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The high-entropy alloy with the composition Al0.8FeCoNiCrCu0.5Si0.2 was produced through a process 
in-volving a vacuum arc melting method. Comprehensive characterization was performed through tech-
niques such as XRD, SEM, and TEM. The findings revealed that the alloy primarily consists of Fe-Cr 
and Al-Ni phases, displaying predominantly two body-centered cubic structures. The alloy exhibited a 
characteristic dendritic cast structure. The alloy predominantly has high-angle grain boundaries account-
ing for 96.1%. Its grains demonstrate minimal internal strain and reduced lattice anomalies. The alloy 
showcased resistance with a corrosion current density of 1.4×10-7 A/cm2 and a corrosion potential of 
0.28047 V. Post-corrosion examinations emphasized regions abundant in Al and Cu as the primary deg-
radation sites. The addition of Si has further improved the alloy's resistance to corrosion. In terms of 
abrasion durability, the alloy exhibit-ed a wear scar length of only 1.42 mm, substantially less than the 
1.88 mm found in 45 carbon steel, highlighting its enhanced resistance to wear. This wear resistance is 
attributed to its inherent BCC1 and BCC2 phase structures and the hardness it derives from its unique 
composition. Owing to its superior traits, this high-entropy alloy presents promising potential for appli-
cations, including coatings, and advanced automotive components. 
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 Introduction 

High-entropy alloys (HEAs) are increasingly a fo-
cus in contemporary materials science, noted for their 
innovative alloy composition and remarkable charac-
teristics [1-6]. It deviates from the traditional alloy ap-
proach centered around a single principal element and 
mixing enthalpy. This new class of metallic materials, 
featuring multiple principal elements, is innovatively 
designed with a primary focus on configurational en-
tropy [7]. The diverse elemental composition of HEAs 
enhances the system's mixing entropy, lowering the 
Gibbs free energy [8-11]. Due to these outstanding 
performance characteristics, HEAs are emerging as 
materials with significant potential in the field of sur-
face engineering [12-18]. To date, the preparation 
methods for HEAs chiefly include vacuum arc melting 
(VAC)[19, 20] and powder metallurgy[21, 22]. Among 
these, VAC is particularly notable as it effectively re-
moves gases and impurities during the melting pro-
cess, making it a widely adopted method. In this study, 
the Al0.8FeCoNiCrCu0.5Si0.2 HEA was synthesized us-
ing VAC. 

Earlier studies on transition metal high-entropy al-
loys predominantly focused on two main systems: the 
BCC structure of the AlFeNiCoCr system and the 
BCC structure of the AlFeNiCoCr system. Alloys such 
as CoCrFeMnNi in the FCC phase display noteworthy 
ductility, achieving a room-temperature elongation of 

52%, and their tensile strength tops out at 563 MPa 
[23]. The Fe40Mn40Co10Cr10 alloy, while reaching an 
elongation of 58%, presents a rather reserved yield 
strength at a mere 240 MPa [24]. Single-phase BCC 
alloys have exhibited high hardness [25].In recent 
years, the research has mainly centered on introducing 
various reinforcement mechanisms to balance the al-
loy's strength and ductility. For instance, the introduc-
tion of high-density twins or grains into the alloy 
through cold rolling and annealing processes leads to 
grain boundary strengthening [26]. By aging treatment 
of supersaturated alloys, the formation of nano-scaled 
L12 phase can be achieved, leading to coherency 
strengthening [27]. By adjusting the alloy components, 
hard and brittle BCC/B2 phases can be introduced 
into FCC phase alloys, resulting in non-coherent sec-
ondary phase strengthening [28]. Through thermome-
chanical treatments, multi-scale heterogeneous struc-
tures can be induced in the material, leading to heter-
ogeneous structure strengthening [29]. These distinc-
tive structures and reinforcing phases in high-entropy 
alloys can be realized through straightforward adjust-
ments in composition and thermomechanical pro-
cessing. This approach facilitates the discovery of al-
loys that are both high in strength and ductility. In 
terms of adding elements to improve alloy perfor-
mance, principal elements such as Cu, Ti, and Mo can 
be incorporated.  
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Studies have indicated that introducing a secondary 
phase in high-entropy alloys (HEAs) is an effective ap-
proach to enhancing their comprehensive mechanical 
properties. For instance, carbon has shown a positive 
impact on CoCrFeMnNi[30], CoCrFeNi[31], and Al-
CoCrNiTi[32] HEAs. Carbon in these alloys leads to 
solid solutions or carbides, increasing both hardness 
and fracture toughness through strengthening. Simi-
larly, elements like boron (B) and silicon (Si), when 
forming interstitial solid solutions or secondary phases 
with metals, can also elevate the strength of HEAs. 
Introducing boron into FeCoCrNi HEAs resulted in 
the creation of FCC and borides. Although these bo-
rides improved hardness and strength, they also 
caused a minor reduction in ductility and elongation 
[33]. Xu et al. [34] investigated characteristics of 
VNbTiTaSix HEAs, finding that the presence of 
M5Si3-type silicides emerged when Si content reached 
2.5 and 5 mass%; whereas, when Si content rose to 10 
mass %, the alloy was primarily composed of M5Si3 
and M3Si. Xin et al. [35] discerned that silicon could 
amplify the hardness of Al0.2Co1.5CrFeNi1.5Ti0.5 HEAs. 
Thus, adjusting non-metallic elements and microstruc-
ture in high-entropy alloys can potentially improve 
their mechanical properties. 

Our prior work has identified that the Al0.8CrFe-
CoNiCu0.5 HEA formed three distinct phase struc-
tures - BCC1, BCC2, and FCC, showcasing moderate 
corrosion resistance [36]. The segregation of copper at 
grain boundaries negatively impacted its corrosion-re-
sistant characteristics. This study primarily focuses on 
the Al0.8FeCoNiCrCu0.5Si0.2 HEA, aiming to elucidate 
its microstructural attributes along with wear and cor-
rosion resistance. To shed light on silicon's role within 
HEAs and its influence on copper segregation, further 
elucidating how this interplay shapes the corrosion re-
sistance mechanism of the alloy. This research offers 
pivotal theoretical insights for the AlCoCrFeNiCu 
HEA system and holds significant practical engineer-
ing implications. 

 Materials and Methods 

In this study, an X-DHL400 non-consumable vac-
uum arc melting furnace was harnessed to create 
Al0.8FeCoNiCrCu0.5Si0.2 alloy samples. Each element 
used had a minimum purity of 99.95%. The alloy was 
created in a vacuum furnace under argon gas, using 
titanium blocks to remove contaminants before melt-
ing. Each sample was melted five times for elemental 
uniformity. The midsections were cut for microstruc-
ture and performance analysis. 

The samples were polished to a reflective finish 
and etched with a 2:6:8 mix of HNO3, HCl, and eth-
anol for microstructure exposure. A two-step polish-
ing, mechanical and then electrochemical in a 10% 
ethanol and chloric acid solution was performed for 
30 seconds. 

The alloy's crystal structure was analyzed using a 
Shimadzu XRD7000S X-ray diffractometer from Ja-
pan, with a Cu Kα radiation source of wavelength 
0.154056nm. The operating conditions were set at 
40kV and 40mA. The alloy's microstructure was stud-
ied with Hitachi's SU6600 SEM and Oxford's Ul-
timMax100 EDS for elemental analysis. Grain mor-
phology and orientation were analyzed through EBSD 
using the Oxford Symmetry module, operating at 
20kV with a 5.6 nA current and 0.5µm scanning incre-
ment. Data analysis was conducted via the Aztec plat-
form. The JEM-2010 TEM was employed for detailed 
crystallography studies. 

The electrochemical analysis used the Nova2 plat-
form from Metrohm, Switzerland, for potentiody-
namic polarization and electrochemical impedance 
spectra measurement. Data analysis was facilitated by 
ZView software. Utilizing the MM-10000A tester, the 
alloy's wear resistance was evaluated through a dry 
sliding test, enduring a sustained 200 N pressure for 
20 minutes. Before the assessment, the specimen was 
meticulously refined with fine-grit sandpaper, ensur-
ing a smooth surface, and underwent an ultrasonic 
cleanse in an ethanol solution, a process replicated 
post-experiment. 

 Results and discussion 

3.1 XRD analysis 

Fig. 1 depicts the XRD of the Al0.8FeCo-
NiCrCu0.5Si0.2 HEA. The diffraction patterns corre-
sponding to the BCC1 phase. Diffraction peaks asso-
ciated with the BCC1 phase, matching the <110> and 
<200> crystallographic planes, emerge around 44.8° 
and 65°, a characteristic of the Fe-Cr phase. A distinct 
peak at 31.3° indicates the existence of BCC2, aligning 
with the Al-Ni phase on the <100> plane [37]. No ev-
idence of intermetallic compounds with Si suggests 
that the added Si is incorporated in the alloy either as 
a solid solution or in its primary form. This supports 
the premise that non-metallic elements can partake in 
high-entropy phase formation with transition metals, 
in line with previous research on the as-clad Al0.8Fe-
CoNiCrCu0.5Si0.2 alloy [38]. Compared to Al0.8FeCo-
NiCrCu0.5 alloy, the FCC phase was not observed [39]. 

 

Fig. 1 XRD of Al0.8CrFeCoNiCu0.5Si0.2 
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Fig. 2 predictions for the Al0.8CrFeCoNiCu0.5Si0.2 
HEA were conducted with ThermoCalc (v. 2022a) 
and the TCHEA6 database. The resulting equilibrium 
phase diagram, depicted in Figure 2, shows the alloy 
primarily solidifying in the BCC phase, with liquid and 
solid phase temperatures at 1353℃ and 1271℃, re-
spectively. The FCC phase starts forming around 
1224℃, increasing in volume as temperature de-
creases. At 1219℃, the BCC2 phase appears. These 
results indicate the possible coexistence of BCC1, 
BCC2, and FCC. In line with experimental findings, 
the alloy predominantly shows BCC1 and BCC2 
phases. 

 

Fig. 2 Phase diagram calculation of Al0.8FeCo-
NiCrCu0.5Si0.2 HEA 

The Gibbs free energy formula, ∆Gmix = ∆Hmix 
– T∆Smix, implies that in alloys with many compo-
nents of similar atomic percentages, ∆Smix is signifi-
cantly increased, thereby reducing the system's ∆G-
mix. This reduction discourages the formation of or-
dered intermetallic compounds and enhances element 
solubility, promoting a random atom distribution 
within the lattice and resulting in a disordered solid 
solution. Therefore, this alloy exhibits fewer phases 
than those anticipated by the Gibbs phase rule. 

Additionally, the slight variations in mixing en-
thalpy and atomic size among elements such as Cr, Co, 
Ni, and Fe, facilitate atomic substitutions in the lattice, 
promoting the formation of solid solutions. The com-
parable valence electron concentrations of these ele-
ments result in similar chemical bonding within the 
lattice, simplifying substitutions and further fostering 
the formation of solid solutions. This similarity also 
means a more even valence electron distribution in the 
alloy lattice, which minimizes energy fluctuations, 
thereby increasing the alloy's stability and the likeli-
hood of forming a solid solution. 

3.2 Microstructure 

Fig. 3 showcases the unetched surface and corre-
sponding scanning imagery of the Al0.8FeCo-
NiCrCu0.5Si0.2 HEA. Tab. 1 details the elemental dis-
tribution data. The post-melting alloy composition 
closely matches the expected theoretical values.

 

Fig. 3 Surface Texture and Related Scanning Results of the Al0.8FeCoNiCrCu0.5Si0.2 HEA 

Tab. 1 Elemental Distribution in Al0.8FeCoNiCrCu0.5Si0.2 HEA, Corresponding to Figure 3 
Element Al Cr Fe Co Ni Cu Si 

Atomic % 13.80 21.46 18.36 17.41 17.12 7.29 4.85 

 

Fig. 4 The SEM of Al0.8FeCoNiCrCu0.5Si0.2 HEA at various magnifications: (a) 5000x (b) 10000x (c) 35000x 
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Fig. 4 depict the microstructural SEM images of 
the Al0.8CrFeCoNiCu0.5Si0.2 HEA after aqua regia 
etching at different magnifications. The alloy exhibits 
a characteristic dendritic cast structure. 

EBSD analysis further explored the microstructure 
of the alloy. Fig. 5a displays the grain boundary and 
Kernel Average Misorientation maps. KAM, associ-
ated with dislocation density, reflects residual strain in 
grains, with significant strain observed mainly at grain 
boundaries and minimal internal strain in grains, indi-
cating reduced lattice anomalies. The map utilizes red 

and black lines to indicate grain boundaries with low 
angular deviation, ranging from 2° to 15°, and grain 
boundaries with high angular deviation, having angles 
greater than 15°.The presence of 3.88% low-angle and 
96.1% high-angle grain boundaries points to minimal 
residual stress in the alloy. Figure 5b illustrates the al-
loy's phase, confirming the primary presence of a red 
BCC phase, in agreement with XRD results. Fig. 5c 
provides a view of the random grain orientation, as in-
dicated by the inverse pole figure. 

 

Fig. 5 The EBSD of the Al0.8FeCoNiCrCu0.5Si0.2 (a) BC+KAM map (b) phase map, (c) EBSD BC+IPFmap 
 

Fig. 6 displays TEM analysis of Al0.8FeCo-
NiCrCu0.5Si0.2 HEA. In Figure 6(a), a low-magnifica-
tion TEM bright field image reveals the grain and 
grain boundary morphologies, with two distinct grain 
types labeled Grain 1 and Grain 2.  

 

Fig. 6 TEM of the Al0.8FeCoNiCrCu0.5Si0.2 HEA (a) 
Bright field image (b) (c) SEAD 

 
Selected area electron diffraction for these grains, 

as shown in Figures 6(b) and 6(c), confirms the pres-
ence of the BCC phase, consistent with XRD and 
EBSD observations. Contrasting the behavior in the 
AlFeCoNiCrCu HEA, the distribution of the AlNi 
phase within the grains appears irregular, lacking the 
periodic patterns often attributed to spinodal decom-
position [40]. This suggests that the AlNi phase might 
have precipitated within the grains through a continu-
ous decomposition mechanism. 

3.3 Corroison resistance 

Electrochemical tests were employed to assess the 
corrosion resistance of the sample according to the 
standard ASTM-G3-89. Fig. 7a displays the dynamic 
potential polarization curves, from which the trend of 
the sample's polarization curve is visible. The sample 
shows a low Icorr of 1.4×10-7 A/cm2 and a positive 
Ecorr of 0.28047 V, a notable improvement over the 
earlier Al0.8FeCoNiCrCu0.5with an Icorr of 2.61×10-
6 A/cm2 [36]. According to electrochemical theory, 
materials with superior corrosion resistance should ex-
hibit lower values of both Icorr and positive Ecorr. The 
incorporation of Si evidently enhances the alloy's re-
sistance to corrosion. In comparison with Fig. 7b, it 
can be concluded that the corrosion occurring on the 
sample surface is pitting corrosion. 

Fig. 8 reveals the corroded surface of the alloy, 
showing clear signs of corrosion products and pits. 
The distribution of Cr, Ni, Co, and Fe elements show 
similar patterns and are noticeably absent in areas 
where corrosion products form, suggesting their min-
imal involvement in the development of these prod-
ucts. In contrast, the compositional maps for Cu and 
Al demonstrate a lack of these elements at the sites of 
corrosion pits, pointing to significant corrosion in Al 
and Cu-rich areas during polarization. The presence of 
Al and Cu at the corrosion sites confirms their role in 
the corrosion process, leading to the formation of cor-
rosion products on the alloy's surface. EIS was used 
to better understand the corrosion behavior of 
Al0.8FeCoNiCrCu0.5Si0.2 HEA. 
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Fig. 7 The polarization curve of Al0.8FeCoNiCrCu0.5Si0.2 HEA 

 

Fig. 8 Corrosion patterns and targeted surface composition analysis of the Al0.8FeCoNiCrCu0.5Si0.2 alloy 

 

Fig. 9 The EIS of the Al0.8FeCoNiCrCu0.5Si0.2 HEA. (a) Nyquist plot (b) Bode plot (c) Phase angle 
 

Fig. 9 further assesses corrosion resistance of sam-
ple by showcasing the Nyquist plots, impedance mod-
ulus curves, and phase angle diagrams of the in a 3.5 
wt% sodium chloride solution. The Nyquist plot fea-
tures scatter points for actual data and a connected 
curve for fitted data. In the impedance plot, the capac-
itive semicircle's diameter reflects the alloy's resistance 
to corrosion, where a bigger diameter signifies better 
corrosion protection. The impedance curve predomi-
nantly exhibits a capacitive arc, indicative of robust ca-
pacitive behavior. In these plots, the high-frequency 
region often corresponds to the properties of the sur-
face passivation film. 

In the analysis, the low-frequency zone reveals in-
formation about the region beneath the passivation 
film, suggesting that long-term corrosion can pene-
trate the cladding material. In the Bode plot, a greater 
magnitude of impedance (|Z|) is indicative of en-
hanced corrosion resistance [41]. Figure 8b reveals 
that the sample's |Z| value hits 56710.8Ω·cm2 in the 
low-frequency phase. High phase angles at high fre-
quencies and substantial moduli at low frequencies 
both signal robust corrosion resistance. The sample 
maintains high phase angles across various frequen-
cies, underscoring its superior corrosion resistance. 
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The analysis of AC impedance spectra is generally 
conducted via equivalent circuits, which essentially 
consist of pure resistances R and pure capacitances C, 
with an impedance value of 1/jwC[42]. In the electro-
chemical characteristics of the sample, Rs signifies the 
solution resistance. This value, at 4.68Ω·cm2, signifies 
the impedance to charge transfer in the aqueous set-
ting. Rf indicates the sample's surface resistance, 
measuring its capability to hinder corrosive ions from 
penetrating the interior, recorded at 12.35Ω·cm2. Rct 
signifies the resistance to charge transfer at the sample 
surface, indicating its effectiveness in obstructing in-
terfacial charge movement, measured at 
303930Ω·cm2. This implies significant resistance to 
corrosive ions entering the sample. CPE replaces the 
pure capacitor in the equivalent circuit [43]. The CPE 
is a non-ideal capacitor set for circuit fitting, which 
performs better in the equivalent circuit than a pure 
capacitor [44]. CEFf denotes the constant phase ele-
ment linked to the double layer on the sample's exte-
rior, reflecting the charge holding ability in this stra-
tum [45]. CEFdl is the constant phase element situated 
at the interface between the film and the substrate, sig-
nifying its capacity to prevent ion diffusion at this 
boundary. 

The polarization tests and impedance spectrum re-
sults indicate that its corrosion resistance surpasses 
that of Al0.8FeCoNiCrCu0.5Si0.2 HEA, suggesting that 
the addition of Si enhances the alloy's anti-corrosion 
properties. Combined with microstructural analysis 
results, it can be inferred that Si inhibits Cu segrega-
tion, thereby boosting the alloy's corrosion resistance. 

3.4 Wear resistance 

Fig. 10 provide the wear morphologies of 45# steel 
and Al0.8FeCoNiCrCu0.5 Si0.2 HEA, respectively. The 
comparison reveals a wear scar length of 1.88 mm for 
45 carbon stell, whereas that of the Al0.8FeCo-
NiCrCu0.5 Si0.2 HEA, is only 1.42 mm. This observa-
tion confirms the HEA's exceptional wear resistance 
when compared to 45# steel. 

Fig. 10c and Fig. 10d present the three-dimen-
sional laser scanning microscopy images of wear scars 
on the surfaces of both 45 carbon steel and the high-
entropy alloy. The wear scar on the steel surface is vis-
ibly broader compared to the high-entropy alloy. The 
widened scar on the steel indicates a larger real contact 
area during friction, suggesting significant wear of the 
steel against the counterface [46]. In contrast, the 
high-entropy alloy's surface is smoother, with finer 
surface undulations revealing densely and smoothly 
arranged plow grooves within the wear scar. Such ob-
servations underline the enhanced wear resistance of 
HEA compared to 45# steel.  

Fig. 11 illustrates the wear patterns of 45# steel 
and HEA. The 45# steel surface, as seen in Fig. 10a, 
shows significant plastic deformation. In contrast, Fig. 
10b reveals the wear morphology of the HEA, where 
a detailed examination reveals both adhesive and abra-
sive wear, indicating these as the primary wear mech-
anisms. The alloy, primarily composed of BCC1 and 
BCC2 phases, demonstrates substantial lattice distor-
tion and increased hardness due to its rich elemental 
composition [47].  

 

Fig. 10 The wear test result and 3D laser measurement microscope photos (a)(c) 45# wear scar (b)(d) HEA 

 

Fig. 11 Wear morphology of the sample (a) 45# steel (b) Al0.8CrFeCoNiCu0.5Si0.2HEA 
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 Conclusion 

The findings from this study on the Al0.8FeCo-
NiCrCu0.5Si0.2 HEA emphasize its notable wear re-
sistance and corrosion properties. Main Conclusions: 

• (1) The Al0.8FeCoNiCrCu0.5Si0.2 HEA mainly 
showcases BCC1 and BCC2 phases, with 
BCC1 corresponding to (Fe-Cr) composi-
tions and BCC2 associated with Al-Ni com-
positions. Additionally, the introduction of Si 
mitigates Cu segregation.  

• (2) The Al0.8FeCoNiCrCu0.5Si0.2 HEA show-
cased a dendritic cast structure. A majority of 
its grain boundaries were high angle, amount-
ing to 96.1%, with minimal internal residual 
strains, indicating limited lattice defects.  

• (3) The Al0.8FeCoNiCrCu0.5Si0.2 HEA demon-
strated notable corrosion resistance, with a 
low Icorr of 1.4×10-7 A/cm2 and a positive Icorr 

of 0.28047 V. The addition of Si has further 
improved the alloy's resistance to corrosion. 
Pitting corrosion emerged as the predominant 
corrosion mechanism. Surface examinations 
post-corrosion highlighted regions rich in Al 
and Cu as primary areas of degradation.  

• (4) The Al0.8FeCoNiCrCu0.5Si0.2 high-entropy 
alloy exhibited a wear scar length of 1.42 mm, 
compared to the 1.88 mm in 45# steel. The 
primary wear mechanisms on HEA were ad-
hesive and abrasive wear, with its enhanced 
wear resistance attributed to its BCC1 and 
BCC2 phase structures and inherent hardness 
from its composition. 
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