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Abstract 
In this study, equiatomic CoCrFeNi alloy and CoCrFeNiCu high entropy alloy (HEA) cladded layers were 
fabricated on SS304 substrates using gas tungsten arc welding (GTAW). The microstructure, phase composition, 
hardness, and corrosion behavior of cladded layers were systematically investigated. The microstructure of the 
CoCrFeNi alloy cladded layer was homogeneous with a single FCC phase, while the CoCrFeNiCu HEA cladded 
layer exhibited a heterogeneous microstructure due to Cu segregation. Cu addition increased the hardness of the 
cladded layer from 126.6 ± 2.8 HV for the CoCrFeNi alloy system to 163.9 ± 2.2 HV for the CoCrFeNiCu HEA 
system. Electrochemical characterization in the 3.5 wt% NaCl solution showed that the CoCrFeNi alloy cladded 
layer had better corrosion resistance, with lower corrosion current density (6.92 μA/cm2), higher corrosion 
potential (-492 mV vs. SCE), and higher oxide film resistance (12.48 kΩ·cm2), compared to the CoCrFeNiCu 
HEA cladded layer (19.50 μA/cm2, -621 mV vs. SCE, and 0.51 kΩ·cm2, respectively). The improved corrosion 
resistance of the CoCrFeNi alloy was attributed to the formation of a more stable and homogeneous passive 
oxide film. In contrast, Cu segregation led to compositional heterogeneity, resulting in selective corrosion 
through microgalvanic coupling. Overall, Cu addition enhanced the hardness but reduced the corrosion 
resistance, demonstrating a tradeoff between the mechanical and electrochemical performance of GTAW-
fabricated HEA cladded layers. These findings demonstrate the potential of compositional design for tailoring 
the properties of HEA-clad layers for advanced surface engineering applications. 
 
Keywords: Corrosion, Gas Tungsten Arc Welding, Hardness, High Entropy Alloys 
 
1 Introduction 
 
High entropy alloys (HEAs) are a new class of 
advanced metallic materials that have five or more 
principal elements in near equiatomic proportions. 
Unlike conventional alloys, which are typically 
formulated with one principal element, HEAs possess 
high configurational entropy that favors the formation 
of simple solid solution phases instead of complex 
intermetallic compounds. Yeh et al., [1] introduced the 
idea of high configurational entropy for the design of 
multicomponent alloys. Cantor et al., [2] showed the 
formation of a stable FCC solid solution in equiatomic 
multicomponent alloys. These novel investigations 
have resulted in extensive reports on HEAs possessing 
an excellent combination of mechanical strength, 

corrosion resistance, thermal stability, and wear 
resistance due to the synergistic effects of high 
configurational entropy, sluggish diffusion, lattice 
distortion, and cocktail effect [3]. Thus, HEAs have 
attracted considerable attention for advanced structural 
and surface engineering applications.  

The CoCrFeNi alloy is considered a standard face-
centered cubic (FCC) alloy in many alloy systems, owing 
to its excellent phase stability and corrosion resistance. 
The previous literature reported that equiatomic 
CoCrFeNi has a stable single-phase FCC structure with 
a homogeneous microstructure, making it an ideal base 
alloy for compositional modification [4]. It has been 
observed that the superior corrosion resistance of 
CoCrFeNi alloys is mainly attributed to the formation of 
a stable Cr rich passive oxide film [5]. The addition of V, 
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Nb, and Ta has been reported to improve the mechanical 
performance of CoCrFeNi-based alloys through severe 
lattice distortion and solid solution strengthening [6]. 
Later, other studies extended this alloy design strategy by 
incorporating Cu and Ti into the CoCrFeNi alloy system, 
demonstrating that these additions effectively modify the 
microstructure and improve hardness [7]. Among these 
alloying elements, Cu has attracted particular attention 
because of its low cost and strengthening effect in 
CoCrFeNi-based HEAs [8]. However, the positive ΔHmix 
between Cu and the other constituent elements leads to 
elemental segregation during solidification [9]. The 
resulting Cu induced compositional heterogeneity 
improves hardness but may also contribute to reduced 
passive film stability, resulting in lower corrosion 
resistance [8]-[10]. Therefore, Cu addition results in a 
compromise between mechanical properties and 
corrosion resistance, which leads to the need for further 
research on the Cu containing CoCrFeNi HEA cladded 
layers. 

Surface engineering has been systematically used 
to enhance the surface performance of structural 
materials, while preserving the desirable mechanical 
properties of the substrate [11]. Different cladding 
techniques such as laser cladding [12], plasma cladding 
[13] and Laser Engineered Net Shaping (LENS) [14] 
have been successfully used to produce HEA coatings 
with improved wear and corrosion resistance. Laser 
cladding can produce dense layered coatings with low 
dilution and fine microstructures [12]. Plasma cladding 
can be used for surface modification of large areas with 
high deposition efficiency [13]. LENS, on the other 
hand, provides good control of composition, but the 
processing is relatively complicated and the equipment 
cost is high [14]. The fusion-based cladding processes 
[11] depend on the controlled heat input and rapid 
solidification to achieve stable metallurgical bonding. 
The processing parameters strongly influence the 
thermal characteristics, dilution, and resulting 
microstructure during fusion-based surface processing 
[15], [16]. Among these techniques, gas tungsten arc 
welding (GTAW) is an attractive technique for 
industrial surface engineering applications due to its 
stable electric arc, excellent metallurgical bonding, and 
relatively low processing cost. 

The design of the alloy plays a significant role in 
controlling the microstructure and properties of HEA 
cladded layers fabricated by GTAW, as evidenced by 
previous studies. The effects of Sn and Ti additions on 
the microstructure, phase composition, hardness, and 
corrosion behavior of CoCrFeNi-based HEA cladded 

layers have been investigated, demonstrating that 
alloying additions significantly modify these properties 
[17]. Moreover, the subsequent studies have shown that 
the alloy composition modification can change the phase 
composition and mechanical performance of the GTAW-
fabricated HEA cladded layers [18]. Also, other studies 
highlighted that the solidification behavior during 
GTAW processing influences the elemental distribution, 
microstructural evolution, and corresponding corrosion 
performance of HEA cladded layers [19], [20]. These 
studies demonstrate that both alloy composition and 
solidification features are important factors in controlling 
the properties of GTAW-fabricated HEA cladded layers. 
However, prior studies mostly concentrated on single 
alloying elements or individual properties, while a 
systematic comparison between the equiatomic 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded layers 
is very limited. In particular, the effect of Cu segregation 
on the relationships between phase formation, 
microstructural evolution, hardness, and electrochemical 
corrosion behavior in GTAW fabricated cladded layers 
has not been fully clarified. Recent bibliometric analyses 
have also highlighted the growing research interest in 
advanced welding technologies, emphasizing the need 
for continued investigations into the relationships 
between processing, microstructure, and material 
properties [21]. 

In this work, equiatomic CoCrFeNi alloy and 
CoCrFeNiCu HEA cladded layers were fabricated on 
SS304 substrates using the GTAW cladding technique. 
Prior to cladding, the HEA powders were prepared by 
mechanical alloying to promote homogeneous 
elemental distribution. The fabricated cladded layers 
were systematically characterized in terms of phase 
constitution, microstructure, elemental distribution, 
hardness, and electrochemical corrosion behavior. The 
impact of Cu addition on the properties of the 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded layers 
was systematically investigated. 

 
2 Materials and Methods 
 
2.1 Raw materials  
 
The cladding experiments were performed on SS304 
substrates of 50 mm × 50 mm × 12 mm. The surface 
preparation prior to deposition was performed by 
mechanical polishing and cleaning to remove 
contaminants. Metal powders (Co/Cr/Fe/Ni/Cu) with 
99% purity and particle size less than 44 μm (-325 
mesh) were employed as starting materials for the 
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fabrication of the HEA cladded layers. Metal powders 
were weighed as an equiatomic composition to produce 
an equiatomic CoCrFeNi alloy and CoCrFeNiCu HEA 
cladded layers. Subsequently, the weighed metal 
powder was milled by a high speed ball mill (Fritsch, 
Pulverisette 6, Germany) with a ceramic Al2O3 vial in 
an Ar atmosphere to ensure a homogeneous elemental 
distribution. The milling process was performed at 300 
rpm for 20 h with a ball-to-powder weight ratio of 10:1. 
The milled metal powders were then loaded into a metal 
mold of dimensions 30 mm × 5 mm × 3 mm and were 
compacted into a metallic rod using a hydraulic 
pressing machine at a pressure of 100 MPa. 

 
2.2 Cladding process 
 
Figure 1 illustrates the experimental schematic of the 
GTAW process used for the fabrication of CoCrFeNi 
alloy and CoCrFeNiCu HEA cladded layers. During 
cladding, the high temperature generated by the electric 
arc melted the metal rods and formed HEA cladded 
layers on the substrate surface. The cladding was 
performed by a single pass bead on plate to obtain a 
single layer cladded on the SS304 substrate. After 
cladding, the samples were cooled in air to room 
temperature. Table 1 presents the GTAW processing 
parameters for the fabrication of equiatomic CoCrFeNi 
alloy and CoCrFeNiCu HEA cladded layers on SS304 
substrates. 

 
Table 1: GTAW processing parameters used for 
fabrication of equiatomic CoCrFeNi alloy and 
CoCrFeNiCu HEA cladded layers on SS304 substrates. 

Processing condition Value 
Arc current  130 A 
Cladding speed 35 cm/min 
Shielding gas Argon, 20 L/min 
Electrode specification Thoriated electrode 

 
2.3 Characterizations 
 
Cladded samples were cut with a high speed cutting 
machine. Samples were ground progressively with 
abrasive papers of 320, 600, 800, 1200, and 2000 grit 
sizes and polished with 0.1 µm diamond suspension. 
The prepared surfaces were subsequently etched in 
aqua regia solution for 15 s. The microstructure and 
chemical compositions of the cladded layers were 
investigated by a scanning electron microscope (SEM, 
Hitachi SU3500) equipped with energy dispersive 
spectroscopy (EDS).  

 

 
Figure 1: Experimental schematic of the GTAW 
process employed for fabrication of CoCrFeNi alloy 
and CoCrFeNiCu HEA cladded layers. 
 
The phase composition was identified by X-ray 
diffraction (XRD, PANalytical Empyrean) with Cu Kα 
radiation in the 2θ range from 20° to 90°. The Vickers 
hardness was measured by a Vickers microhardness 
tester (Mitutoyo, MVK-H1) at a load of 500 gf and a 
dwell time of 15 s. The areas of the hardness indentations, 
including cladded layer, heat-affected zone (HAZ), and 
substrate regions, and the position of indents are depicted 
in Figure 2. Each region was indented ten times, and the 
hardness was reported as the Vickers average hardness 
(mean ± standard deviation (SD)) in the HV scale. 
Statistical analysis of the hardness measurement was 
performed using analysis of variance (ANOVA), 
followed by Fisher's least significant difference (LSD) 
post hoc test, in OriginPro 8 software. Differences were 
considered statistically significant at p-value < 0.05. 

Corrosion behavior and passive film stability of the 
cladded layers were evaluated by electrochemical 
corrosion investigations in linear polarization and 
Electrochemical Impedance Spectroscopy (EIS) modes 
using a potentiostat/galvanostat (PalmSens, PalmSens4). 
 

 
Figure 2: Hardness indentation positions used for 
Vickers hardness measurements in the cladded layer, 
HAZ, and substrate (ten indents per area).
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 The corrosion potential (Ecorr) and corrosion 
current density (icorr) were obtained by fitting the 
anodic and cathodic slopes using the PSTrace 5.9 
software. The pitting potential (Epitt) was defined as 
the potential at where a rapid increase in anodic 
current density was observed. The measurements were 
carried out at room temperature in a standard three-
electrode electrochemical cell containing 3.5 wt% 
NaCl solution using a platinum wire as counter 
electrode, a saturated calomel electrode (SCE) as 
reference electrode, and the samples as working 
electrode. Each sample surface area was 
approximately 0.25 cm2. The corrosion-related 
parameters were obtained by analyzing the linear 
polarization curve at a sweep rate of 0.01 V/s and the 
potential range from -2 to 2 V vs. SCE. The 
polarization scan was performed over a sufficiently 
wide potential range to determine the Ecorr, icorr, and 
Epitt while capturing the passive behavior of the 
cladded layers. EIS was performed in the frequency 
range of 100 kHz to 0.1 Hz with the AC signal 
amplitude of 10 mV. The electrochemical impedance-
related parameters were calculated, and the EIS 
spectra were analyzed by PSTrace 5.9 software by 
fitting to an equivalent electrical circuit (EEC) model. 
The equivalent circuit model of Rs·[RoxideCPEoxide] 
was chosen as the impedance spectra showed a single 
capacitive semicircle [22]. The electrochemical 
parameters were obtained by fitting the experimental 
impedance spectra with a nonlinear least squares 
fitting procedure performed in PSTrace 5.9 software. 

 
3 Results and Discussion 
 
3.1 HEA parameters  
 
The phase structure of HEAs can be predicted based 
on thermodynamic and atomic parameters, including a 
mixing entropy (ΔSmix), mixing enthalpy (ΔHmix), 
atomic size difference (δ), electronegativity difference 
(Δχ), and valence electron concentration (VEC), 
which have been reported in previous literature [23], 
[24]. Equations (1) - (5) were used to determine these 
five parameters. The variables used in the equations 
consist of the gas constant (R), atomic fraction (ci), 
mixing enthalpy between unlike atomic pairs (Ωij), 
atomic radius (ri), Pauling electronegativity (χi), and 
valence electron concentration (VECi). 
 
ΔSmix =  −R∑ci𝑙𝑙𝑙𝑙ci             (1) 
 

∆H𝑚𝑚𝑚𝑚𝑚𝑚 = ∑ 𝑐𝑐𝑖𝑖𝑐𝑐𝑗𝑗Ω𝑖𝑖𝑖𝑖𝑛𝑛
𝑖𝑖=1 𝑖𝑖≠𝑗𝑗                                        (2) 

 
    

δ = 100∗�∑ 𝑐𝑐𝑖𝑖 �1 − 𝑟𝑟𝑖𝑖
𝑟̅𝑟
�
2

𝑛𝑛
𝑖𝑖=1            (3) 

 
 
∆χ = �∑ 𝑐𝑐𝑖𝑖(χ − χ�)2𝑛𝑛

𝑖𝑖=1                                            (4) 
 
 
VEC = ∑ 𝑐𝑐𝑖𝑖∗(𝑉𝑉𝑉𝑉𝑉𝑉)𝑖𝑖𝑛𝑛

𝑖𝑖=1                                             (5) 
 
 

The mixing enthalpy between unlike atomic 
pairs is taken from the literature [25]. The atomic 
radius, Pauling electronegativity, and VEC of each 
element are obtained the standard reference data [26]. 
The calculated thermodynamic and atomic parameters 
of the CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers are listed in Table 2. 

According to the reported phase formation 
criteria, HEAs tend to form an FCC solid solution 
structure when the alloy system exhibits the ΔHmix 
within the ranges of -11.6 to 3.2 kJ/mol, δ values 
below 6.6%, and VEC values above 8, respectively 
[27], [28]. However, the positive ΔHmix (3.05 kJ/mol) 
and larger δ (1.01%) reported in the CoCrFeNiCu 
HEA system could result in partial phase separation or 
compositional heterogeneity. Although both alloys are 
expected to form a single FCC solid solution structure, 
the CoCrFeNi alloy system is predicted to generate a 
more stable and homogeneous phase, while the 
CoCrFeNiCu system has a less uniform 
microstructure with a tendency for segregation [29]. 
 
Table 2: Calculated HEA characteristic parameters 
used to predict phase formation of the CoCrFeNi alloy 
and CoCrFeNiCu HEA cladded layers. 

Alloys 
ΔHmix 
(kJ/mol) 

ΔSmix 

(J/molK) 
δ 

(%) 
Δχ VEC 

CoCrFeNi -3.76 11.52 0.30 0.09 8.23 
CoCrFeNiCu 3.05 13.38 1.01 0.09 8.76 

 
3.2 Microstructure, chemical composition, and 
elemental distribution  
 
Figure 3 shows the cross sectional SEM images of the 
CoCrFeNi alloy and CoCrFeNiCu HEA samples. In 
both alloy systems, three distinct zones, the cladded 
layer, the heat-affected zone (HAZ), and the substrate, 
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are clearly identified. The upper region is the 
deposited HEA cladded layer. The HAZ is the middle 
area where the substrate was thermally affected during 
the GTAW process, but not completely melted.  

The thermal cycle during the cladding process 
determines the formation of the HAZ and the degree of 
microstructural modification in the substrate. A similar 
behavior was observed for laser-based manufacturing 
processes, where the heat input has a strong influence on 
the HAZ characteristics and the microstructural 
evolution [30]. The lower region corresponds to the 
unaffected SS304 substrate that retained its original 
microstructure. The distinct boundary between the 
cladded layer, HAZ, and the substrate indicates that the 
GTAW process parameters selected led to a well defined 
cladded layer with minimal thermal effect on the 
substrate. 

Moreover, no interfacial cracks, pores, or 
delamination were observed at the boundary of the 
cladding, suggesting strong metallurgical bonding after 
the cladding process. The continuous bonded interface 
indicates that the cladded alloy and substrate were 
completely merged during the GTAW processing, and 
hence, a good interfacial integrity was achieved. Similar 
interfacial features were observed in welded and surface-
engineered alloys where strong metallurgical bonding is 
necessary to provide the integrity of the interface and the 
reliability of the structure [31]. 

The SEM images at higher magnification reveal 
differences in solidification morphologies in the two 
cladded layers. Figure 3(c) shows the microstructure of 

the CoCrFeNi alloy cladded layer, which is relatively 
homogeneous and has no visible secondary phase. In 
contrast, the CoCrFeNiCu HEA cladded layer (Figure 
3(d)) exhibits a heterogeneous microstructure of 
dendrites (gray) and interdendrites (bright). The welding 
thermal cycle has a significant effect on the observed 
microstructure. As reported in previous studies, the 
thermal cycle controls phase transformation and 
microstructural evolution, leading to heterogeneous 
microstructure under different thermal conditions [32], 
[33]. The heterogeneous microstructure observed in the 
present work is associated with the Cu addition. The 
limited solubility of Cu and its positive mixing enthalpy 
of unlike atom pairs with the other constituent elements 
promote elemental segregation during solidification [9]. 
The bright interdendritic regions are formed due to 
elemental segregation during solidification. The positive 
mixing enthalpy of unlike atom pairs between Cu and 
other constituent elements results in the segregation of 
Cu in the interdendritic regions, while Co, Cr, Fe, and Ni 
are retained in the dendritic matrix [9]. In addition to the 
thermodynamic driving force, the rapid cooling 
associated with the GTAW process limits long range 
elemental diffusion, thereby retaining the heterogeneous 
microstructure formed during solidification [17], [32].  

The EDS mapping results of the CoCrFeNi alloy 
and CoCrFeNiCu HEA cladded layers are shown in 
Figure 4(a) and (b), respectively. These results further 
confirm the elemental distributions and support the 
proposed interpretation of the solidification behavior. 
The CoCrFeNi alloy cladded layer shows a more uniform 
distribution of Co, Cr, Fe, and Ni in the investigated 
region, with good elemental homogeneity after GTAW 
processing. No significant elemental enrichment or 
depletion is detected. This indicates that the constituent 
elements were homogeneously distributed in the FCC 
matrix. Similar homogeneous elemental distributions 
have also been reported in CoCrFeNi-based HEAs with 
stable single phase solid solution structures [5]. In 
contrast, the element distribution of the CoCrFeNiCu 
HEA cladded layer exhibits a heterogeneous 
microstructure with Cu segregation distributed 
throughout the matrix of the CoCrFeNi-based HEA. The 
Cu addition is linked with the observed depletion of Co, 
Cr, Fe, and Ni, suggesting that elemental 
segregation takes place during solidification. This 
heterogeneous elemental distribution is in agreement 
with the microstructure demonstrated in the SEM images 
(Figure 3(d)), where the bright interdendritic regions 
correspond to the Cu segregation.

Figure 3: Cross sectional SEM images of (a) CoCrFeNi 
alloy and (b) CoCrFeNiCu HEA systems including 
cladded layer, HAZ, and substrate, (c) CoCrFeNi alloy 
cladded layers, and (d) CoCrFeNiCu HEA cladded 
layers at higher magnification. 
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The thermodynamic characteristics of the HEA 
system provide an explanation for the observed 
segregation behavior. In general, stable solid solution 
formation is preferred when the mixing enthalpy 
values of unlike pairs are low or negative, such as Cr-
Ni (-7 kJ/mol), Fe-Ni (-2 kJ/mol), and Co-Fe (-1 
kJ/mol). On the other hand, Cu shows positive mixing 
enthalpy with some constituent elements such as Cu-
Co (6 kJ/mol), Cu-Cr (12 kJ/mol), and Cu-Fe (13 
kJ/mol). These positive values suggest limited 
solubility between Cu and other constituent elements 
and, therefore, favor elemental segregation during 
solidification. Cu preferentially segregates in the 
interdendritic regions instead of being homogeneously 
incorporated in the FCC matrix [25]. Also, the fast 
solidification in GTAW limits the long range diffusion 
of elements and consequently retains compositional 
heterogeneity after solidification [17], [32]. 

The chemical composition obtained by EDS 
analysis is given in Table 3. Results indicate that the 
chemical compositions of both CoCrFeNi alloy and 
CoCrFeNiCu HEA cladded layers are close to the 
designed equiatomic ratios. Although Cu segregation 
was observed in the CoCrFeNiCu HEA cladded layer  
 
Table 3: Chemical compositions of the CoCrFeNi 
alloy and CoCrFeNiCu HEA cladded layers obtained 
from EDS mapping measurements. 

Alloys 
Chemical composition (at.%) 

Co Cr Fe Ni Cu 
CoCrFeNi 24.82 25.37 25.11 24.70 - 
CoCrFeNiCu 20.87 20.34 20.12 19.76 18.91 

(Figure 3(d)), the overall chemical composition shows 
no significant elemental loss during the GTAW 
process. The chosen GTAW processing conditions 
were able to retain the nominal alloy composition, 
despite the relatively low melting temperature of Cu 
[34]. 

Figure 5 shows the EDS linescan analyses of the 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers. The analyses were conducted at a higher 
magnification to more clearly reveal the elemental 
distributions. The intensity profiles of Co, Cr, Fe and 
Ni were almost constant along the whole scanning 
path for the CoCrFeNi alloy cladded layer, which 
indicated homogeneous distribution of elements 
without visible segregation of elements. This 
observation is in agreement with the uniform 
microstructure observed in the SEM image (Figure 
3(c)) and supports the formation of a homogeneous 
single FCC solid solution [5], [35]. 

In contrast, the elemental distributions of the 
CoCrFeNiCu HEA cladded layer reveal significant 
differences. The intensity of Cu increased 
significantly in the bright interdendritic regions, while 
the intensities of Co, Cr, Fe, and Ni decreased at the 
same time. The corresponding variation confirms the 
elemental segregation and the presence of Cu 
segregation during solidification. This segregation 
behavior is caused by the positive mixing enthalpy of 
unlike atom pairs between Cu and the other elements, 
which lowers solubility and causes Cu enrichment in 
the interdendritic regions [25], [36].  Moreover, the 
rapid solidification associated with the GTAW 
process limits the long range diffusion of elements, 

 
Figure 4: Elemental distribution of (a) CoCrFeNi alloy and (b) CoCrFeNiCu HEA cladded layers obtained 
from EDS mappings. 
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maintaining compositional heterogeneity after 
solidification [17]. 

The EDS linescan results provide direct evidence 
to support the microstructure in the SEM images 
(Figure 3) and elemental mapping results (Figure 4). 
The segregation of Cu in the interdendritic regions 
with depletion of Co, Cr, Fe, and Ni indicates that Cu 
addition has a significant impact on elemental 
distribution in the CoCrFeNi matrix. The 
compositional heterogeneity is expected to increase 
the lattice distortion and result in the higher hardness 
of the CoCrFeNiCu HEA cladded layer [7], [37]. 

 
3.3 Phase analysis by XRD  
 
Figure 6(a) shows the XRD pattern of the CoCrFeNi 
alloy and CoCrFeNiCu HEA cladded layers. The 
CoCrFeNi alloy cladded layer exhibits (111), (200), 
and (220) diffraction peaks at 43.96, 51.21, and 
75.36°, respectively. The diffraction peaks are 
consistent with the single FCC phase of the CoCrFeNi 
system provided by the reference card (ICDD:04-018-
7506). However, the CoCrFeNiCu HEA cladded layer 
shows the diffraction peaks of (111), (200), and (220) 
at 43.89°, 51.07° and 75.12°, respectively. The 
diffraction peaks are well matched with the 
CoCrFeNiCu system of the reference card (ICDD:04-
022-2302). Besides the phase identification, the XRD 
analysis can give information about the crystallinity of 
the cladded layers. The sharp and intense FCC 

diffraction peaks are obtained from the CoCrFeNi 
alloy and CoCrFeNiCu HEA cladded layers. The 
results indicate that the cladded layers are highly 
crystalline with well developed crystal structures, 
which is consistent with previous reports [38], [39].  

 

 
Figure 6: XRD patterns of (a) CoCrFeNi alloy and 
CoCrFeNiCu HEA cladded layers, (b) enlarged view 
of FCC (111) diffraction peak with Gaussian peak 
fitting of CoCrFeNi alloy and (c) CoCrFeNiCu HEA 
cladded layer. 

  
Figure 5: EDS linescan profile of (a) CoCrFeNi alloy and (b) CoCrFeNiCu HEA cladded layers obtained 
along the selected scanning paths. 
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The heat input by the GTAW process is sufficient to 
fully melt the alloy and solidify rapidly at the time of 
deposition. This leads to a well developed crystalline 
structure [17], [40]. 

It is noteworthy that no separate diffraction 
peaks are observed in the cladded layer of 
CoCrFeNiCu HEA (Figure 6(c)). However, the 
diffraction peak at 51.07° (200) has a higher intensity 
than the CoCrFeNi alloy cladded layer. As this 
behavior is observed, the Cu addition in the 
CoCrFeNiCu system causes a change in phase 
composition and lattice characteristics. Similar 
overlapping FCC diffraction peaks associated with Cu 
segregation have been reported in previous studies and 
can be explained by structural similarity and similar 
lattice parameters between the phases [25]. 

The previous study indicates that separate 
diffraction peaks related to Cu segregation may not 
always be identified, even if there is Cu segregation in 
the microstructure (Figure 3(d)). The lattice 
parameters of the Cu rich FCC phase are similar to the 
primary FCC matrix, and both phases may coexist, 
leading to overlapping diffraction peaks rather than 
distinct diffraction peaks [41]. 

Based on these results, the lattice characteristics 
and phase composition are similar to the main FCC 
matrix, although minor Cu segregation is observed. 
Therefore, the XRD pattern shows the dominant FCC 
structure, while the Cu segregation does not contribute 
to the separated diffraction peaks. The phase 
composition determined through this characterization 
is also consistent with the phase prediction from HEA 
design parameters (Table 2). It is predicted that the 
formation of the FCC solid solution phase happens 
when the ΔHmix is within the range of -11.6 to 3.2 
kJ/mol, δ is less than 6.6%, and VEC is ≥ 8 [27], [28]. 
These parameters are in the range mentioned above for 
both the CoCrFeNi alloy and the CoCrFeNiCu HEA 
cladded layers, which is also in good agreement with 
the XRD patterns. The enlarged views of the FCC 
(111) diffraction peak with Gaussian peak fitting for 
the CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers are shown in Figure 6(b) and (c). Based on the 
results of the Gaussian fitting, the CoCrFeNiCu HEA 
cladded layer has a broader diffraction peak with a 
larger full width half maximum (FWHM) value of 
0.4865° compared with the CoCrFeNi alloy cladded 
layer (0.3861°). The increase in FWHM suggests an 
increase in lattice strain and an increase in the density 
of crystal defects that are introduced during 
solidification [42]. The broadening of diffraction 

peaks due to these crystal defects is expected to 
enhance the hardness of the CoCrFeNiCu HEA 
cladded layer caused by the combined effect of lattice 
distortion and dislocation strengthening [7]. 

The calculated lattice parameters from the 
diffraction peaks of the FCC are shown in Table 4. The 
lattice parameter increased from 3.5646 Å to 3.5727 
Å for the CoCrFeNi alloy and the CoCrFeNiCu HEA 
cladded layer, respectively. The slight increase in the 
lattice can be attributed to the substitution of Cu atoms 
in the FCC lattice, as Cu has a larger atomic radius 
than Co, Cr, Fe, and Ni. However, the difference was 
relatively small. This result is consistent with the 
possibility that the FCC diffraction peaks of the 
primary matrix and Cu segregation may overlap each 
other and prevent the formation of distinct Cu rich 
diffraction peaks [25]. 

 
Table 4: Calculated lattice parameters of the 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers obtained from diffraction peaks. 

Alloy Peak 2θ 
(°) 

d-
spacing 

(Å) 

Lattice 
parameter 

(Å) 

Refere
nce 
code 

CoCrFe
Ni 

111 43.96 2.0581 a=b=c 
=3.5646 

ICDD:
04-
018-
7506 

200 51.21 1.7824 
220 75.36 1.2602 

CoCrFe
NiCu 

111 43.89 2.0612 a=b=c 
=3.5727 

ICDD:
04-
022-
2302 

200 51.07 1.7870 
220 75.12 1.2636  

 
3.4 Hardness  
 
Figure 7 presents the average Vickers hardness (mean 
± standard deviation (SD)) of the cladded layer, HAZ, 
and substrate for the CoCrFeNi alloy and 
CoCrFeNiCu HEA systems. Statistical significance 
was evaluated using analysis of variance (ANOVA) 
followed by Fisher's least significant difference (LSD) 
post hoc test. Table 5 presents the individual Vickers 
hardness values together with the corresponding 
average hardness (mean ± SD) from ten measurements 
obtained at the designated indentation positions in 
each region illustrated in Figure 2. For the CoCrFeNi 
alloy system, the cladded layer exhibited the lowest 
hardness of 126.6 ± 2.8 HV, whereas the substrate and 
HAZ had hardness values of 147.4 ± 4.0 HV and 150.0 
± 3.0 HV, respectively. The lower hardness of the 
CoCrFeNi alloy cladded layer is due to the formation 
of a single FCC phase and homogeneous 
microstructure, as confirmed by the XRD results 
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(Figure 6) and SEM observations (Figure 3(c) and 
4(a)). In contrast, the CoCrFeNiCu system exhibits a 
different hardness distribution. The cladded layer 
shows the highest hardness of 163.9 ± 2.2 HV, while 
the substrate and HAZ exhibit hardness values of 
145.9 ± 2.9 HV and 151.5 ± 1.6 HV, respectively. The 
CoCrFeNiCu HEA cladded layer consistently exhibits 
higher hardness than the CoCrFeNi alloy cladded 
layer. Statistical analysis confirmed that the hardness 
of the CoCrFeNiCu HEA cladded layer is significantly 
higher than that of the CoCrFeNi alloy cladded layer 
(p-value < 0.001). However, the hardness differences 
between the two alloy systems in the HAZ (p-value = 
0.1737) and substrate (p-value = 0.3237) are not 
statistically significant. The enhanced hardness is 
mainly attributed to elemental segregation during 
solidification with Cu addition, which leads to 
compositional heterogeneity (Figure 3(d) and 4(b)) 
[9], [43]. This compositional heterogeneity results in 
lattice distortion strengthening, which is consistent 
with the increase in lattice parameter and broader 
FWHM in the XRD analysis (Figure 6), indicating the 
increased lattice strain due to Cu addition [7]. Other 
alloy systems have also reported similar strengthening 
mechanisms associated with the resistance of 
dislocation motion caused by alloying elements [43], 
[44].  

The hardness distribution of the cladded layer, 
HAZ, and substrate indicates the thermal gradient and 
microstructural evolution during the GTAW cladding 
process. A slight increase in the HAZ hardness with 
respect to the substrate can be interpreted as the effect 
of the heat-induced microstructural refinement during 
the thermal cycle of the welding. Overall, the results 
indicate that the hardness of the CoCrFeNi alloy 
cladded layer can be efficiently improved by Cu 
addition in the CoCrFeNiCu HEA cladded layer due 
to the combined effects of elemental segregation, 
lattice distortion, and microstructural evolution. These 
results suggest that the introduction of Cu can be an 
effective way to improve the mechanical properties of 
CoCrFeNi-based HEA cladded layers for surface 
engineering applications [45]. 

 
3.5 Corrosion behavior  
 
Figure 8 shows the SEM images of the corroded 
surface and corresponding EDS mappings of the 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers after electrochemical corrosion analysis. The  

 
Table 5: Individual Vickers hardness measurements and 
average hardness of cladded layer, HAZ, and substrate of 
CoCrFeNi alloy and CoCrFeNiCu HEA systems. 

CoCrFeNi Hardness (HV) 
Position Cladded 

layer 
HAZ Substrate 

1 126.4 150.9 147.8 
2 129.8 144.8 148.7 
3 124.2 148.1 153.2 
4 130.2 153.4 141.4 
5 131.1 149.4 148.4 
6 125.5 149.5 143.3 
7 123.1 153.8 143.6 
8 126.5 146.4 148.2 
9 124.2 153.4 146.1 

10 124.5 149.8 153.6 
Average 
hardness 

126.6 ± 2.8 150.0 ± 3.0 147.4 ± 4.0 

CoCrFeNiCu Hardness (HV) 
Position Cladded 

layer 
HAZ Substrate 

1 166.7 151.6 145.7 
2 163.9 148.7 145.6 
3 165.9 149.9 144.4 
4 163.4 151.4 144.8 
5 159.4 152.1 145.7 
6 162.7 154.0 141.7 
7 166.3 150.1 142.3 
8 163.6 152.7 149.0 
9 164.9 152.9 150.6 

10 161.7 151.4 148.7 
Average 
hardness 

163.9 ± 2.2 151.5 ± 1.6 145.9 ± 2.9 

 

Figure 7: Average Vickers hardness of cladded layer, 
HAZ, and substrate of CoCrFeNi alloy and CoCrFeNiCu 
HEA systems. 
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corroded surface of the cladded layer of CoCrFeNi 
alloy (Figure 8(a)) shows pitting corrosion with 
localized cavities and deep pits. The formation of 
these pits is evidence of localized breakdown of the 
passive oxide film under chloride-containing 
conditions. After the passive film is broken, 
aggressive Cl− ions penetrate the exposed surface and 
promote the pit initiation, followed by the localized 
dissolution and continuous pit propagation [46], [47]. 

In contrast, the CoCrFeNiCu HEA cladded layer 
(Figure 8(b)) shows selective corrosion instead of 
pitting corrosion. Corrosion preferentially occurs 
adjacent to the Cu segregation rather than deep pits. 
The corresponding EDS mappings show that these 
regions correspond to Cu segregation formed during 
solidification. The compositional heterogeneity 
between the Cu segregation and the surrounding 
CoCrFeNi matrix (Figure 5(b)) results 
in electrochemical differences and promotes 
microgalvanic coupling in the chloride-containing 
electrolyte. Consequently, the adjacent matrix 
becomes more susceptible to corrosion, resulting in 
selective corrosion instead of pitting corrosion [48]. 
The linear polarization curves for the CoCrFeNi alloy 
and CoCrFeNiCu HEA cladded layers in 3.5 wt% 
NaCl solution are presented in Figure 9, and the 
corresponding corrosion parameters are summarized 
in Table 6. Corrosion potential (Ecorr) reflects the 
thermodynamic tendency for corrosion, whereas 
corrosion current density (icorr) indicates the corrosion 
kinetics. The CoCrFeNi alloy cladded layer presents a 
lower icorr of 6.92 µA/cm2 and a higher Ecorr of -492 
mV vs. SCE compared to the CoCrFeNiCu HEA 
cladded layer (19.50 µA/cm2 and -621 mV vs. SCE, 

respectively). The obtained electrochemical corrosion 
parameters suggest that the CoCrFeNi alloy cladded 
layer exhibits superior corrosion resistance [49]. In 
addition, the pitting potential (Epitt) of the CoCrFeNi 
alloy cladded layer is 427 mV vs. SCE and the passive 
region (ΔEpass) is 919 mV vs. SCE, which are higher 
than the values of 79 mV vs. SCE and 700 mV vs. SCE 
for the CoCrFeNiCu HEA cladded layer. The results 
indicate that the passive film formed on the CoCrFeNi 
alloy cladded layer is more stable and more resistant 
to passive film breakdown. The formation of a stable 
Cr-rich passive oxide film effectively inhibits the 
penetration of Cl− ions, which results in the improved 
passivation of the CoCrFeNi alloy cladded layer [46], 
[47].  
 

 
Figure 9: Linear polarization curve of CoCrFeNi alloy 
and CoCrFeNiCu HEA cladded layers in 3.5 wt% 
NaCl solution. 

 
Figure 8: SEM images and corresponding EDS mappings of the corroded surface of (a) CoCrFeNi alloy and 
(b) CoCrFeNiCu HEA cladded layers. 
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In contrast, the heterogeneous microstructure in 
the CoCrFeNiCu HEA cladded layer disrupts the 
formation of a uniform passive oxide film. The Cu 
segregation and the surrounding matrix establish 
microgalvanic coupling, which weakens the passive 
oxide film. This facilitates Cl− ion penetration and 
consequently reduces the passivation of the 
CoCrFeNiCu HEA cladded layer [48]. 

 
Table 6: Electrochemical corrosion parameters of 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers in 3.5 wt% NaCl solution. 

Alloys icorr 
(µA/cm2) 

Ecorr 
(mV vs. 
SCE) 

Epitt 
(mV vs. 
SCE) 

ΔEpass 
(mV vs. 

SCE) 
CoCrFeNi 6.92 -492 427 919 
CoCrFeNiCu 19.50 -621 79 700 

 
Figure 10 shows the electrochemical impedance 

spectra of the CoCrFeNi alloy and CoCrFeNiCu HEA 
cladded layers, and Table 7 presents the corresponding 
electrochemical impedance parameters calculated 
from an equivalent electrical circuit (EEC) fitting. The 
single capacitive loop found in the Nyquist plots of 
both cladded layers (Figure 10(a) and (b)) indicates 
that the electrochemical response is mainly controlled 
by the reactions through the passive surface film. This 
is in agreement with the interpretation of 
electrochemical impedance spectra reported in 
previous studies [22], [50]. 

The Rs·[RoxideCPEoxide] EEC used to fit the 
impedance spectra is shown in Figure 10(e). The EEC 
consists of the solution resistance (Rs), oxide film 
resistance (Roxide) and a constant phase element 
(CPEoxide) [17]. The intercept of the Nyquist 
semicircle with the Z′ axis at high frequency 
represents the Rs. The second intercept at low 
frequency corresponds to the total resistance 
(Rs+Roxide). Since the low frequency intercept cannot 
be determined directly from the experimental curve, it 
was obtained by fitting the impedance data using the 
EEC. Therefore, the difference between the two 
intercepts represents the oxide film resistance (Roxide). 
A larger semicircle diameter demonstrates a higher 
oxide film resistance. The CoCrFeNi alloy cladded 
layer has a larger semicircle diameter than that of 
the CoCrFeNiCu HEA cladded layer, indicating 
higher electrochemical stability and corrosion 
resistance.  

 
Figure 10: Electrochemical impedance spectroscopy 
results in 3.5 wt% NaCl solution: (a) Nyquist plot of 
CoCrFeNi alloy cladded layer, (b) Nyquist plot of 
CoCrFeNiCu HEA cladded layer, (c) Bode impedance 
plots, (d) Bode phase plots, and (e) the equivalent 
electrical circuit used for impedance fitting. 

 
Furthermore, an increase in the imaginary 

impedance (Z″) at medium frequencies confirms the 
capacitive behavior of the passivating oxide layer 
[51]. The Bode impedance plots (Figure 10(c)) further 
confirm the Nyquist analysis. The CoCrFeNi alloy 
cladded layer has higher impedance in a low 
frequency region, indicating a higher resistance of the 
oxide film (Roxide) and a more protective passive film 
than the CoCrFeNiCu HEA cladded layer. 
 
Table 7: Electrochemical impedance parameters 
obtained from equivalent electrical circuit fitting of 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded layers. 

Alloys 
Rs 

(Ω·c
m2) 

Roxide 
(kΩ·c
m2) 

CPEox

ide 
(µF·c
m-1sα-

1) 

n 

Chi-
sqr 

Sum-
sqr 

CoCrFe
Ni 

12.32 12.48 92.02 0.90 0.0014 0.0301 

CoCrFe
NiCu 

10.77 0.51 21.53 0.81 0.0012 0.0736 
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The EIS results provide further insight into the 
corrosion mechanisms based on the SEM images 
and EDS mapping (Figure 8). The CoCrFeNi 
alloy cladded layer has a higher Roxide (12.48 
kΩ·cm2) than the CoCrFeNiCu HEA cladded layer 
(0.51 kΩ·cm2), indicating the formation of a more 
protective and stable passive oxide film [52]. This 
result is in agreement with the homogeneous 
elemental distribution of the CoCrFeNi alloy 
cladded layer observed by EDS mapping in Figure 
8(a). The uniform elemental distribution promotes 
the formation of a continuous and stable passive 
oxide film. The breakdown of the passive film is 
localized and leads to pitting corrosion. However, 
the CoCrFeNiCu HEA cladded layer presents a 
lower Roxide value, indicating the formation of a less 
continuous and less protective passive oxide film. 
EDS mapping (Figure 8(b)) revealed a significant 
segregation of Cu in the cladded layer, which led to 
compositional heterogeneity between Cu 
segregation and the surrounding CoCrFeNi matrix. 
These electrochemical potential differences 
promote microgalvanic coupling, resulting in 
dissolution of the adjacent matrix and degradation 
of passive film integrity. The results suggest that the 
passive film becomes less uniform and less 
protective, leading to the selective corrosion 
observed in Figure 8(b) [53].  

The Bode phase plots (Figure 10(d)) further 
support the proposed corrosion mechanisms. The 
CoCrFeNi alloy cladded layer exhibits a larger 
maximum phase angle (-78°) and a higher CPEoxide 
(92.02 µF·cm-1sα-1) than the CoCrFeNiCu HEA 
cladded layer (-59° and 21.53 µF·cm-1sα-1, 
respectively). These results suggest the formation of 
a more homogeneous passive oxide film with better 
capacitive properties [54]. This interpretation is 
consistent with pitting corrosion as shown in Figure 
8(a), where corrosion occurs only after passive film 
breakdown. However, the lower phase angle and 
Roxide value of the CoCrFeNiCu HEA cladded layer 
show a less stable passive film due to the 
heterogeneous microstructure. The compositional 
heterogeneity due to Cu segregation is confirmed by 
the EDS mappings (Figure 8(b)). Overall, the EIS 
results are in good agreement with the EDS mapping 
and the observed corrosion behavior. These 
observations suggest that Cu segregation disrupts 
passive film stability and promotes selective 
corrosion through microgalvanic effects [48]. 

4 Conclusions  
 
In the present work, equiatomic CoCrFeNi alloy and 
CoCrFeNiCu HEA cladded layers have been 
successfully fabricated on SS304 substrates using the 
GTAW cladding process. The main findings 
according to the results of the experimental 
investigation are summarized as follows. The 
CoCrFeNi alloy and CoCrFeNiCu HEA cladded 
layers revealed a single FCC phase with strong 
metallurgical bonding to the SS304 substrate. The 
CoCrFeNi alloy cladded layer had a homogeneous 
microstructure, while the CoCrFeNiCu HEA cladded 
layer exhibited compositional heterogeneity with Cu 
segregation due to the positive ΔHmix between Cu and 
the other constituent elements. Cu addition increased 
the CoCrFeNi alloy cladded layer hardness from 
126.6 ± 2.8 HV to 163.9 ± 2.2 HV. The increased 
hardness was attributed to the heterogeneous 
microstructure and the lattice distortion 
strengthening caused by Cu addition. The CoCrFeNi 
alloy cladded layer exhibited superior corrosion 
resistance in 3.5 wt% NaCl solution compared to the 
CoCrFeNiCu HEA cladded layer with lower icorr 
(6.92 µA/cm2), higher Ecorr (-492 mV vs. SCE), wider 
passive region (919 mV vs. SCE), and higher oxide 
film resistance (12.48 kΩ·cm2). The improved 
corrosion resistance was attributed to the formation 
of a more stable passive oxide film, but the Cu 
segregation caused compositional heterogeneity, 
which resulted in a less uniform passive film and 
selective corrosion through microgalvanic coupling. 
Cu addition affected the microstructure, hardness, 
and corrosion behavior of the CoCrFeNi HEA 
cladded layer, in which a tradeoff between hardness 
and corrosion resistance was observed. These results 
highlight the importance of compositional design for 
the tailoring of the properties of HEA cladded layers 
for advanced surface engineering applications. 
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