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ABSTRACT
Developing thick and well-adhered high-entropy alloy (HEA) coatings 
remains a major technological challenge due to the high cost and complexity 
of existing deposition methods. This study introduces a novel hybrid approach 
that combines mechanical alloying, electrochemical co-deposition, and high-
temperature annealing to fabricate CoCrFeMnNi-based coatings. In this process, 
HEA powders obtained by mechanical alloying are suspended in a classical 
Watts bath and co-electrodeposited with nickel onto copper and steel substrates. 
Subsequent annealing promoted homogenization and diffusion between the 
coating and substrate, producing coatings up to approximately 100 μm thick, 
although residual porosity remained an important issue requiring further 
optimization. Structural and chemical analyses revealed face-centered cubic 
solid solutions with good adhesion, as indicated by the absence of cracking 
and delamination during scratch testing, and a maximum hardness of 6.25 
GPa. The use of co-electrodeposition enables easy incorporation of complex 
HEA compositions using conventional electrochemical equipment, drastically 
reducing the cost and process temperature compared with vapor- or laser-based 
methods. The developed technology not only overcomes the limitations of direct 
HEA electrodeposition but also allows the deposition of coatings on complex 
geometries using environmentally friendly aqueous electrolytes. This simple 
yet versatile approach opens new pathways for producing high-performance 
protective coatings for applications in energy, aerospace, and nuclear industries, 
where mechanical robustness and chemical stability at elevated temperatures 
are critical.
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Introduction

High-entropy alloys (HEAs) represent a relatively new 
class of metallic materials, first introduced in 2004 [1]. 
Their concept is rooted in the idea of configurational 
(mixing) entropy, which favors the formation of stable, 
single-phase solid solutions rather than complex 
intermetallic compounds. Over the past two decades, 
two complementary definitions of HEAs have been 
established [1–4]:

(1)	 Composition-based definition: HEAs are alloys 
with five or more principal elements, each 
present in concentrations between 5 and 35 at%. 
Minor alloying additions up to 5 at% are also 
permissible.

(2)	 Entropy-based definition: HEAs are alloys 
characterized by a high configurational entropy, 
typically exceeding 1.61R (where R is the gas 
constant, 8.314 J/mol·K).

High-entropy alloys (HEAs) represent a highly 
promising class of advanced materials distinguished by 
a unique combination of properties rarely achievable 
in conventional alloys. They exhibit exceptional 
hardness, strength, and ductility, accompanied by 
remarkable resistance to heat, radiation, and corrosion 
[2, 5]. However, the fabrication of bulk HEAs remains 
costly, mainly due to the high content of expensive 
alloying elements. A practical strategy to overcome 
this limitation is to apply HEAs as protective coatings 
on inexpensive substrates, combining superior surface 
performance with economical material use. To achieve 
this, numerous deposition techniques have been 
investigated, including electrochemical deposition 
[6], cathodic arc deposition [7], laser cladding [8], 
magnetron sputtering [9, 10], and thermal spraying 
[11].

Unfortunately, the above methods all exhibit 
limitations, such as process complexity, high 
equipment costs, challenges in coating complex 
geometries, poor substrate adhesion, high defect 
densities, or high gas contents [12]. Among the 
available methods, electrochemical deposition is 
regarded as the most practical and versatile approach. 
This relatively simple and cost-effective method 
allows for the deposition of metal coatings on complex 
geometries, and the necessary equipment is already 
available in many manufacturing plants. Additionally, 
it has low raw material and energy requirements, low 

operating temperatures, relatively short synthesis 
times, uncomplicated equipment, and high scalability 
[13–15]. However, research on the electrodeposition of 
multicomponent HEAs (five or more components) is 
still preliminary, with few associated reports [16, 17]. 
It is challenging to achieve a uniform distribution and 
compositional control [18, 19] of multiple elements 
during electrodeposition because of the deposition 
kinetics and preferential deposition of certain 
elements, which can lead to a nonuniform elemental 
distribution and microstructure.

To overcome the drawbacks of conventional tech-
niques, this work introduces a novel electrochemical-
based route for producing HEA coatings. Specifically, 
a single metal matrix with HEA particles is formed 
by co-electrodeposition, followed by a homogenizing 
heat treatment (Fig. 1). In this study, the term co-elec-
trodeposition is used to describe an electrochemical 
composite deposition process, in which metal ions 
(Ni) are reduced on the cathode surface while solid 
HEA powder particles suspended in the electrolyte 
are simultaneously incorporated into the growing 
metal layer. This approach enables the formation of 
a metal–particle composite coating in a single elec-
trochemical step. First, mechanical alloying is used 
to produce the HEA powder. In the subsequent step, 
nickel and the HEA powder are co-electrodeposited 
onto the cathode substrate using an electrochemi-
cal bath. Two compositions of mechanically alloyed 
powders are applied in this study: CoCrFeMnNi 
(with Ni) and CoCrFeMn (without Ni). In the latter 
case, nickel is introduced solely through the chemical 
solution during the electrochemical deposition. The 
final step involves annealing the obtained composite 
coating to promote the dissolution of HEA particles 
within the matrix. As this study is the first to imple-
ment this specific combination of techniques, CoCr-
FeMnNi was selected as the model alloy owing to its 
well-documented properties and status as one of the 
most thoroughly investigated HEAs. In this study, a 
classical Watts bath [20] was used as an electrochemi-
cal solution. This choice, similar to that of the model 
alloy, was motivated by practical considerations—
the Watts bath is a well-established and widely used 
system with thoroughly characterized properties 
and well-defined process parameters. One of its key 
advantages is that it is an aqueous solution, making 
it considerably less toxic than organic solvent-based 
electrolytes. Additional benefits include its wide avail-
ability and low cost. Finally, the microstructures of 
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the obtained coatings were studied using scanning 
electron microscopy (SEM), energy dispersive X-ray 
spectroscopy (EDS), and X-ray diffraction (XRD), 
while their mechanical properties were evaluated via 
nanoindentation.

Experimental

Sample preparation

To verify the proposed method for preparing HEA 
coatings, two mechanically alloyed equimolar 
powders (CoCrFeMnNi and CoCrFeMn) and two 
substrates (copper and steel) were used. The hybrid 
method combines three processes: mechanical 
alloying, electrochemical co-deposition, and 
annealing.

First, CoCrFeMnNi and CoCrFeMn powders were 
prepared by mechanical alloying using a planetary ball 
mill (Fritsch P5). The ratio of steel balls to powder was 
10:1, and the powder container was placed in a pro-
tective argon atmosphere. The total ball-milling time 
was 50 h, with a sequence of 15 min milling and 5 min 

braking. The resulting powders were collected for fur-
ther processing.

Next, composite coatings were produced by elec-
trochemical co-deposition. During this process (also 
referred to here as co-electrodeposition), nickel ions are 
reduced on the cathode surface while suspended HEA 
powder particles are simultaneously incorporated into 
the growing nickel layer. As a result, the obtained coat-
ing is a metal–particle composite rather than a purely 
metallic film. Nickel electroplating was carried out in 
a classical Watts bath [20] modified by the addition of 
sodium lauryl sulfate (SLS) and KCl to reduce the sur-
face roughness of the deposited coating. The electrolyte 
composition is summarized in Table 1. HEA powders 
were then added to the prepared baths. Two types of 
electrolytes were formulated in this way: one contain-
ing CoCrFeMnNi powder and another containing CoCr-
FeMn powder The co-electrodeposition conditions were 
identical for both baths: solution temperature of 60 °C; 
plating time of 80 min; pH, approximately 4.0; and cur-
rent density of 0.22 mA/mm2. Throughout the process, 
the electrolyte was mechanically stirred to ensure uni-
form suspension of the HEA particles. According to 
previous studies [21] the main reactions during nickel 

Figure 1   Schematic of 
HEA coating process with 
co-electrodeposition (left) 
followed by homogenizing 
heat treatment (right).

Table 1   Electrolyte 
composition

a SLS – sodium lauryl sulfate

Component NiSO4 NiCl2 H3BO3 SLSa KCl Saccharin

Concentration [g/l] 300 45 45 0.2 6 3
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electrodeposition from a Watts bath, examined using a 
voltammetric, involve the reduction of nickel ions, boric 
acid and hydrogen ions at the cathode, while oxygen 
evolution and chloride oxidation occur at the anode. 
In this work, a parallel-plate configuration with single-
sided electrodes was used, employing a high-purity 
nickel anode and either copper or steel cathodes. Cop-
per was chosen because its lattice constant is close to 
that of nickel, which helps minimize interfacial stress 
and prevents delamination. However, its relatively low 
melting point limits the annealing temperature dur-
ing subsequent processing. Steel on the other hand, 
allows for higher annealing temperatures, promoting 
enhanced diffusion and homogenization of the coating. 
Consequently, four series of samples were prepared (the 
sample names are provided in brackets):

(A)	 Nickel matrix and CoCrFeMnNi particles 
deposited on copper substrate (Ni + CoCrFeMnNi 
on copper),

(B)	 Nickel matrix and CoCrFeMn particles deposited 
on copper substrate (Ni + CoCrFeMn on copper),

(C)	 Nickel matrix and CoCrFeMnNi particles 
deposited on steel substrate (Ni + CoCrFeMnNi 
on steel), and

(D)	 Nickel matrix and CoCrFeMn particles deposited 
on steel substrate (Ni + CoCrFeMn on steel).

The final stage of the process involved annealing 
for 12  h. The annealing temperature was set to 
approximately 90% of the melting point of the lowest-
melting constituent—920 °C for samples on copper 
substrates and 1120 °C for those on steel. Following 
this treatment, four series of annealed coatings were 
obtained.

(A)	 Ni/CoCrFeMnNi on copper substrate,
(B)	 Ni/CoCrFeMn on copper substrate,
(C)	 Ni/CoCrFeMnNi on steel substrate and
(D)	 Ni/CoCrFeMn on steel.

For clarity, the nomenclature adopted in this study 
defines “ + ” as a composite coating before annealing 
(nickel matrix with incorporated HEA powder) and 
“/” as the homogenized coating after annealing. The 
experimental conditions are summarized in Table 2.

Microstructural characterization

The morphologies of the mechanically alloyed 
powders and HEA coatings were determined by SEM 
(Zeiss Crossbeam 350) and EDS. The EDS data were 
analyzed using EDAX TEAM. The powder particle 
size distribution was measured using a Kamika 
Instruments Mini 3D device with an ultrasound 
frequency of 40 Hz and amplitude of a few millimeters 
to separate the particles. The measurement involved 
measuring the particles in a parallel beam of light, and 
the output was the signal received by the photodiode. 
The phase compositions of the powders and coatings 
were determined by XRD (Rigaku MiniFlex) with 
Cu Kα radiation (λ = 1.5418  Å in the 2θ range of 
20°–100°. The step size and interval were 0.05° and 
5 s, respectively, and the measurement was conducted 
using standard Bragg–Brentano geometry.

Nanohardness measurements

The mechanical properties of the prepared coatings 
were evaluated by nanoindentation. The tests 
were carried out using an in  situ SEM Alemnis 
nanoindenter equipped with a diamond Berkovich 
tip. Prior to the measurements, continuous stiffness 
measurement calibration was performed on a fused 
silica reference sample [22, 23]. Indentation tests 
were conducted at two maximum loads, 10 and 50 
mN, with five measurements performed for each 
sample. Thermal drift and instrumental effects were 
corrected using the manufacturer’s software, which 
was also employed to analyze the data. The hardness 
values were determined according to the Oliver–Pharr 
method [23].

Table 2   Sample summary and experimental conditions

Sample 
number

Substrate Powder added to 
electrolyte

Annealing 
temperature

1 Copper CoCrFeMnNi 920 °C
2 CoCrFeMn
3 Steel CoCrFeMnNi 1120 °C
4 CoCrFeMn
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Scratch‑test

The adhesion of the coatings was evaluated by scratch 
testing using an in situ SEM Alemnis nanoindenter. 
The tests were carried out using a diamond spherical 
tip with a radius of 10 �m as a counter body, scratch 
length 25 �m and linearly increasing normal load from 
0 up to 25 mN.

Results

Mechanical alloying

The phase compositions of the CoCrFeMnNi and 
CoCrFeMn powders after 50 h of mechanical alloy-
ing are shown in Fig. 2. Both materials exhibited dual-
phase structures with body-centered cubic (BCC) and 
face-centered cubic (FCC) phases. Based on thermo-
dynamic and atomic parameters – including mixing 
enthalpy, atomic size difference, mixing entropy, 
valence electron concentration, and the Ω criterion 
[2, 24, 25]—the CoCrFeMnNi alloy is theoretically 
expected to form a single FCC solid solution, as con-
firmed by previous empirical studies [26, 27]. Nev-
ertheless, the formation of dual-phase CoCrFeMnNi 

alloys is common in mechanically alloyed systems 
and has been widely reported [28, 29]. This behaviour 
is attributed to the formation of metastable phases 
through solid-state reactions during high-energy mill-
ing process [30]. Mechanically alloyed HEA powders 
also retain a substantial amount of stored energy aris-
ing from internal stresses and high density of defects 
such as dislocations and grain boundaries [31]. This 
excess energy reduces the activation barrier for phase 
transformation and facilitates the evolution of a stable 
FCC phase during subsequent high-temperature pro-
cessing, such as spark plasma sintering [28] or anneal-
ing, as applied in the present study.

The particle size distributions of both alloy powders 
are shown in Fig. 3. For both systems, the majority of 
particles ranged between 30 and 40 µm in diameter. 
However, the maximum particle sizes differed notice-
ably between the two alloys: the largest CoCrFeMnNi 
particles reached approximately 113 µm, whereas 
those of CoCrFeMn extended up to 178 µm. Although 
powders with particle sizes below 100 μm were ini-
tially used for mechanical alloying, larger agglomer-
ates formed during milling as a result of particle adhe-
sion and cold welding. The tendency of CoCrFeMn 
to form larger agglomerates can be attributed to its 
higher ductility and resistance to crushing during 

Figure 2   XRD patterns 
of CoCrFeMnNi and 
CoCrFeMn powders after 
mechanical alloying. 
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milling. In contrast, the CoCrFeMnNi alloy, which 
exhibits stronger lattice distortion—a characteristic 
feature of high-entropy alloys intensified by the pres-
ence of multiple principal elements—tends to be more 
brittle. This increased brittleness limits particle growth 
and results in a smaller maximum particle size.

The morphologies of the mechanically alloyed 
CoCrFeMnNi and CoCrFeMn particles are shown in 
Fig. 4. The CoCrFeMnNi particles (Fig. 4a, b) exhib-
ited a relatively uniform size distribution and a pre-
dominantly globular morphology, consistent with 
the particle size analysis. In contrast, the CoCrFeMn 
particles (Fig. 4c, d) displayed a broader size dis-
tribution and more irregular, angular shapes. These 
differences arise from the distinct mechanical behav-
iors of the alloys during milling—the higher ductil-
ity of CoCrFeMn promotes plastic deformation and 
cold welding, leading to irregular particle shapes, 
whereas the increased brittleness of CoCrFeMnNi, 
associated with its greater lattice distortion, favors 
particle fragmentation and rounding during the 
high-energy impacts of the milling process.

Elemental distributions within the mechanically 
alloyed powders were examined using EDS, and the 
corresponding elemental maps are shown in Fig. 5. 
Both alloys exhibited a generally uniform distribu-
tion of the principal elements, confirming effective 

mixing during the mechanical alloying process. 
Minor local variations, particularly regions with 
slightly elevated iron concentrations, were occa-
sionally observed. These inhomogeneities most 
likely originated from abrasion of the steel mill-
ing tools during the mechanical alloying process. 
Overall, the EDS analysis confirms that extended 
high-energy milling resulted in near-homogeneous 
multi-element powders suitable for subsequent 
co-electrodeposition.

Electrochemical co‑deposition

The next step involved the electrochemical co-depo-
sition of the mechanically alloyed powders within a 
nickel matrix. Suspensions of the CoCrFeMnNi and 
CoCrFeMn powders were prepared in classical Watt 
baths, and electrochemical co-deposition was con-
ducted on steel and copper substrates. Figure 6a com-
pares the morphology of Ni + CoCrFeMnNi coating 
(right) with that of a pure nickel coating (left) under 
an optical microscope, revealing pronounced mor-
phological differences. While the pure nickel coating 
conformed to the topography of the substrate, the co-
electrodeposited Ni + CoCrFeMnNi coating was sig-
nificantly rougher. Moreover, its morphology resem-
bled that of the CoCrFeMnNi powder itself (Fig. 6b), 

Figure 3   Particle size distribution of mechanically alloyed powders: a CoCrFeMnNi and b CoCrFeMn.
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indicating that the size and shape of the alloy particles 
had a strong influence on the surface texture of the 
resulting composite coating.

Figure 7 presents surface SEM images of the co-
electrodeposited composite coatings obtained on both 
substrates. No significant morphological differences 
were observed between the samples. In both cases, 
the entire substrate surface was uniformly covered 
by a composite coating of nickel matrix embedding 
HEA powder particles. During co-electrodeposition 
process, the powder particles are transported toward 
the cathode along with a cloud of nickel ions, which 
are subsequently reduced on the cathode surface. 
The reduced nickel and entrapped powder particles 
adhere to the substrate, forming a composite coating, 
consistent with the mechanism previously proposed 
in the literature [32].

Preparing cross-sections of the co-electrodepos-
ited samples proved challenging, as the hard HEA 
particles tended to detach or tear during cutting. 
Considering the limited penetration depth in EDS 

analysis, signals from the cross-sectional measure-
ments would predominantly originate from the 
nickel matrix; therefore, EDS was performed on the 
coating surface instead. Figure 8a,b show the surface 
SEM image and the corresponding EDS elemental 
map of the Ni + CoCrFeMnNi coating on copper, 
while Fig. 8c presents EDS spectra collected from 
three distinct regions. Here, nickel stems from both 
the HEA particles and the matrix. The EDS map, 
color-coded in red, blue, and yellow, illustrates the 
spatial variation in elemental composition, with the 
corresponding spectra displayed on the right-hand 
side of the figure. The peak intensities of Co, Cr, 
Fe, and Mn (indicative of the HEA powder) were 
the lowest in the red areas and highest in the yel-
low regions, suggesting that the latter correspond to 
particles with thinnest nickel layers. The EDS spectra 
thus confirmed the incorporation of HEA particles 
within a nickel matrix, although the concentrations 
of Co, Cr, Fe, and Mn were below equimolar levels.

Figure 4   SEM images of mechanically alloyed powders: a, b CoCrFeMnNi and c, d CoCrFeMn.
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To complement the EDS analysis and overcome its 
inherent limitations, X-ray diffraction (XRD) meas-
urements were performed on the coatings prior to 
annealing to verify the presence of HEA powder par-
ticles. Figure 9 shows XRD pattern of the co-deposited 
Ni + CoCrFeMnNi coating on a copper substrate. The 

diffraction peaks correspond to an FCC phase attrib-
uted to nickel, as well as additional BCC and FCC 
reflections originating from the incorporated HEA 
particles. The coexistence of these phases confirms the 
successful co-deposition process of the HEA powder 
within the nickel matrix.

Figure 5   EDS elemental maps of mechanically alloyed powders: a CoCrFeMnNi and b CoCrFeMn.
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Heat treatment

The final stage of the proposed HEA coating tech-
nology involved homogenization by heat treatment. 
Annealing was conducted for 12  h in a vacuum 
furnace. The coatings deposited on copper sub-
strates were heated to 920  °C, whereas those on 
steel substrates were heated to 1120 °C. The surface 

morphologies of the annealed Ni/CoCrFeMnNi and 
Ni/CoCrFeMn on copper are shown in Fig. 10a–f, 
respectively. Both coatings exhibited pronounced 
surface roughness. In the Ni/CoCrFeMn sample, 
numerous raised regions were observed (Fig. 10d), 
some reaching several millimeters in diameter and 
easily noticeable to the naked eye. These surface 
irregularities were absent prior to heat treatment. 

Figure 6   Dark-field optical micrographs of a electrochemically deposited nickel (left) and co-deposited Ni + CoCrFeMnNi (right) and b 
the surface of the Ni + CoCrFeMnNi coating at higher magnification.

Figure 7   SEM images of co-deposited coatings: a Ni + CoCrFeMnNi on copper, b Ni + CoCrFeMn on copper, c Ni + CoCrFeMnNi on 
steel, and d Ni + CoCrFeMn on steel.
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SEM observations further revealed a high degree 
of porosity in both coatings. A clear difference in 
diffusion behavior was observed between the two 
systems: while the Ni/CoCrFeMn coating on copper 
showed nearly complete interdiffusion, the Ni/CoCr-
FeMnNi coating exhibited incomplete homogeniza-
tion, with remnants of undissolved HEA particles 
embedded in the nickel matrix. This behavior can be 
attributed to the greater thermal stability of CoCrF-
eMnNi compared with CoCrFeMn.

These results indicate that the combination of HEA 
particle co-electrodeposition and subsequent anneal-
ing can lead to the formation of significant porosity 
within the coatings. Figure 11 presents the polished 
surfaces of the Ni/CoCrFeMnNi and Ni/CoCrFeMn on 
copper. Both samples exhibited pronounced surface 
nonuniformity characterized by numerous pores and 
precipitates. Despite the use of different HEA powders 
during co-deposition, the resulting surface morpholo-
gies were largely similar.

Further compositional analysis of the polished sur-
faces was performed using EDS. As shown in Fig. 12, 
both Ni/CoCrFeMnNi and Ni/CoCrFeMn coatings on 
copper exhibited precipitates enriched in chromium 
and manganese, whereas the distribution of the other 
constituent elements remained homogeneous through-
out the surface.

The microstructures of the coatings were further 
analyzed on polished cross-sections. Figures 13 and 
14 present the cross-sectional SEM images, EDS ele-
mental maps, and line scans of the Ni/CoCrFeMnNi 
and Ni/CoCrFeMn coatings on copper, respectively. In 
both cases, the previously observed porosity (Fig. 11) 
and precipitates were clearly visible. The formation of 
chromium- and manganese-rich precipitates resulted 
in local depletion of these elements in the surrounding 
regions of the coating. Cross-sectional analysis indi-
cated that these precipitates correspond to HEA par-
ticles that did not fully dissolve into the nickel matrix 
during annealing, most likely because of the anneal-
ing temperature being insufficient to achieve complete 

Figure 8   a surface SEM image and b EDS elemental map of Ni + CoCrFeMnNi on copper, with c EDS spectra of each colored area.
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Figure 9   XRD patterns of 
co-deposited Ni + CoCrF-
eMnNi coating on copper.

Figure 10   a, b Optical micrographs and b, c, e, f SEM images of sample surfaces after annealing at 920 °C for 12 h: a–c Ni/CoCrF-
eMnNi on copper and d–f Ni/CoCrFeMn on copper.
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homogenization. The heat treatment also promoted 
mutual diffusion between the nickel coating and the 
copper substrate. This interdiffusion is consistent with 
the complete solubility of nickel and copper, their sim-
ilar lattice constants (3.5238 and 3.615 Å, respectively), 
and their common FCC crystal structure. The absence 
of a distinct interface between the coating and sub-
strate, resulting from the interdiffusion, demonstrates 
strong metallurgical bonding and good adhesion.

Figure 15 shows the surface morphologies of the 
Ni/CoCrFeMnNi and Ni/CoCrFeMn coatings on steel 
after homogenizing heat treatment for 12 h. These 
samples were annealed at a higher temperature 
(1120 °C) than those deposited on copper; neverthe-
less, similar to the coatings on copper, the coatings 
on steel also exhibited pronounced roughness and 
porosity. Numerous raised regions, clearly visible to 

the naked eye, were present on both Ni/CoCrFeMnNi 
and Ni/CoCrFeMn coatings (Fig. 15a, b). SEM analy-
sis revealed complete interdiffusion for both coatings 
(Fig. 15c–f), with no detectable remnants of the precur-
sor HEA particles, likely due to the higher annealing 
temperature applied in this case.

Figure 16 shows the polished surfaces of the Ni/
CoCrFeMnNi and Ni/CoCrFeMn coatings on steel. 
Both samples exhibited similar appearances, charac-
terized by a largely homogeneous microstructure with 
only a few pores and precipitates visible (Fig. 16a, b, d, 
and e). The higher annealing temperature effectively 
reduced porosity and promoted further homogeniza-
tion of the coating. However, isolated regions with 
increased porosity were still observed (Fig. 16c and f).

The surface elemental compositions of the Ni/CoCr-
FeMnNi and Ni/CoCrFeMn coatings on steel were 

Figure 11   Surface SEM images of annealed samples after polishing: a, b Ni/CoCrFeMnNi on copper and c, d Ni/CoCrFeMn on cop-
per.
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examined using EDS. Figure 17a and b present the 
corresponding elemental maps. Both coatings exhib-
ited largely homogeneous elemental distribution, with 
only a small number of chromium- and manganese-
rich precipitates.

Figures 18 and 19 present the cross-sectional analy-
ses of the Ni/CoCrFeMnNi and Ni/CoCrFeMn on steel, 
respectively. Both coatings exhibited more homoge-
neous microstructures compared with those depos-
ited on copper. The higher annealing temperature 
(1120 °C) promoted pore closure and facilitated more 

complete homogenization of the coatings, with no 
undissolved precursor particles detected. Pronounced 
interdiffusion between the steel substrate and coat-
ing was observed, with nickel diffusing deeply into 
the substrate and iron diffusing into the coating. The 
absence of a sharp interface between the coating and 
substrate—resulting from this extensive interdiffu-
sion—indicates strong metallurgical bonding and 
good adhesion.

Figures 20 and 21 show the results of scratch tests 
analysis for the Ni/CoCrFeMnNi and Ni/CoCrFeMn 

Figure 12   EDS elemental maps of annealed sample surfaces after polishing: a Ni/CoCrFeMnNi on copper and b Ni/CoCrFeMn on 
copper.
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Figure  13   Cross-sectional analysis of the annealed Ni/CoCrF-
eMnNi coating on copper after cutting and polishing: a, c SEM 
images; b EDS elemental map with corresponding chemical 

compositions of the marked areas; and d elemental composition 
profiles as a function of depth from the coating surface.

Figure  14   Cross-sectional analysis of the annealed Ni/CoCr-
FeMn coating on copper after cutting and polishing: a, c SEM 
images; bEDS elemental map with corresponding chemical com-

positions of the marked areas; and d elemental composition pro-
files as a function of depth from the coating surface.
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Figure 15   a, d Optical micrographs and b, c, e, f SEM images of sample surfaces after annealing at 1120 °C for 12 h: a–c Ni/CoCrF-
eMnNi on steel and d–f Ni/CoCrFeMn on steel.

Figure  16   Surface SEM images of the annealed coatings after 
polishing: a–c Ni/CoCrFeMnNi on steel and d–f Ni/CoCrFeMn 
on steel. Both coatings exhibit predominantly homogeneous 

microstructures as a result of high-temperature annealing, with 
only isolated regions showing increased porosity or residual pre-
cipitates.
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coating on steel, respectively. For both coatings, no 
visible cracking or delamination was observed, dur-
ing the entire scratch test, plastic deformation was 
observed, indicating strong adhesion to the sub-
strate. This is attributed to the mutual diffusion of 
coating and substrate during the heat treatment. 
Notably, the penetration depth during scratching 

was significantly smaller for the sample prepared 
with CoCrFeMnNi powder (Fig.  21), which is 
ascribed to compositional differences between the 
two alloys and the slightly higher hardness of Ni/
CoCrFeMnNi coating.

Figure 22 presents the XRD patterns of the four 
coatings. For the samples deposited on steel, a 

Figure 17   EDS elemental maps of annealed sample surfaces after polishing: a Ni/CoCrFeMnNi on steel and b Ni/CoCrFeMn on steel.
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single-phase FCC solid solution was observed, which 
can be attributed to the higher annealing temperature 
applied in their processing. In contrast, the coatings 
deposited on copper exhibited additional diffraction 
peaks alongside the FCC phase. The additional reflec-
tions can be attributed to manganese- and chromium-
rich metallic phases, which remained in the coating 
due to incomplete diffusion of these elements, as also 
confirmed by the EDS analysis EDS (Fig. 13 and 14). 
The presence of such peaks suggest that the anneal-
ing was insufficient to fully homogenize all manga-
nese and chromium rich regions into the FCC solid 
solution, unlike in the case of samples annealed at the 
higher temperature (1120 °C). The additional reflec-
tions are probably associated with the formation of 
Mn-Cr oxide phases and Mn-Cr σ-type intermetallic 
phase.

Nanoindentation measurements were conducted 
at maximum loads of 10 and 50 mN, and the average 
hardness values obtained after annealing are 
summarized in Table 3. Higher nanohardness values 
recorded at the lower load of 10 mN are consistent 
with the indentation size effect, whereas the lower 
values obtained at 50 mN may reflect a larger influence 

of compositional gradients and substrate effects 
[33–37]. The load-dependent hardness response may 
also be affected by the complex microstructure of the 
coatings, including solute-induced lattice distortion, 
grain boundaries, and, in the case of copper-based 
samples, residual phase boundaries associated with 
incomplete homogenization. Although porosity 
was observed in the coatings, its direct influence 
on the hardness values is expected to be limited, as 
the indentation sites were carefully selected away 
from visible pores and the indent sizes were much 
smaller than the average pore diameter. Moreover, 
the same trend of reduced hardness at higher load 
was observed for the steel-based samples, despite 
their lower porosity, indicating that the measured 
load dependence is primarily related to indentation 
mechanics and substrate effects Badanie wpływu 
materiału i warunków pracy na ewolucję sprawności 
oraz zużycie przekładni zębatych wykonanych 
techniką FDM.

The highest nanohardness value of approximately 
6.25 GPa was obtained for the Ni/CoCrFeMnNi 
coating on copper. This value was significantly higher 
than those of the remaining samples, whose hardness 

Figure  18   Cross-sectional analysis of the annealed Ni/CoCr-
FeMnNi coating on steel after cutting and polishing: a, c SEM 
images; b EDS elemental map with corresponding chemical 

compositions of the marked areas; and d elemental composition 
profiles as a function of depth from the coating surface.
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values were close to 4 GPa. The average hardness 
values of all prepared coatings were markedly higher 
than that reported for bulk CoCrFeMnNi prduced by 
arc melting and annealing (2.5 ± 0.04 GPa) [38], but 
comparable to that of bulk CoCrFeMnNi processed by 
high pressure torsion (6.5 ± 0.04 GPa). In contrast, the 
average hardness values were significantly lower than 
that of magnetron-sputtered CoCrFeMnNi (7.9 ± 0.4 
GPa) [39], indicating that further process optimization 
is still required. The higher hardness observed for 
coatings on copper compared with those on steel can 
be attributed primarily to the strengthening effect of 
the second phase (undissolved precursor particles) 
and the fact that the coatings deposited on steel 
were annealed at higher temperatures for the same 
duration, which promoted grain growth and stress 
relaxation, thereby reducing their mechanical strength. 
Additionally, substantial diffusion of copper into the 
coating was detected, which may have contributed 
to the strengthening through lattice distortion 
associated with the incorporation of a sixth element. 
Notably, coatings prepared using CoCrFeMnNi 
powder exhibited higher hardness compared to those 

produced with CoCrFeMn powder. This difference is 
attributed to compositional effects, particularly the 
higher nickel content in coatings derived from the 
CoCrFeMnNi-based suspensions.

Discussion

Producing thick high-entropy alloy coatings with high 
reliability and strong adhesion to the substrate remains 
both challenging and costly, which underscores the 
need for alternatives to conventional fabrication 
methods. In this study, we take the first steps toward 
proposing a new approach for manufacturing 
HEA coatings by combining mechanical alloying, 
electrochemical co-deposition, and subsequent 
homogenizing heat treatment. Electrochemical 
techniques offer several advantages: they are relatively 
simple, cost-effective, and compatible with the 
deposition of coatings on components with complex 
geometries. Moreover, the necessary equipment is 
widely available in industrial settings. Additional 
benefits include low consumption of raw materials and 

Figure  19   Cross-sectional analysis of the annealed Ni/CoCr-
FeMn coating on steel after cutting and polishing: a, c SEM 
images; b EDS elemental map with corresponding chemical 

compositions of the marked areas; and d elemental composition 
profiles as a function of depth from the coating surface.
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energy, low operating temperatures, short synthesis 
times, and straightforward scalability [13–15].

Electrochemically deposited coatings are widely 
used in industry, and the ability to readily fabricate 
high entropy alloy coatings opens the possibility of 
employing them even in extreme environments, such 
as the space applications or nuclear systems. How-
ever, the electrodeposition of HEAs—comprising five 
or more elements – remains highly challenging due 
to the differing reduction kinetics and preferential 
deposition tendencies of the individual components 
[16, 17]. The co-deposition of metals requires a deeper 
understanding of both thermodynamics and kinetics, 

as multi-component electrodeposition is inherently 
more complex than the deposition of single metals or 
even binary alloys [40, 41]. In practice, electrodeposi-
tion processes face numerous difficulties, including 
controlling composition, avoiding preferential dep-
osition, and ensuring uniformity—challenges that 
become even more pronounced during industrial-scale 
processing and scale-up.

Another challenge arises when attempting to 
electrodeposit elements with very low reduction 
potentials, such as aluminium or titanium. In 
aqueous electrolytes, water reduction to hydrogen 
dominates, making the electrodeposition of these 

Figure 20   Representative curves of scratch depth and penetration depth determined by scratch test and AFM a, b with SEM c images of 
surface morphology of the corresponding scratch on annealed Ni/CoCrFeMnNi on steel.
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metals thermodynamically impossible. As a result, 
elements such as Ti and Al cannot be electrodeposited 
from aqueous solutions; instead, alternative media—
most commonly molten salts—are required [42, 
43]. However, these non-aqueous systems often 
demand highly controlled and challenging operating 
conditions, further complicating their practical use.

Although suitable methods exist for the electro-
chemical deposition of individual elements such as 
Ti or Al, attempting to fabricate coatings composed 
of many elements (including the above mentioned 
low-potential metals) introduces substantial diffi-
culties. As the number of components increases, so 

that the risk that no common set of electrochemical 
conditions can be identified under which all ions can 
be simultaneously reduced. The method proposed in 
this work is designed to overcome this limitation. It 
requires only one element to possess electrodeposi-
tion parameters compatible with aqueous process-
ing; the remaining constituents are introduced into 
the bath as pre-alloyed metallic powders produced 
via mechanical alloying. This approach eliminates 
the need to co-reduce multiple metal ions, thereby 
greatly simplifying the deposition process. Addition-
ally, it becomes feasible to easily co-electrodeposit 
many components from aqueous solutions, which 

Figure 21   Representative curves of scratch depth determined by scratch test and AFM a, b with SEM c images of surface morphology 
of the corresponding scratch on annealed Ni/CoCrFeMn on steel.
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further reduces the cost and toxicity of the process 
compared to for example, baths based on organic 
solvents.

Although the proposed approach significantly 
simplifies the co-electrodeposition of multi-
component systems, it also introduces new 
challenges. Coatings obtained in this way often 
require heat treatment at high temperatures to 
achieve compositional uniformity (homogenization). 
This requires the use of substrates that are 
resistant to high temperatures, but at the same 
time annealing improves adhesion through the 
diffusion of components between the coating and 
the substrate, eliminating the risk of delamination. 
Efficient incorporation of alloy powder during 
co-electrodeposition further depends on proper 

electrolyte agitation. Factors such as particle shape 
and size, as well as electrode geometry, play a crucial 
role in ensuring uniform powder transport and 
deposition.

Despite these challenges, the advantages of the 
proposed method, when process parameters are 
refined, may enable the broader adoption of HEA 
coatings in demanding applications, including 
space technologies, nuclear power plants or even the 
rapid production of HEA based electrode materials 
for Li-ion batteries. In such cases, numerous 
compositional variants can be explored without 
the need to design and refine a separate, complex 
electrolyte bath for each alloy system, greatly 
accelerating materials development.

HEA particle characteristics

Although the effects of particle size and shape on the 
co-deposition process were not specifically addressed 
in this study, these factors may significantly affect 
the final product. Despite differences in the shape 
and size of the CoCrFeMnNi and CoCrFeMn powder 
particles, no specific differences in the co-deposition 
process were identified as being attributed to these 
characteristics. Conductive particles such as those used 

Figure 22   XRD patterns after annealing.

Table 3   Nanohardness of annealed samples

Nanohardness [GPa]

Ni/
CoCrFeMnNi 
on copper

Ni/CoCr-
FeMn on 
copper

Ni/CoCrF-
eMnNi on steel

Ni/
CoCrFeMn 
on steel

10 mN 6.25 ± 0.16 3.38 ± 0.43 4.42 ± 0.56 3.42 ± 0.29
50 mN 3.1 ± 0.23 3.13 ± 0.29 2.44 ± 0.18 2.28 ± 0.25
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here are more readily incorporated into the coating 
because they are attracted to the cathode and act as 
additional nucleation sites during electrodeposition. 
While this can increase surface roughness and promote 
pore formation, it also enhances the integration of the 
particles into the nickel matrix.

The use of nonconductive particles, such as 
high-entropy ceramics, may result in smoother 
surfaces [44]. Particle size can also influence the final 
product; however, there is no consistent trend of the 
size–property relationship [45–47], and this should be 
evaluated on a case-by-case basis. In the present study, 
the precursor powders exhibited a wide particle-
size distribution, ranging from a few micrometers 
to several hundred micrometers, which may have 
reduced the amount of powder incorporated into the 
coating. Previous reports indicate that particles do 
not attach directly to ones deposited on the cathode 
surface [48, 49]. Instead, before a new particle can 
be captured, nickel ions from the solution must 
first be reduced onto the existing particle surfaces. 
Consequently, smaller particles have a higher chance 
of being densely packed, leading to a higher content 
of particles in the coating.

Effect of hydrogen

The mechanism of nickel electrodeposition from 
a Watts bath was determined by impedance 
measurements in study performed by I. Epelboin 
and R. Wiart [50] which revealed only one inductive 
loop which has been ascribed to the relaxation of the 
electrode coverage by an adsorbed intermediate such 
as (NiOH) and the following reaction mechanism has 
been suggested:

During electrodeposition, hydrogen is produced 
on the cathode, which negatively affects both the 
deposition rate and the current efficiency, and can 
also influence the microstructure causing porosity 
and properties of the deposited metal. Hydrogen 
evolution may further promote the adsorption of 
other components (e.g., hydrides or hydroxides) [51] 

Ni
2+ +H

2
O → (NiOH)

+
+ H

+

(NiOH)
+
+ e

−
→ (NiOH)

ads

(NiOH)
ads

+ (NiOH)
+
+ 3e

−
→ 2Ni + 2OH

−

or, in severe cases, even lead to the delamination of 
the coating [52]. Furthermore, the reduction of oxygen 
and water near the cathode can cause pH changes 
near the electrode, which also disturbs the deposition 
parameters. A previous study [53] indicated that the 
deposition of pure nickel consists of the reduction 
of hydrogen ions, deposition of metallic nickel, and 
reduction of water. The occurring reactions, referred to 
as hydrogen evolution reactions (HER), are described 
as follows:

Adsorbed hydrogen can be incorporated into the 
deposit layer, just as hydroxides, which compete 
with metal deposition process. The contribution of 
individual reactions depends on the range of the 
applied potential [54–56].

One strategy to mitigate these effects is to use a 
degassing or deoxygenating electroplating bath, as 
used in voltammetry [57], in which dissolved oxygen 
is removed by purging the solution with an inert gas 
such as argon or nitrogen.

This aspect is critical, as residual porosity has a 
significant impact on potential applications in sectors 
such as the aerospace or nuclear energy. If porosity is 
not effectively eliminated, the functional performance 
is substantially compromised. Residual porosity leads 
to a degradation of corrosion resistance, promoting 
crevice corrosion, and also affects mechanical 
properties, including hardness, wear resistance, and 
fatigue life.

Effect of annealing temperature

The different degree of homogenization observed 
for coatings on different substrates (copper and 
steel) and different annealing temperatures (920 and 
1120 °C) is caused by the temperature dependence 
of diffusion during annealing. In our coatings, 
chemical homogenization is controlled by the 
mobility of individual elements and their diffusion 
in nickel matrix, which can be observed due to 
incomplete diffusion of individual elements in lower 
temperatures. The diffusion coefficient follows an 
Arrhenius relationship D

i
= D

0

i
exp(

−E
a

RT

) , where E
a
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activation energy, R – gas constant, T – temperature, 
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indicating that increase in annealing temperature 
result in a significant increase in atomic mobility. 
Therefore, samples annealed at higher temperature 
of 1120  °C are expected to exhibit more complete 
homogenization, what we observed. In the samples 
annealed at lower temperatures, the diffusion was 
not sufficient to fully eliminate local inhomogeneities. 
As a result we observed areas rich in chromium and 
manganese after annealing in 920 °C.

Increasing the annealing temperature improved the 
homogenization of the coatings by promoting more 
complete dissolution of the precursor HEA particles 
within the nickel matrix. However, it also acceler-
ated grain growth and facilitated stress relaxation, 
which reduced hardness of the material, but poten-
tially enhanced its ductility. Therefore, the method 
described herein offers the possibility of depositing 
relatively hard composite coatings with some undis-
solved HEA particles, or more ductile coatings with 
greater homogeneity. By adjusting the annealing 

temperature, the mechanical response of the coating 
can be tailored to meet the requirements of specific 
applications.

Effect of substrate material

The coatings deposited on copper exhibited higher 
hardness than those on steel. However, because cop-
per has a significantly lower melting point than nickel 
and the elements in the HEA powder, it was not possi-
ble to reach the optimal annealing temperature, result-
ing in incomplete homogenization. This resulted in 
the presence of undissolved particles. Therefore, the 
proposed method is constrained by the melting tem-
perature of the substrate.

The approach presented in this work combines 
mechanical alloying, electrochemical co-deposition, 
and annealing. However, the coating compositions 
deviated substantially from equimolar, as typically 
required for HEAs. Hence, further studies are required 

Table 4   Chemical composition of prepared materials

Sample Elements 
composition

HEA powders (atomic 
content %)

Nickel matrix (atomic 
content %)

Precipitation phase 
(atomic content %)

Sample 1 Ni/CoCrFeMnNi on copper Co 19.28 5.9 3.5
Cr 20.09 3.8 22.4
Fe 20.63 7.3 4.1
Mn 20.12 1.8 2.7
Ni 19.88 53.4 33.6
Cu – 27.8 33.7

Sample 2 Ni/CoCrFeMnon copper Co 24.37 5 3.9
Cr 25.23 4.3 44.1
Fe 25.01 5.4 9.4
Mn 25.39 2 33.1
Ni – 58.1 5.6
Cu – 25.2 3.9

Sample 3 Ni/CoCrFeMnNi on steel Co 19.28 3.4 –
Cr 20.09 11 –
Fe 20.63 26.6 –
Mn 20.12 3.5 –
Ni 19.88 55.5 –
Cu – – –

Sample 4 Ni/CoCrFeMnon steel Co 24.37 2.6 –
Cr 25.23 12.5 –
Fe 25.01 33 –
Mn 25.39 2.7 –
Ni – 49.3 –
Cu – – –



	 J Mater Sci

to tailor the coating composition. Future work should 
focus on increasing the amount of HEA powder to 
matrix phase in the electrodeposited coating, which 
may be achieved through adjustments in stirring 
intensity, current density, bath hydrodynamics, and 
overall experimental configuration.

Chemical composition

Table  4 shows the chemical composition of the 
prepared coatings together with the composition of 
the powders used for their fabrication. The powders 
used in this study had equimolar compositions, 
and two variants were prepared: a five component 
powder and four component powder without nickel. 
As expected, slightly lower nickel contents were 
observed in the coatings produced using the four 
component powder. However, this decrease was not 
sufficient, indicating that further optimization of the 
process is required. Possible approaches to address 
this issue have been discussed in the previous sections, 
including the evaluation of the effects of powder 
particle size and morphology, mixing conditions 
of the electrodeposition bath, solution stirring rate, 
cathode geometry, in order to maximize the amount 
of powder incorporated into the coating during 
co-electrodeposition. Nevertheless, the obtained 
results confirm the feasibility of incorporating HEA 
powder into the coating during co-electrodeposition. 
This approach significantly simplifies the 
electrodeposition of HEA based coatings compared 
with conventional electrodeposition methods based 
on the simultaneous reduction of multiple metallic 
ions from a single electrolyte.

Conclusions

The main objective of this study was to evaluate 
the feasibility of producing HEA coatings by a 
combination of mechanical alloying, electrochemical 
co-deposition, and homogenizing heat treatment. 
Coatings were prepared on different substrates 
(copper or steel) and with different HEA precursor 
powders (CoCrFeMnNi or CoCrFeMn). The annealing 
time was 12 h, and the annealing temperature was 
920 °C for copper substrates and 1120 °C for steel 
substrates. Co-electrodeposition using HEA precursor 
powders without nickel did not significantly reduce 
the nickel content in the coating, because most of the 

nickel in the coating was derived from the electrolyte 
solution. Using a steel substrate enabled the annealing 
temperature to be increased to 1120 °C, resulting in 
better homogenization, lower porosity, and higher 
grain growth. Annealing at lower temperatures 
resulted in higher porosity, lower grain growth, and 
areas with undissolved HEA precursor powder. The 
highest hardness of approximately 6.25 GPa was 
obtained for Ni/CoCrFeMnNi on copper at a load of 10 
mN, which was related to second-phase strengthening 
by the undissolved HEA powder.
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