, resulting in the emergence of new
phases within the coating (namely, Alg,Cr;3C0;, CosTi, and
AlFe). This led to an overall increase in the average micro-
hardness of the coating, subsequently reducing wear losses
and crack width during grinding [22]. Wang et al. [23] inves-
tigated the influence of diamond additives on the properties
of an HEA composition FeCoCrNi-Mo. The investigation
emphasizes the intricate interplay between laser cladding
parameters and the resultant microstructure and properties
of composite coatings. It is noted that as laser power
increases, micro-pores, cracks, and diamond graphitiza-
tion become more pronounced, resulting in decreased
hardness and deterioration resistance. Similarly, exces-
sively low scanning speeds enhance energy absorption
by the powder and intensify diamond graphitization,
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while excessively high scanning speeds lead to unmelted

HEA powders and suboptimal bonding between the HEA

matrix and diamond [23].

The efficacy of incorporating Nb as an element for
enhancing hardness and deterioration resistance in high-
entropy systems is well justified. The study by Qin et al. [24]
underscored the favourable influence of Nb inclusion in
various HEA systems. In the CoCrCuFeNiNb HEA system,
Nb contributed to a transition from the FCC phase to the
Laves phase, thereby enhancing the compressive yield
strength [24]. Feng and colleagues [25] demonstrated that
introducing Nb into dense high-entropy (Hf, Zr, Ti, Ta, Nb)
ceramics led to the formation of second phases rich in Nb,
effectively impeding grain growth and elevating hardness.
In the investigation conducted by Luo et al. [26], a compo-
site consisting of WC + Al,CrFeCoNiCu (with 0 < x <1.5) was
meticulously prepared. This involved the blending of WC
with powders of Al, Cr, Fe, Co, Ni, and Cu, followed by
plasma sintering. The gradual diffusion process resulted
in the dispersion of WC particles within the solid solution
phase of the HEA. Notably, the WC + Al, sCrFeCoNiCu com-
posite exhibited remarkable mechanical properties, parti-
cularly displaying a high hardness of 2071 HV30 and an
impressive fracture toughness of 10.3 MPa.

To mitigate defects arising from significant mismatches
in thermo-physical properties between the coating and sub-
strate, ensuring compatibility and resemblance between the
HEA powder and the substrate is imperative. Hence, the
selection of HEA constituents for this experiment encom-
passed Fe, Co, Ni, Cr, Cu, and Nb. Each element was strate-
gically chosen for its distinct contributions. The objec-
tive of this study is to investigate the microstructure,
mechanical, and tribological properties of composite
coatings based on FeCoNiCrCu-Nb HEAs and their influ-
ence on enhancing wear resistance and mechanical
strength under varying load and friction conditions.
To achieve the established research objective, the fol-
lowing tasks were formulated:

(1) Perform an analysis of the microstructure of composite
coatings based on FeCoCrNi-Mo HEAs with varying nio-
bium contents.

(2) Evaluate the microhardness and shear strength of coat-
ings at different copper and niobium contents and com-
pare them with the mechanical characteristics of the
substrate.

(3) Investigate the tribological properties of composite
coatings, encompassing friction coefficient and wear
resistance, under diverse load and friction conditions.
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2 Materials and methods

2.1 Characterization of the investigated
objects

As the substrate material for this investigation, an iron-alu-
minium alloy was chosen due to its excellent balance between
strength and corrosion resistance. The chemical composition
of the iron-aluminium alloy is provided in Table 1.

The experimental procedures employed samples with
dimensions of 70 mm x 40 mm x 10 mm. To mitigate the
potential influence of an oxide film on the substrate sur-
face, which could impact coating adhesion, a preparatory
step involving abrasive paper with a grit size of 1,000 was
utilized to polish the substrate surface before laser clad-
ding. Subsequently, the substrate was immersed, initially
in a saturated solution of potassium hydroxide, followed
by a diluted solution of nitric acid, ensuring complete
removal of the oxide film.

To achieve effective powder dispersion and controlled
delivery, spherical or near-spherical metallic powders of
Fe, Co, Ni, Cr, Cu, and Nb (Fey ,CoNiCrCuNb,) were meticu-
lously selected with special consideration, exhibiting a high
level of purity (99.99%). These metallic powders were pro-
cured from Changsha Tianjiu Company. The granulometric
distribution of these powders ranges from 100 to 200 mesh.
The precise proportions of powders and their corresponding
alloy designations are listed in Table 2.

To achieve uniform blending, the mixed powder was
ball-milled in a controlled environment for 3 h. After this,
the milled powder was meticulously dried for 3h under
vacuum conditions. The powder was then hermetically
sealed and stored within a controlled atmosphere.

Table 1: Chemical composition of the alloy

Component Fe Al

Content (wt%) 89.5 5 5 0.5

Table 2: Chemical composition of Fey;CoNiCrCuNb,

Solid metal surface with a laser-melted coating of high-entropy alloy = 3

2.2 Coating application

The deposition process was performed utilizing a JK2003SM
Nd: YAG laser machine. Optimized process parameters were
employed, including a spot diameter of 1.2mm, a laser
power of 1,850 W, a powder feed rate of 5.6 g'min ™, a scan-
ning speed of 120 mm'min~, a fill factor of 70%, a pulse
frequency of 50 Hz, an overlap rate of 30%, and a carrier
gas flow rate of 5L-min" [27].

2.3 Microstructure and composition analysis

Microstructure investigation and chemical composition
analysis were conducted using a scanning electron micro-
scope (SEM, FEL Quanta 250 FEG, Vlastimila Pecha, Czech
Republic), equipped with an energy-dispersive spectro-
meter (EDS).

2.4 Material assessment

The alloy hardness was determined using a Vickers hard-
ness tester (BUEHLER 5104, Buehler, Lake Bluff, USA)
under a load of 250 g for 20 s, with the mean value com-
puted from three measurements.

The wear resistance of the alloy was assessed using a high-
speed reciprocating motion friction test instrument, HRS-2M
(HRS-2M, Zhongke Kaihua, Lanzhou, China). The test conditions
were the following: a friction time of 45 min, a load of 70N, a
frequency of 20 Hz, and a stroke length of 7 mm. The wear test
was conducted under standard atmospheric pressure and
room temperature. A GCrl15 steel ring with a hardness of 63
HRC, a diameter of 55mm, and a thickness of 12 mm was
utilized as the wear track. Wear samples were sized at 8 mm
x 16 mm x 12mm. Before wear testing, the coating surface
underwent meticulous grinding, polishing, acetone cleaning,
and drying procedures. Throughout the entire wear test, the

Abbreviation Alloy Component content (%)

Fe Co Ni Cr Cu Nb
Nbg Feo7CoNiCrCu 14.9 213 213 213 213 0.0
Nbg 25 Feo7CoNiCrCuNbg 55 14.1 20.2 20.2 20.2 20.2 5.1
Nbos Feo7CoNiCrCuNbg 5 13.5 19.2 19.2 19.2 19.2 9.6
Nbg 75 Feo7CoNiCrCuNby 75 12.8 18.3 18.3 18.3 18.3 13.8
Nb, Feo7CoNiCrCuNb 12.3 17.5 17.5 17.5 17.5 17.5
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frictional moment was measured at 5-min intervals to calculate
the coefficient of friction of the sample using the following
equation:

M

#=E

where yu is the coefficient of friction, M is the frictional
moment, F is the applied load, and r is the radius of the
compensation ring.

To investigate the influence of varying niobium (Nb)
content on the coating adhesion quality, a cylindrical sleeve
was fabricated from quenched high-strength steel with
dimensions of 50 mm x 100 mm. The Fe0.7CoNiCrCuNbx
coating and relief plate were applied to the cylindrical sur-
face of a rod made of iron—aluminium alloy with a diameter
of 50 mm using laser cladding and turning processes, respec-
tively. The raised plate had a width of 0.8 mm and a height
of 2mm. The shear force was evaluated using a universal
testing machine DNS100, and the quality of the bond,
reflecting shear stress (or shear strength, @), was calcu-
lated using the equation:

Ei's
nDs

where Fy is the maximum shear load, D is the diameter of
the specimen, and s is the width of the coating.
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3 Results and discussion

SEM images illustrating cross-sectional views and micro-
structures of the coatings are shown in Figure 1. The speci-
mens were cut perpendicular to both the direction of laser
cladding and the substrate surface. No significant differ-
ences in microstructures are observed. On the surface of
the coating, grains appear fine, except for the presence of
columnar crystals. The angle formed between the columnar
crystals and the laser-clad direction is extremely small. Con-
sequently, the cross-sectional area occupied by these
columnar crystals on the surface is also limited. The micro-
structure of the surface is characterized by fine grains. The
results of the EDS analysis for each region in Figure 1 are
summarized in Table 3. Light zones (LZ) and dark zones (DZ)
appear at grain boundaries. EDS data reveal that the Nb
content in LZ significantly exceeds the nominal composition
(Table 3). In the Nbj alloy, a high-impact resistant FCC phase
is present, inhibiting the release of lattice distortion energy
near the grain boundary through the cross-slip of screw and
edge dislocations during cooling. With an increase in Nb
content to 0.25 LP, a chain-like configuration is adopted
along the grain boundary (Figure 1b).

Unlike the Nbg,s alloy, the Nbgs, Nbgss, and Nbyg
alloys exhibit a reticular structure. EDS analysis confirms
the segregation of Nb within the zones (Table 3). By

Figure 1: SEM images illustrating cross-sectional views and microstructures of the alloys: (a) Nbg, (b) Nbg »s, (c) Nbg s, (d) Nbg 75, and (e) Nb;.
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Table 3: Analysis of the energy spectrum

Nb Zone Fe Co Ni Cr Cu Nb
0.25 Nominal 1414 20.20 20.20 20.20 20.20 5.05
Lz 1538 1512 16.64 1256 15.06 24.42
DZ 13.04 2018 15.90 2417 2179 5.07
0.5 Nominal 13.46 19.23 19.23 19.23 19.23 9.62
Lz 16.63 13.44 14.67 12.70 14.76 27.38
DZ 16.26  20.23 15.90 2010 2136 5.79
0.75 Nominal 1284 1835 1835 1835 1835 13.76
Lz 16.26  15.00 1717 122 1412 2577
Dz 1465 1934 1974 1897 19.62 7.46
1 Nominal 12.28 17.54 17.54 1754 17.54 1754
LZ 16.25 1264 2090 9.7 10.1 29.84
DZ 1412 1818 1723 17.85 1878  13.59

correlating these observations with the data, it can be
inferred that the increase in copper content leads to a
transition from a point-like distribution to a continuous
distribution of the Nb-rich FCC phase in the Fey;CoNiCr-
CuNb, HEA with laser cladding. However, in the Nb1.0 alloy,
a crack is observed along the grain boundary (Figure 1e).
Examining the crack characteristics and EDS results, it can
be deduced that the following factors contribute to crack
formation: a significant difference in melting temperatures
between the substrate and the tested powder results in a
substantial temperature gradient within the molten pool
during the LP process.

In Figure 2, the average microhardness values of
Fey;,CoNiCrCuNb, (x = 0, 0.25, 0.5, 0.75, 1.0) HEA coatings
along with the substrates are presented. The Nb1.0 alloy
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Figure 2: Hardness of the alloys.
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lacks the BCC phase. This crystalline structure has fewer
available slip planes, leading to reduced deformation under
load and, consequently, the lowest observed hardness
among the Nb, alloys. As the Nb content increases, the
BCC phase in the AjgCrFeCoNiCu, HEA also increases. Coat-
ings with niobium content (especially beyond 0.25) exhibit
improved mechanical properties, suggesting enhanced resis-
tance to wear and deformation. The data indicate that the
influence of niobium on hardness is not merely additive;
it can exert a synergistic effect with other alloying elements,
contributing to the observed enhancements. The FCC struc-
ture possesses more slip directions in the slip plane com-
pared to the BCC structure. This structural distinction
facilitates plastic deformation under load, resulting in a
gradual reduction in the hardness of Fe,;CoNiCrCuNb,
HEA. Overall, the HEA coating Fe,,CoNiCrCuNb, demon-
strates significantly higher hardness (approximately 6-7
times) than the substrate.

The substrate exhibits a shear strength of 265.7 MPa, as
indicated in Figure 3. Shear data for Nbg,s, Nbgs, Nbg7s,
and Nb, ; reveal a zone of plastic deformation indicative of
plastic failure. The corresponding shear strength values for
these compositions are 162.0, 221.5, 197.6, and 179.2 MPa,
representing 61.0%, 83.4%, 74.4%, and 67.4% of the sub-
strate’s strength, respectively. The low shear strength of
Nby hinders the establishment of a reliable coating-sub-
strate bond. A shear strength of 102.4 MPa corresponds to
38.5% of the substrate’s strength. Consequently, we will not
further investigate the properties of the Fey,CoNiCrCu
alloy in the subsequent analysis.

608 610
561
2
Nb0.5 Nb0.75 Nb1
Alloy
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Figure 5: Secondary electron SEM images of wear tracks on the Fe0.7CoNiCrCuNb sample: (a) and (d) after 5 min, (b) and (e) after 25 min, and (c) and

(f) after 45 min.

Figure 4 depicts the friction coefficient curves of both
the substrate and the Fe,,CoNiCrCuNb, HEA coatings (x =
0.25, 0.5, 0.75, 1). It can be observed that the friction coeffi-
cient of each specimen tends to decrease with increasing
wear time. The friction coefficient of the Fey,CoNiCrCuNb,
coatings was notably lower than that of the substrate. As
the Cu content increases, the friction coefficient of Fe,;Co-
NiCrCuNDb, tends to increase.

Figure 5 exhibits SEM studies of the wear tracks seen
in the Fe0.7CoNiCrCuNb sample. Figure 5a—c illustrates the
worn surface of the sample, clearly indicating the presence
of abrasive wear. The SEM images of the wear tracks show
the presence of abrasion and debris on the sample surface
during a 5-min wear interval. With the prolonged period of
the test, the debris was progressively eliminated.

As previously mentioned, significant thermal stresses
arise within the coating. A similar phenomenon was observed
in the AlCrFeCoNi HEA coating deposited by laser spraying
onto pure aluminium by Soni et al. [28] and Zhang et al. [29].
Notably, the Fe content in the samples typically exceeds the
nominal composition (Table 3), indicating Fe migration
during LP. The composition of the dark grey phase closely
resembled the theoretical composition of the FeCoCrNi-Mo
HEA matrix, reinforced with intermediate solid solution
strengthening through the inclusion of C elements. The light
grey phase exhibited relatively elevated Nb content and
reduced Cr content. A similar role was played by molyb-
denum in facilitating the FCC to o-phase transition in the

FeCoCrNi system [30,31]. Composite coatings of FeCoCrNi-Mo
with diamonds were successfully obtained through high-
speed laser cladding. The incorporation of diamonds into
the composite coating improved wear resistance, albeit
leading to an increased occurrence of microcracks. It is
noteworthy that an optimal combination of microstructural
characteristics and wear resistance was achieved with a
volume fraction of 15% diamonds. In our study, the hardness
of the initial alloy significantly exceeded that of the sub-
strate, with niobium also employed as an additional mate-
rial, contributing to the enhanced hardness of such a
coating [23].

In wear testing, the material undergoes various stages
of wear: the initial running-in stage, the stable wear stage,
and the intensive wear stage [32,33] causing a gradual
decrease in the friction coefficient. The friction coefficient
of the Fey,CoNiCrCuNb, alloy is proportional to the Nb
content, as the addition of Nb increases the proportion of
the FCC phase.

4 Conclusions

Using high-speed laser cladding, it was successfully possible
to synthesize HEA coatings of Fey;CoNiCrCuNb, (x = 0, 0.25,
0.5, 0.75, 1) and determine the optimal process parameters
yielding superior mechanical properties. Microstructural
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analysis revealed a significant influence of niobium content
on the structure and properties of the coatings. Coatings with
elevated niobium content exhibited enhanced mechanical
characteristics: at a niobium content of 0.25%, a reduction
in shear strength to 61.0% of the substrate’s strength was
observed, while coatings with niobium content above 0.25%
demonstrated considerable growth in shear strengths to
83.4%, 74.4%, and 67.4% of the substrate’s strength, respec-
tively. This effect is elucidated by the synergy between nio-
bium and other alloying elements within the HEA, leading to
observed enhancements in coating hardness and structure.

Hence, this study makes a substantial contribution to
the advancement of understanding and utilization of HEA
coatings with enhanced mechanical properties, holding
potential for application across diverse engineering and
industrial domains.
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