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A B S T R A C T

High-entropy alloys (HEAs) have gained increasing attention over the decades, owing to their distinctive 
properties. Electrodeposition stands out as a cost-effective and convenient method for producing diverse types of 
HEAs. However, there’s little attention paid to fabricating ceramic-enhanced HEA composites. In this study, 
NiFeCoCu/Si3N4 HEA nanocomposites were electro-co-deposited in an aqueous solution with varying loadings of 
Si3N4 nanoparticles and current densities. The morphological, elemental, and phase-structure characteristics 
were investigated using scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and X- 
ray diffraction (XRD) techniques. The Vickers-microhardness measurements, reciprocal wear, and electro
chemical tests were conducted to evaluate the physical and anti-corrosion performance of the composite coat
ings. The findings indicate that the incorporation of Si3N4 nanoparticles not only changes the surface 
morphologies, compositions, and textures of the HEA matrix but also significantly enhances both the wear and 
anti-corrosion performance in artificial water by refining the microstructures and reducing the defects of the 
composite coatings. The HEA-3 g/L-Si3N4-40 mA/cm2 and HEA-6 g/L-Si3N4-40 mA/cm2 composite coatings 
demonstrate the best wear performance and anti-corrosion properties among the samples investigated, respec
tively. The present study shows a significant improvement in the mechanical and anti-corrosion properties of 
HEA coatings by incorporation of Si3N4 nanoparticles, which is a very promising approach for the surface 
protection of engineering materials used in corrosive and frictional-working conditions.

1. Introduction

The concept of multi-component alloys was first proposed by Franz 
Achard in 1788 [1] and was independently realized by Cantor [2] and 
Yeh’s research teams [3] through melting and casting methods 20 years 
ago. They successfully prepared multi-component alloys and charac
terized their microstructures and properties. These alloys were named 
"high-entropy alloys" (HEAs) based on their thermodynamic character
istics, marking the onset of rapid development in this field. High-entropy 
alloys possess three distinct features: 1) Thermodynamic high-entropy 
effect [4], 2) Elemental sluggish diffusion effect from the kinetic 
aspect [5], and 3) Performance advantage of 1 + 1 > 2 [6]. Compared to 

traditional metal alloys, high-entropy alloys demonstrate remarkable 
mechanical properties, such as high hardness [7], tensile strength [8], 
toughness [9], and plasticity [10]. As a result, they have garnered sig
nificant attention in recent years and found applications in various in
dustries, including aerospace [11], nuclear power [12], and engineering 
[13]. Additionally, the concept and scope of high-entropy alloys have 
expanded greatly, encompassing not only multi-component metal alloys 
but also high-entropy ceramics [14], high-entropy oxides [15], and 
high-entropy compounds [16]. These high-entropy alloys are utilized 
not only in structural materials but also in catalysts [17], electromag
netic materials [18], and energy materials [19].

Initially, high-entropy alloys were prepared through melting and 
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casting methods [2], and optimum microstructures and properties could 
be achieved through appropriate setting of plastic processing and heat 
treatment [20]. However, in production and engineering fields, failure 
often initiates from the surface due to the existence of mechanical, 
thermal, and corrosive interactions between the surface of mechanical 
parts and the surrounding environment [21]. Corrosion, wear, and the 
resulting formation of cracks and fractures are the primary failure forms 
of mechanical components [22,23]. Therefore, surface preparation and 
modification techniques, such as laser cladding [24], plasma spraying 
[25], flame spraying [26], electroplating [27], and magnetron sputter
ing [28], can be employed to deposit a layer of high-entropy alloy onto 
the substrate, achieving materials surface modification for enhanced 
properties. To utilize the chemical stability and excellent mechanical 
properties of high-entropy alloys, a high-entropy alloy coating can be 
produced on the surface of mechanical parts, effectively resisting 
corrosion in aggressive environments [29]. This, in turn, extends the 
service life of machinery, enhances production efficiency, and contrib
utes to energy conservation and emission reduction. Compared to other 
surface-modification methods, such as laser cladding, plasma spraying, 
and magnetron sputtering, electroplating exhibits low 
equipment-requirements, simple and flexible operation, and allows for 
adjustment of composition and performance of high-entropy-alloy 
coatings by controlling processing parameters, such as temperature, 
current density, and pH value [30–33]. Currently, researchers have 
successfully deposited various series of medium-entropy alloy and 
high-entropy alloy systems from aqueous or organic solvents using 
electroplating methods [34,35]. For example, Pavithra et al. utilized 
pulse electrodeposition to fabricate Co–Cu–Fe–Ni–Zn nanocrystalline 
dual-phase high-entropy alloy films, which demonstrated superior 
corrosion and oxidation resistance, compared to traditional magnetic 
materials [36]. Nagy et al. achieved uniform Co–Fe–Ni–Zn high-entropy 
alloy coatings through pulse electrodeposition, showing exceptionally 
high hardness and elastic modulus attributed to the small grain size and 
a reasonable proportion of amorphous phases [37]. The deposition of 
the CoFeNiMoW-HEA films by direct current electrodeposition con
ducted by Freitas et al. [38] demonstrated the simplicity and feasibility 
of electroplating techniques in producing various high-entropy alloys. 
Through 57-Fe Conversion Electron Mössbauer Spectroscopy (CEM) 
[38] experiments, they verified the chemical disorder of the Fe element 
and the absence of oxides/hydroxides in the film structure. Haché et al. 
synthesized NiFeCo–W, NiFeCoMo, and NiFeCo–MoW high-entropy al
loys, which exhibited higher hardness due to their unique 
nanocrystalline-amorphous structures, revealing the reasons behind 
their hardness and hardness-to-density ratio [27]. Bian et al. simplified 
the electrodeposition process to synthesize nanoporous NFCCW-HEA 
electrocatalysts, demonstrating excellent catalytic-reaction kinetics 
and stability owing to their distinctive surface structures, low over
potential, and smaller Tafel slopes [39]. Although considerable research 
and publications in the field of electroplating for high-entropy alloy 
synthesis have been conducted, most of these studies have focused on 
the synthesis and microstructure characterization of high-entropy al
loys, with only a few providing systematic exploration of electroplating 
processes, structures, and physical properties [27]. Currently, there is 
hardly any literature reporting the preparation of ceramic 
particle-reinforced high-entropy alloy composites using electroplating 
techniques to the best of our knowledge [40].

Ceramic-reinforced metal-matrix composites combine the advan
tages of ceramics, such as high strength, hardness, wear resistance, with 
the good plasticity, toughness, and processability of matrix metals [41,
42]. They are widely utilized in aerospace, automotive, and chemical 
industries because these composites not only possess high strength and 
hardness but also exhibit good plasticity, toughness, and improved 
resistance to brittle fracture, thereby enhancing the safety and reliability 
of components [43]. However, traditional methods for fabricating 
ceramic-reinforced metal matrix composites are complex and costly, 
requiring significant equipment investments, such as powder metallurgy 

and spray deposition. On the other hand, electroplating has proven to be 
an effective method for producing metal-matrix composites [44,45]. 
However, there are currently very few reports on electroplating for the 
preparation of high-entropy alloy composites, with only graphene ox
ides (GO) [46,47] and carbon nanotubes [48] (CNT)-reinforced 
high-entropy alloy composites being reported. Nevertheless, both GO 
and CNTs are expensive materials, limiting the widespread application 
of these composites. Ceramic particles, such as Si3N4, are relatively 
inexpensive and possess high hardness, thermal conductivity, excellent 
thermal stability, and chemical stability [49]. Therefore, Si3N4 was 
chosen as the reinforcing phase in this study for high-entropy alloy 
systems. In the current research, a direct current electroplating tech
nique was employed to deposit Si3N4-reinforced high-entropy alloy 
nanocomposite coatings on AISI4140 steel substrates. Here, NiCoFeCu is 
selected as an HEA matrix [33], and the Cr element is excluded from the 
alloy component, because during the electro-crystallization process on 
the cathode surface, the hexagonal chromium hydride (CrHx) is usually 
formed [50], which would lead to high inner stresses and cracking of 
coatings. Besides, the electrodeposition from the Cr-ions-free solution 
shows attractive prospects for environmental friendliness without Cr6+.

In this study, Si3N4-reinforced HEA nanocomposite coatings were 
deposited by a direct current method [45]. with varying loadings of 
Si3N4 nanoparticles in the electrolyte bath, focusing on studying the 
effects of Si3N4 contents and the current density on the morphologies, 
microstructures, hardness, and tribological properties of Si3N4-rein
forced NiCoFeCu HEA composite coatings. The present study aims to 
investigate the enhancement mechanism of Si3N4-reinforced NiCoFeCu 
composite coatings with the objective of offering potential engineering 
applications of HEA-composite coatings under corrosive and friction 
conditions.

2. Materials and methods

2.1. Materials

Table 1 provides the detailed information about electrolytes. All the 
chemicals used were of an analytical grade and sourced from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). The electrolyte contained 
boric acid as a buffering agent, sodium dodecyl sulfate (SDS) as a wet
ting agent, and sodium citrate as a complexing agent. The Si3N4 particles 
were purchased from the Shanghai ST-NANO Science & Technology Co., 
Ltd., and the morphology and phase constitute are shown in Fig. 1 (a) 
and 1 (b), demonstrating the primary hexagonal phase with the average 
grain size of 50 nm, respectively. The aqueous electrolyte was prepared 
using the deionized water by adding the chemicals in a special order and 
time interval under continual stirring for the purpose to avoid precipi
tation of oxides/hydra oxides [33]. The temperature was set to 35 ◦C, 
and the pH was adjusted to 4.8 with dilute sulfuric acid. Current den
sities ranging from 20 to 60 mA/cm2 were selected to analyze their 

Table 1 
Electrolyte composition and electro-co-deposition conditions.

Bath ingredients NiCoFeCu–Si3N4 composites

Nickel sulfate⋅6H2O(g/L) 118.28
Cobalt sulfate⋅6H2O(g/L) 12.64
Ferrous sulfate⋅7H2O(g/L) 8.34
Cupric sulfate⋅5H2O(g/L) 3.74
Boric acid(g/L) 29.66
Saccharin (g/L) 2.0
Trisodium Citrate(g/L) 41.17
Loadings of Si3N4(g/L) 3, 6, 10

Current density (mA/cm2) 20, 40, 60
pH 4.5
Time (minutes) 70
Agitation (rpm) 280
Temperature (◦C) 35
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impact on the microstructures and properties of the composite coatings. 
Substrate materials were pure copper sheets (20.0 mm × 10.0 mm × 1.0 
mm) and high strength low carbon steel (HSLA) (10.0 mm × 10.0 mm ×
1.0 mm) for wear tests and electrochemical performance, respectively. 
To achieve a mirror surface condition for electrodeposition, the sub
strates were polished with silicon carbide papers in the order of 400 #, 
800 #, 1000 #, and 1500 # grade, followed by washed and cleaned with 
acetone. Before electrodeposition, the substrates were etched in a 12 wt 
% hydrochloric acid solution. An auxiliary anode in the form of a 
graphite electrode (40 mm × 40 mm) was utilized, and the working 
space between the graphite electrode and the substrates was 20 mm. The 
deposited time was 45 min for each specimen. When it was finished, the 
specimen was taken out and ultrasonically washed in the distilled water 
for about 10 s to remove the attached ceramic particles on the surface, 
and then dried in an oven. For simplicity, for example, "NiCoFeCu-3 
g/L-Si3N4-20 mA/cm2", deposited with 3 g/L Si3N4 loading in the elec
trolyte at a current density of 20 mA/cm2, is abbreviated to "HEA-3 
g/L-20 mA".

2.2. Microstructural characterization

The phase constitutes of the HEA composite coatings were deter
mined using an X-ray diffraction technique with Cu Kα radiation (λ =
1.5405 Å) on a RIGAKU SmartLab [33], operating at a voltage of 30 kV 
and a beam current of 30 mA. The diffraction patterns of the specimens 
were obtained in the angle range of 30◦–100◦ at the scan rate of 6◦/min., 
and the grain sizes of the different HEA composite coatings were esti
mated using the Scherrer equation [51]. 

D = kλ/β cos θ (1) 

where D represents the average grain size of the coatings in nm, k is the 
Scherrer constant (0.94), λ denotes the Kα wavelength of copper 
(~0.15405 nm), and β is the peak width at a half maximum of the 
diffraction angle in radian.

The relative texture coefficients (RTC) for different HEA composite 
coatings were computed by the formula [44]: 

RTC(hkl) =
I(hkl)/I0(hkl)

∑
I(hkl)/I0(hkl)

(2) 

where I0 (h k l) is the intensity of an untextured nickel sample (JCPDF 
No. 04–0850), and I (h k l) is the diffraction intensity of the (h k l) 
reflection.

A JOEL-7500F scanning electron microscope (SEM) was used for the 
observation of the surface morphologies of the HEA coatings. The 
compositions of the HEA coatings were estimated by an Oxford Energy 
Dispersive X-ray Spectrometer (EDS) attached to the SEM.

The sample surface roughness (Ra) was measured using a Roughness 
and Contour Meter (manufactured by Shanghai Taile Ltd.), with five 
areas measured for each sample and the average value taken.2.3 

Electrochemical measurements.
The electrochemical measurements were performed at room tem

perature using a CHI 660e workstation. A three-electrode setup was 
employed in a glass cell with a 350 mL 3.5 wt% sodium chloride solution 
for the electrochemical measurements of the HEA composite coatings. 
The counter and reference electrodes were a platinum plate and a 
saturated calomel electrode (SCE), respectively. Therefore, the poten
tials mentioned in the work were referenced to SCE. Potentiodynamic 
polarization and electrochemical impedance spectroscopy (EIS) mea
surements were performed in a solution at 25 ◦C. The specimens were 
soaked in the chloride solution for 45 min or longer until they reached a 
stable open circuit potential (Eocp) before the electrochemical mea
surements. The polarization tests were measured in the potential range 
of ±250 mV with respect to the Eocp with a potential scanning speed of 1 
mV/s, while the EIS data was recorded applying a frequency range of 
0.01 Hz–100 kHz with an amplitude of 10 mV. The corrosion-current 
density for the HEA composite coatings was determined using the 
Tafel extrapolation method [52], and the analysis of parameters for the 
corresponding electrical equivalent circuit (EEC) was carried out using 
the ZVIEW software [53].

2.3. Measurement of hardness and wear performance

The microhardness values were measured using an Mh-VK hardness 
tester and a Vickers hardness indenter, with a loading force of 50 g and a 
dwell time of 15 s. Microhardness measurements were taken at five 
different locations, leading to the average values of microhardness. 
Reciprocating wear tests were conducted using a BRUKER UMT Tribo
Lab (Germany), with a frequency of 4 Hz and a stroke length of 5 mm. 
This process was performed against an Al2O3 ball with a diameter of 8 
mm and a hardness of 1600 HV. A loading force of 9.8 N was applied to 
the sample surface for 10 min. The wear tests were carried out in 
ambient air at room temperature and humidity. The surface character
istics of composite coatings were examined by a surface profiler (Con
tour GT, Bruker, Germany).

3. Results

3.1. Surface morphologies and microstructures of Si3N4-reinforced 
NiCoFeCu composite coatings under varying current densities and Si3N4 
loadings

The surface morphologies of Si3N4-reinforced NiCoFeCu composite 
coatings deposited at 40 mA/cm2 are depicted in Fig. 2, where the insets 
are the corresponding high magnification images. Compared to pristine 
NiCoFeCu coatings without the addition of Si3N4, the Si3N4-reinforced 
NiCoFeCu composite coatings reveal a rather rough and uneven surface, 
characterized by globular structures, as shown in Fig. 2 (b, c, d). No 
noticeable defects, such as cracks, pores, or pinholes, were found in any 
of the samples. The insert magnified images in Fig. 2 (c, d) reveal that 

Fig. 1. The morphology (a) and phase constitute (b) of Si3N4 particles.
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the Si3N4 nanoparticles are nearly spherical with a dark contrast, as 
indicated by the arrows. Furthermore, SEM observations indicate that 
the surface morphology becomes increasingly uneven as the loading of 
Si3N4 increases to 10 g/L.

The surface characteristics of HEA-6 g/L composite coatings depos
ited at different current densities are shown in Fig. 3. As the current 
density increases, the surface roughness of the HEA composite coatings 
also increases. At the current density of 40 mA/cm2, the average size of 
the nodular structures is approximately 15 μm, and when the current 

density reaches 60 mA/cm2, the dimensions of the nodular structures on 
the surface appears to be non-uniform, with some large-sized particles 
reaching up to 40 μm. Additionally, it’s noted that most Si3N4 particles 
are embedded at the top of the large nodular structures, as shown in 
Fig. 3(d). Fig. 4 illustrates the average roughness values of HEA com
posite coatings deposited at various current densities. In general, the 
average roughness of the composite coatings exhibits a slight increase in 
response to higher current densities. This trend could be attributed to 
the intensified local electric field, which influences the deposition and 

Fig. 2. SEM micrographs of composite coatings deposited at current densities of 40 mA/cm2 and Si3N4 loading of 0 g/L (a), 3 g/L (b), 6 g/L (c), and 10 g/L (d) in the 
electrolyte.

Fig. 3. Surface morphologies of HEA composite coatings electrodeposited with 20 mA/cm2 (a), 40 mA/cm2 (b), and 60 mA/cm2 (c, d) in an electrolyte with a Si3N4 
loading of 6 g/L.
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crystallization rates of the HEA grains, resulting in a rougher surface 
texture [54].

The EDS mappings of composite coatings in Fig. 5 show the homo
geneous distributions of Fe, Co, and Cu elements. However, the ag
glomerations of Si and N element are visible due to the inhomogeneous 
distribution of Si3N4 nanoparticles. The chemical compositions of Si3N4- 
reinforced NiCoFeCu HEA alloys are shown in Fig. 6, displaying the four 
elements of Ni, Co, Fe, and Cu, which indicates the successful co- 
deposition for producing a uniform high-entropy alloy coating.

Fig. 7 displays the cross-sectional images of the HEA-6 g/L-40 mA 
and HEA-10 g/L-40 mA coatings, demonstrating the average thicknesses 
of approximately 45 μm and 42 μm, respectively. The samples exhibit 
cohesive, crack-free layers with good adhesion to the copper substrates. 
The EDS line scans in Fig. 7 (c, d) reveal relatively uniform distributions 
of Ni, Co, and Fe elements, whereas Si and N elements exhibit notable 
compositional variations along the distance, confirming that the incor
poration of Si3N4 particles into the HEA matrix.

3.2. Phase constitutes

The XRD patterns in Fig. 8 show that all the composite coatings 
display a typical face-centered-cubic (FCC) structure, except for the ones 
deposited at 60 mA/cm2. The characteristic peaks with diffraction an
gles of approximately 44.5◦, 51.9◦, 76.5◦, 93.1◦, and 98.5◦, respectively, 
are associated with the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) planes 
of an FCC solid solution (PDF card No. 04–0850).

3.3. Hardness

The microhardness values of the composite coatings are presented in 

Fig. 9. The NiCoFeCu deposit shows the lowest value of 630 HV50g, and 
the hardness values of Si3N4-reinforced NiCoFeCu composite coatings 
increase obviously with the addition of Si3N4. However, it seems that 
increasing the loadings of Si3N4 has a little effect on the microhardness 
of the composite coatings in the deposition current density range of 
20–60 mA/cm2, and because of the roughness of the surface, the hard
ness values are more widely distributed especially for the samples 
deposited with high loadings of ceramic particles at high current 
densities.

3.4. Tribological performance

Composite coatings deposited without the Si3N4 addition to the 
electrolyte solution exhibit relatively stable friction coefficients during 
reciprocating sliding tests at ambient temperature, hovering around the 
value of 0.5, as illustrated in Fig. 10. Upon the addition of Si3N4, there is 
a slight decrease in the friction coefficient of the composite coatings, and 
only a minor difference is observed between the composite coatings 
deposited from the electrolyte solution containing 3 g/L and 6 g/L of 
Si3N4. However, when the amount of Si3N4 loading reaches 10 g/L, the 
friction coefficients of the samples significantly rise. Particularly, the 
sample deposited at a current density of 60 mA/cm2 shows the highest 
value of a friction coefficient, averaging around 0.9, and displays a 
noticeable fluctuation in the CoF value during the reciprocating sliding 
test.

Fig. 4. The average surface roughness of the samples varies with different 
electroplating current densities and Si3N4 particle concentrations.

Fig. 5. SEM micrograph of the FCCN-6 g/L-20mA sample deposited with 40 mA/cm2 for 45 min. (a) and the corresponding EDS mapping of Fe, Co, Cu, Ni, N and Si 
elements, respectively (b, c, d, e).

Fig. 6. The elemental contents of NiCoFeCu–Si3N4-composite coatings.
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4. Discussion

4.1. Effect of Si3N4 loadings and current densities on the surface 
morphologies and microstructures of NiCoFeCu composite coatings

As the loadings of Si3N4 particles increase, the surface morphologies 
of NiCoFeCu composite coatings become rougher and less uniform 
(Figs. 2 and 3). This phenomenon arises from the coupled process of the 
electrochemical reduction of metal ions on the cathode surface and the 
co-deposition of Si3N4 particles in the electrolyte under the force of the 
electric field. Typically, ceramic particles with good conductivity in the 
electrolyte attract a large amount of charged ions to their surfaces. With 
the effects of stirring and convection, corresponding mass transfer pro
cesses occurred in the electrolyte solution. After the charged Si3N4 
particles reached the double layer of the cathode, they could embed 
themselves into the growing front of the deposit layer along with the 
metal-cations reduction, thus forming the ceramic-particle-reinforced 
HEA composite materials. This process can be described using a 
Guglielmi’s model [55], as shown in Fig. 11. There are two key steps in 
this co-deposition process: namely the "weak adsorption" of ceramic 
particles on the cathode surface and the "strong adsorption" generated as 
metal cations on the ceramic particles were electrochemically reduced 

Fig. 7. Cross-sectional images of the HEA-6 g/L-40 mA (a, c) and HEA-10 g/L-40 mA coatings (b, d).

Fig. 8. XRD patterns of the composite coatings deposited under various current densities (20, 40, and 60 mA/cm2) and Si3N4 loadings (3, 6, and 10 g/L) for 70 min.

Fig. 9. Hardness values of the composite coatings deposited under different 
current densities and Si3N4 loadings for 70 min.
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with particle embedding. Additionally, by adding Si3N4 particles to the 
HEA electrolyte, the electric-field distribution at the growth front varied 
and could provide more nucleation sites for crystallization. While pro
moting the refinement of the coatings’ microstructures, it simulta
neously led to an uneven cation transfer on the surface and localized 
grain growth. Consequently, with an increase in the particle concen
tration, the surface roughness also increases. This experimental obser
vation aligns with the Ni–P–SiC composite coatings, as reported by 
Zhang et al. [56]. What’ more, the inclusion of ceramic particles also 
helps in reducing or even eliminating the formation of pinholes and gas 
pores during the electroplating process, resulting in a denser coating and 
uniform microstructures [45].

The current density is one of the crucial operational parameters of 
electrodeposition. With an increase in the current density, the rate of the 
electrochemical reduction of metal cations also increases. Consequently, 
local regions at the cathode-growing front are more likely to exhibit an 
uneven electric field distribution and an enhanced degree of ionic- 
concentration polarization, leading to an increased surface roughness 
of the deposition layer, as exhibited in Fig. 3. Additionally, as the 
deposition current density increases, the size disparity between the 
nodular and coronal grains becomes more pronounced, resulting in the 
increased surface roughness and inhomogeneity of the coatings. More
over, in the composite coating deposited with the maximum current 
density, distinctive cauliflower-like structures composed of many small 
grains appear, as indicated by the arrows in Fig. 3(c and d). The phe
nomenon can be attributed to the aggregation of ceramic particles [57], 
and the similar nodular morphology is similar to the previous report 
[58].

The chemical compositions of the composite coatings were deter
mined through the energy dispersive X-ray spectroscopy (EDS), with 
results presented in Fig. 6. Despite the significant differences in the 
standard reduction potentials of the four elements (Fe = 0.44 V, Co =
0.28 V, Ni = 0.25 V, and Cu = 0.34 V), the EDS analysis indicates the 
successful co-deposition of these elements in the composite coatings. 

According to the definition of HEAs [59], the elemental content typically 
ranges between 5% and 35%, suggesting that the composite coatings 
prepared in the present study meet the criteria of HEAs. Additionally, 
the contents of Fe increase while the contents of Co show a decreasing 
trend with the increase in applied deposition current density. This can be 
attributed to the anomalous co-deposition of Fe and Co, similar results 
have also been reported in the literature [45]. In comparison, the con
tents of Ni and Cu of the samples derived from different conditions 
exhibit no significant changes with the increase in current density. Be
sides, when the concentration of Si3N4 in the electrolyte is increased, 
particularly when the concentration reaches 10 g/L, there is a significant 
increase in the Fe element in the electrodeposited coating. This may be 
due to the adsorption and interaction of Fe ions in the electrolyte with 
the surface of Si3N4 particles [60]. Finally, it is noteworthy that the 
results reveal no specific trend in the elemental content with an increase 
in ceramic loadings in the electrolyte in this study. Further research is 
needed to investigate this phenomenon.

4.2. Effect of current densities and Si3N4 loadings on phase constitutes of 
Si3N4-reinforced NiCoFeCu composite coatings

The XRD analysis reveals that the primary phase constitute is the FCC 
phase (Fig. 8), which is consistent with the previous research [38]. 
However, the diffraction peaks, related to the Si3N4 phase, were very 
weak and difficult to detect due to the very small number of Si3N4- 
particles incorporated into the HEA matrix. Additionally, when the 
deposition current density reached 60 mA/cm2, the BCC (Body-Centered 
Cubic) phase began to appear, as illustrated in Fig. 8(b). The peaks, 
characterized as the BCC phase, appeared near 45◦ and were highlighted 
by the arrows. Generally, in HEA alloys containing Cr and Fe elements, 
both of which are stabilizing elements of the BCC phase, the HEA alloys 
tend to form the low-energy BCC phase enriched with Fe and Ni. In the 
present alloy system, since it contains only the Fe element (Cu and Ni are 
the elements that stabilize the FCC phase), only a single FCC phase 

Fig. 10. The coefficients of friction (CoF) of the composite coatings acquired with an Al2O3 counter ball at an ambient temperature of 25 ◦C.

Fig. 11. The schematic diagram shows the co-deposition process of Si3N4 nanoparticles in the electrolyte bath containing Fe, Co, Ni, and Cu cations.
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structure is detected at small deposition current densities (20–40 
mA/cm2). As the deposition current density increases to 60 mA/cm2, 
there is a significant increase in the Fe content of the HEA coatings. 
Therefore, the deposit tends to be made up of a mix phase structure 
containing the BCC phase to thermodynamically reduce the overall 
Gibbs free energy [61]. Generally, the presence of a duplex structure in 
material microstructure could deteriorate its corrosion resistance due to 
the formation of galvanic corrosion cells under corrosive environment. 
The grain sizes and relative texture coefficients (RTC) of the composite 
deposits were determined through the XRD analysis, and the results are 
summarized in Table 2 (the calculations were based only on the 
diffraction data of the FCC phases). Compared to the pristine HEA 
coatings without the Si3N4 addition, the grain size of the composite 
coatings slightly decreased with the addition of Si3N4 particles (3 g/L). 
This observed phenomenon aligns with the general rule in 
ceramic-reinforced composite materials. The introduction of the rein
forcing phase can create more nucleation sites during the electrodepo
sition, leading to grain refinement for the composite coatings. 
Additionally, according to the following formula [62]: 

A = K1 exp
(

−ΔG*

kBT

)

= K1 exp
(

K2

η2

)

(3) 

where K1 and K2 are the constants under certain conditions, ΔG* is the 
Gibbs energy of nucleation, η is the nucleation overpotential (positively 
correlated to the deposition current density), kB is the Boltzmann con
stant, and T is the absolute temperature.

Therefore, increasing the deposition current density (overpotential), 
can obviously enhance nucleation rates, further refining the micro
structures. However, as the reinforcement phase concentration increases 
beyond a loading of 6 g/L, the grain size of the HEA composites no 
longer decreases but inversely increases slowly, as shown in Table 2. 
When the reinforcing phase concentration reaches 10 g/L, the grain size 
of the composite coatings can exceed 30 nm, presenting an increase of 
20%, compared to that deposited from the 3 g/L electrolyte. The reason 
for this increase might be related to the agglomeration of the Si3N4 
particles [62], which requires further investigation.

The addition of Si3N4 particles also altered the crystal texture of the 
composite coatings. As the concentration of the particles increases, the 
texture of the (3 1 1) crystal plane gradually weakened, while the (1 1 1) 
and (2 0 0) crystal planes became preferred orientations in the com
posite coatings, especially prominent when deposited with high particle 
concentrations and current densities. The textures of the (2 0 0) and (1 1 

1) planes of the composite coatings favors enhanced anti-corrosion 
resistance due to their characteristic low-energy surfaces [63].

4.3. Wear performance of HEA composites

Fig. 10 shows the coefficients of friction (CoF) of the samples 
recorded under dry sliding wear conditions at an ambient temperature 
of 25 ◦C. The results indicate that as the loadings of ceramic particles 
increase, the values of CoF of composite coatings show a slight decrease, 
followed by a gradual rise. When the Si3N4 loading is 3 g/L, the obtained 
composite coatings exhibit slightly lower CoF values than that of the 
pristine HEA coating within the deposition current density range of 
20–60 mA/cm2. This phenomenon is attributed to the Si3N4 particles 
acting as solid lubricants during reciprocating friction, reducing the 
values of CoF between the friction pair and the composite coatings [64]. 
However, with a further increase in ceramic loading, particularly in the 
composite coatings deposited at high current densities, the surface 
roughness and unevenness noticeably increase, which leads to not only 
an increase in the CoF values but also distinct fluctuations in the friction 
curve, as detailed in Fig. 10(b). Specifically, for samples deposited at 
current densities of 40 and 60 mA/cm2 and with a ceramic particle 
loading of 10 g/L, the value of CoF can exceed 0.9, which could be 
attributed to the unevenness in the surface structure. Generally, an in
crease in the surface roughness of samples tends to increase in the co
efficient of friction during dry sliding. Sajjadnejad et al. [60] have 
demonstrated that incorporating Si3N4 particles into a pure Ni matrix 
via electroplating could increase the coefficient of friction, and their 
findings are similar to the present results.

The white-light interferometric images of samples obtained at a 
deposition current density of 40 mA/cm2 after wear tests are shown in 
Fig. 12. Compared with a pristine HEA coating, the addition of Si3N4 
particles significantly reduces the wear volume of the composite coat
ings. The coating prepared with a Si3N4 loading of 3 g/L exhibits the 
smallest wear volume, followed by the sample obtained with a Si3N4 
loading of 6 g/L, while the coating prepared with a ceramic loading of 
10 g/L shows a noticeable increase in the wear volume. The results from 
white-light interferometry indicate that the wear volume increases with 
the loading of ceramic particles in the electrolyte solution, implying that 
a higher content of Si3N4 particles does not necessarily lead to better 
wear performances. The possible reasons for this phenomenon include: 
(1). Composite coatings obtained from plating solutions with high Si3N4 
concentrations exhibit more uneven surface morphologies. (2). Ac
cording to Archard’s principle, there is an inverse relationship between 
the resistance to frictional wear and the hardness of the coatings [65]. 

V = kWL/H (4) 

where V is the wear volume, k denotes the wear coefficient (dimen
sionless constant), W is normal loading, L represents the sliding distance, 
and H is the hardness of the contacting surfaces.

Based on the grain size obtained from the XRD tests, when the Si3N4 
particle loading reaches 10 g/L in the electrolyte, the grain sizes of the 
composite coatings gradually increase compared to those obtained at 6 
g/L loading, and the hardness gradually decreases, leading to relatively 
reduced wear resistance and an increase in wear volume for the HEA-10 
g/L coatings.

The worn surfaces of the composite coatings were examined using 
SEM, with the results displayed in Fig. 13. The wear tracks of all the 
composite coatings exhibit abrasive grooves and debris with different 
sizes, indicating a wear mechanism governed by a combination of ad
hesive and abrasive wear. The worn surface of the HEA-3 g/L-40 mA 
displays the smallest wear-track width and depth, indicating superior 
wear resistance. The incorporation of Si3N4 nanoparticles into the HEA 
coatings enhances the wear resistance, attributed to both grain-size 
refinement and the dispersion-strengthening effect, compared to pris
tine HEA coatings [58]. Besides, the uniform and compact morphology 

Table 2 
The grain size and relative texture coefficients (RTC) of the nanocomposite 
coatings.

Samples Grain size 
(111) plane

Grain size 
(200) plane

RTC111 RTC 
200

RTC 
220

RTC 
311

0g-40 
mA

19.2 15.6 0.521 0.134 0.069 0.104

3g-20 
mA

18.9 15.5 0.504 0.191 0.098 0.078

3g-40 
mA

18.2 16.4 0.501 0.175 0.083 0.082

3g-60 
mA

17.9 17.2 0.532 0.184 0.081 0.075

6g-20 
mA

16.8 15.4 0.452 0.242 0.125 0.081

6g-40 
mA

19.5 16.4 0.662 0.251 0.061 0.043

6g-60 
mA

20.8 17.2 0.621 0.182 0.084 0.052

10g-20 
mA

25.9 18.2 0.536 0.261 0.089 0.029

10g-40 
mA

28.8 21.9 0.625 0.305 0.048 0.022

10g-60 
mA

19.6 20.1 0.614 0.241 0.064 0.025
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of the HEA-3 g/L-40 mA sample is responsible for its good anti-wear 
resistance. It is worth noting that an increase in Si3N4 loading up to 
10 g/L leads to heightened surface roughness. This increase in surface 
roughness contributes to an elevated wear rate and weight loss during 
the reciprocal-sliding process, as well as the values of CoF. Similar re
sults have been reported in TiB2/Al composites by Chi et al. [66]. 
Additionally, the agglomeration of Si3N4 nanoparticles could lead to the 
increased grain size and reduced hardness, potentially resulting in a 

greater wear volume loss compared to other composite coatings, as 
evidenced in Fig. 13 (d).

4.4. Corrosion properties of the HEA composite coatings

Fig. 14 displays the results of the polarization testing of the com
posite coatings in a 3.5 wt percent sodium chloride solution. The elec
trochemical parameters, including the corrosion current density (icorr), 

Fig. 12. White-light interferometric images of samples prepared under a deposition current density of 40 mA/cm2 with varying loadings of Si3N4 after wear tests. 0 
g/L (a), 3 g/L (b), 6 g/L (c), and 10 g/L (d).

Fig. 13. SEM micrographs of the worn surface for the composite coatings deposited at a current density of 40 mA/cm2 containing different Si3N4 loadings: 0 g/L (a), 
3 g/L (b), 6 g/L (c), and 10 g/L (d).
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open circuit potential (Ecorr), and Tafel slopes (βα and βc), related to 
corrosion resistance were determined using the Tafel extrapolation 
method [52]. It is known that the icorr value could reflect the corrosion 
rate and durability of the coatings in a specific corrosive environment. 
Compared to the HEA coatings without the Si3N4 addition, the com
posite coatings prepared by electrodeposition with Si3N4 nanoparticles 
at appropriate current densities showed a significant decrease in the 
corrosion current density, as observed in samples like HEA-3 g/L-40 mA 
and HEA-6 g/L-40 mA, indicating an obvious enhancement in corrosion 
resistance. Among these samples, HEA-6 g/L-40 mA exhibited the lowest 
icorr value and a relatively higher Ecorr value, suggesting that it’s the 
most corrosion-resistant coating among all samples tested. It should be 
noted that the coupled effect of the deposition-current density and 
ceramic incorporation significantly influences the microstructures and 
corrosion resistance of the composite coatings. For instance, in the 
HEA-10 g/L samples prepared at current densities between 20 and 60 
mA, the corrosion current densities obtained from the Tafel curves were 
obviously higher than those of the original HEA coating, possibly due to 
the aggregation of Si3N4 particles and the uneven microstructure on the 
surface of these coatings [57].

Fig. 15 presents the results of electrochemical-impedance spectros
copy (EIS) conducted on the composite coatings immersed in a 3.5 wt% 
NaCl solution at a stable open circuit potential, with a testing frequency 
range of 0.01 Hz–100 kHz. The Nyquist plots of each coating revealed 
flattened circular arcs of different radii, where the arc sizes could 

roughly correspond to the impedance values of the composite coatings. 
Notably, the impedance arc sizes for HEA-6 g/L-40 mA and HEA-6 g/L- 
60 mA were significantly larger than those of other coatings, indicating 
superior corrosion resistance compared to other samples. The EIS results 
were consistent with the previous Tafel polarization study.

To further explore the corrosion mechanism of the composite coat
ings, the EIS data were fitted using an electrical equivalent circuit (EEC). 
Two-time constants, reflecting two double-layer capacitors, were 
considered in the fitting based on the characteristics of the impedance 
spectra. The EEC model included the charge transfer resistance (Rct), 
coating resistance (Rcoat), and solution resistance (Rs). Due to the 
dispersive effects of the capacitive loop, a constant phase element (CPE) 
was used in the CCE instead of the ideal capacitor. The CPE impedance 
can be described as follows, 

ZCPE = Y−1
0 (jω)

−n (5) 

where ω is the angular frequency (ω = 2πf, and f is the frequency), j is the 
imaginary number (j2 = −1), Yo is the amplitude comparable to 
capacitance, and n is a dimensionless parameter comprised between 
0 and 1, which can provide details about the degree of inhomogeneity of 
the metal surface.

There were two CPE, including the non-ideal coating capacitance 
(CPE1) and double-layer capacitance (CPE2) used in the model, as shown 
in Fig. 15(b). The fitting results are displayed in Table 3. Typically, 
higher Rct values and lower electron transfer values indicate that the 
samples are less susceptible to corrosion in the corrosive environment 
[52]. In chloride-ion-containing solutions, chloride ions can erode the 
passivation film on the coating surface, leading to a decrease in the 
sample’s impedance value. From the table, it is evident that the charge 
transfer resistance of the HEA-6 g/L-40 mA coating was the highest at 
48,170 Ωcm2, signifying a dense passivation film on its surface with 
relatively high protective properties. With increased Si3N4 particle 
loadings and deposition current densities, the surface microstructures of 
the coatings become increasingly uneven, and the ceramic particles tend 
to agglomerate, forming galvanic couples (with the Si3N4 particles 
having a higher corrosion potential as cathodes and the HEA matrix as 
anodes), ultimately resulting in a decline in the overall corrosion resis
tance of the HEA-composite coatings.

According to the electrochemical theory, the icorr value is closely 
related to the surface roughness of the sample. When the sample surface 
is rough, the effective reaction area between the anode and cathode 
increases, leading to a higher corrosion current density [67]. As 
observed by SEM (Figs. 2 and 3), samples obtained under high ceramic 
loadings and great current densities exhibit larger surface roughness. 
Therefore, the actual corrosion-current densities of the composite 
coatings should be somewhat smaller than the corrosion-current-density 
values obtained from Tafel tests when considering the factor of surface 
roughness. In general, HEA coatings incorporated with Si3N4 particles 
demonstrate superior corrosion resistance compared to the pristine HEA 
coating when the influence of roughness is taken into account. HEA 
nanocomposite coatings exhibit significantly enhanced corrosion resis
tance, attributed to the following factors. (a). The presence of ceramic 
particles, which could serve as a physical barrier, contributes to the 
coatings’ corrosion resistance [68]. (b). The dispersion of ceramic 
nanoparticles within the HEA matrix can induce structural changes by 
turning the columnar microstructure into equiaxed grains and blocking 
the propagation of corrosion paths, enhancing the anti-corrosion resis
tance of the composite coatings [45]. (c). The Si3N4 particles in the 
electrolyte solution could diminish defects, such as holes and pits that 
may arise from H2 gas adhering to the growing front during electrode
position, as depicted in Fig. 2, resulting in a denser, pore-free micro
structure that enhances the overall corrosion resistance [69].

The general corrosion mechanism during the electrochemical test in 
a 3.5 wt% NaCl solution for the HEA-composite coatings could be 
described separately in terms of cathodic and anodic processes. The 

Fig. 14. Polarization curves for the HEA composite coatings in the 3.5 wt% 
NaCl (25 ◦C, 1 mV/s).

Fig. 15. Nyquist plots for the HEA composite coatings in the 3.5 wt% NaCl at 
an open circuit potential and the equivalent circuit (insert).
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cathodic process might be composed of reduction of hydrogen and 
reduction of dissolved oxygen, as depicted by the following equations: 

2H+ + 2e−→H2 (6) 

O2 + 2H2O + 4e−→4OH− (7) 

The anodic corrosion reaction, which is composed of the dissolution 
of the multi-alloying elements, can be described as follows [70]: 

Ni = Ni2+
+ 2e− (8) 

Co = Co2+ + 2e− (9) 

Fe = Fe2+ + 2e− (10) 

Cu = Cu2+ + 2e− (11) 

It is worthy to point out that when the sample surface underwent 
corrosion, it could be considered to be composed of numerous surface 
micro-galvanic cells. Silicon nitride, due to its inert chemical properties, 
can be regarded as the cathode of the corrosion cell, while the HEA alloy 
matrix acts as the anode. Additionally, because copper (Cu) has the 
highest electrode potential, the reaction current for Cu during corrosion 
should be the least.

Corrosion resistance stands as a critical performance metric for 
electrodeposited HEA coatings designed for protective applications. 
Previous research featured the incorporation of inert reinforcing agents 
like the graphene oxide (GO) and carbon nanotubes (CNT) to bolster the 
stability of the HEA matrix and enhance its corrosion resistance [47,48]. 
These reinforcements facilitate the formation of stable oxide layers on 
the HEA coating surface, impeding attacking ions, such as chloride 
cations, and notably improving corrosion resistance compared to unre
inforced HEA coatings [48]. However, currently, very few researchers 
have used inexpensive ceramic particles as reinforcing phases to prepare 
and study the microstructures and properties of electrodeposited 
high-entropy alloy composites. Dehestani et al. examined SiC 
particle-reinforced FeCoNiWMo high-entropy alloy coatings, demon
strating that adding 20 g/L of SiC particles significantly enhances the 
hardness, wear resistance, and corrosion resistance of high-entropy al
loys [40]. The present experimental results indicate that incorporating a 
small amount of Si3N4 ceramic particles can obviously improve the wear 
resistance and corrosion resistance of composite coatings. These studies 
all highlight the feasibility and superior performance of electrodeposited 
ceramic-reinforced high-entropy alloy coatings, showing the practicality 
of electrodeposition processes and broad application prospects in the 
preparation of composite materials and surface protection for materials 
used in corrosive circumstances.

5. Conclusions

In the study, Si3N4 ceramic-enhanced NiFeCoCu nanocomposite 
coatings were fabricated by electro-co-deposition with varying ceramic 
loadings and current densities, and the main findings are summarized as 

follows.

1. By increasing the current density and ceramic loading in the elec
trolyte, the grain size in the ceramic coatings firstly decreases and 
then increases, leading to an increasing trend in the surface rough
ness of the deposits, particularly resulting in more heterogeneous 
surface topography in the composite coatings obtained under high 
current densities.

2. Within the 20–40 mA/cm2 current-density range, the deposited 
composite coatings only consist of a single FCC phase, whereas when 
the electroplating current density is increased to 60 mA/cm2, the 
composite coatings were made up of an FCC + BCC two-phase 
structure.

3. Compared to the pristine samples, the addition of Si3N4 particles in 
the matrix weakens the (311) texture, while enhancing the (111) and 
(200) textures.

4. The incorporation of Si3N4 obviously enhances the hardness and 
wear resistance of the HEA matrixes. For the HEA-3 g/L composite 
coatings, the friction coefficient is slightly reduced due to the 
lubricating effect of Si3N4. With grain refinement and increased 
hardness, the HEA-3 g/L samples exhibit the lowest wear volume and 
with a wear mechanism, which is a combination of adhesive and 
abrasive wear.

5. The addition of Si3N4 significantly improves the corrosion resistance 
of high-entropy alloy composite coatings in simulated seawater. The 
HEA-6 g/L series of composite coatings display the best corrosion 
resistance, attributed to the optimization of their morphologies and 
microstructures.

6. The present study suggests a promising industrial approach for pre
paring ceramic-enhanced HEA composite coatings, holding great 
potential for surface modification and protection of the engineering 
materials utilized in corrosive and wear conditions.
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