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Abstract 

As one of the early studied high-entropy alloys, AlCoCrFeNi drew considerable attention due to 

its attractive mechanical properties. Efforts were made to improve this material by alloying with 

additional elements or modifying the ratio of its elements for improved properties. On the other 

hand, medium-entropy alloys with fewer elements can also have superior performance with less 

complication. In this study, we investigated the microstructures and properties of as-cast 

AlCoCrFeNix alloys (x = 0-2), focusing on the microstructural evolution and the corresponding 

mechanical properties and resistance to wear, corrosion, and corrosive wear. In particular, the 

Ni-free four-element medium-entropy alloy, AlCoCrFe, was examined and compared with its 

five-element high-entropy companion, AlCoCrFeNi. It was observed that the medium-entropy 

alloy was harder and had a higher resistance to wear and corrosion than the five-element alloy. 

Detailed microstructural analyses demonstrated that the medium-entropy alloy AlCoCrFe had a 

spinodal-decomposed nanostructure, which grew into a two-phase microstructure with phase 

transformation in the five-element high-entropy alloy. With increasing Ni content, one of the 

phases changed from a disordered BCC structure to a softer and more ductile FCC structure, 

further lowering the strength of the high-entropy alloy and its resistance to wear. The medium-

entropy alloy showed certain advantages with superior properties while having less complicated 

microstructure features.  
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Chapter 1: Introduction 

 The development of materials technology today is focused on how to minimalize the 

weight and maximize material ability for various applications, such as strength, corrosion 

resistance, wear resistance, etc. The high-entropy alloys (HEA) are promising for meeting the 

requirements. Compared to the conventional materials such as stainless steel or carbon steel, 

HEAs show improved mechanical behavior with superior anti-corrosion ability over many 

conventional alloys including stainless steel.   

 High-entropy alloys are defined as an alloy consisting of five or more elements with the 

concentration of each element in the range of 5% and 35%. [1, 2]. The word “high-entropy” is 

based on the mixing entropy of the alloys which can be calculated with the following equation 

[1]: 

∆𝑆𝑚𝑖𝑥 =  −𝑅 ∑ 𝑐𝑖

𝑁

𝑖=1

ln 𝑐𝑖 

which R is the gas constant, N is the quantity of elements and ci is the atomic fraction of each 

element. An alloy having its entropy larger than 1.5 R is considered as a high-entropy alloy, and 

alloys’ entropy between 1.5R and R is regarded as a medium-entropy alloy [3]. An equimolar 

five-element HEA has its entropy equal to 1.61 R. According to the Gibbs free energy equation, 

ΔG=ΔS-TΔS, a higher entropy will make the overall free energy lower at high temperatures, thus 

reducing phases inside the alloys and making it more thermodynamically stable. Higher 

thermodynamic stability benefits the performance of HEA with desired physical properties.  
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 Theoretically, HEAs are in a solid solution state with multi-elements, which can be 

hardened through solid-solution hardening mechanism. The crystal structure (BCC, FCC, and 

HCP) influences on the mechanical properties such as hardness [4], since it affects the 

availability of slip systems. Some brittle phases or intermetallic compounds could occur inside 

HEAs, which can lower the resistance to fracture [5]. Selecting specified elements with bigger 

atomic size could reduce the phases inside the HEA and the solid-solution state could be 

achieved to have promising properties like high ductility with desired hardness partially due to 

increased lattice distortion, high corrosion resistance, and high wear resistance [3, 5, 6, 80]. The 

high corrosion resistance of HEAs is benefited by the passive elements inside HEAs such as Ti, 

Al, and Cr, which help form passive films [7-10]. The selection of materials in HEA is important 

as it manipulates the properties of the HEA. Although selection of elements for HEAs is often 

based on trial-and-error tests, some promising parameters or factors could be used. One of such 

factors for element selection is the electron work function (EWF), which has been shown [11-13] 

effective in selecting elements to strengthen materials by strengthening their metallic bonds. As 

an example, high-EWF element, Ni, can be used to reach a higher level of solid-solution 

hardening, which also benefits the anti-corrosion ability of alloys [14] due to the increased 

stability of the atomic bonds.  

 In HEAs, spinodal decomposition is often observed, which has strong influence on 

mechanical properties of HEAs. The spinodal decomposition also occurs in the HEA under this 

present study. Spinodal decomposition is the spontaneous splitting of a single phase into two 

phases without barrier to nucleation [101], companied with decrease of the total free energy. 

Considering an bi-element alloy (A-B) in single phase at high temperatures with a composition 

X0 as an example, this single phase becomes unstable as temperature decreases and split into A-
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rich and B-rich domains with lowered free energy. Such a transformation may involve “up-hill” 

diffusion and “down-hill” diffusion without nucleation until the compositions of X1 and X2 are 

reached, as shown in Fig. 1. 

 

Fig. 1. Illustration of spinodal decomposition; a single-phase alloy becomes unstable as 

temperature decreases and decompose into two coherent phases α1 and α2 without overcoming 

an activation energy barrier [101] 

The studies of medium-entropy alloys with less elements show that the medium-entropy 

alloys are also promising [39 - 45, 71 - 78] for industrial applications with lower costs and less 

complicated microstructure.  In this study, mechanical properties, tribological performances, and 



4 

 

tribo-corrosion of a medium-entropy alloy, AlCoCrFe and corresponding high-entropy alloys, 

AlCoCrFeNix (x: 0~2), are investigated and compared with the aim of providing useful 

information for potential industrial applications. This thesis has the following structure: Chapter 

1&2 present the background of HEAs and MEAs and their mechanical and anti-corrosion 

properties. The studies conducted in this thesis research on the mechanical properties including 

hardness, compression behavior, and wear resistances of both HEAs and MEA are reported in 

Chapter 3. The electrochemical behaviors, including potentiodynamic polarization test, 

impedance test and tribo-corrosion of the HEAs and MEA, are presented and discussed in 

Chapter 4. Chapter 5 gives general conclusions from this research and potential future studies. 
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Chapter 2: Literature Review 

 This chapter introduces relevant experimental observations on how the content of nickel 

and those of other elements affect the microstructure of the medium-entropy alloy AlCoCrFe and 

corresponding changes in mechanical properties such as hardness, wear, and tensile strength. 

Besides, effects of the Ni content on the anti-corrosion ability or corrosive wear resistance are 

also introduced. 

 

2.1 Microstructure and the content of elements of the alloys  

2.1.1 Change in microstructure with the composition and 

corresponding mechanical properties of HEAs 

 Properties of HEA alloys are strongly affected by their microstructures, which are 

dependent on the composition and can also be altered by heat treatment. This chapter presents 

some case studies to microstructural variation in high-entropy alloys with the content of elements 

through detailed observations with transmission electron microscopy. For example, Liu et al. 

studied the effect of aluminum content in AlxCoCrCuFeNi high-entropy alloys on their 

microstructure and properties. Fig. 2.1 shows TEM images of Al0CoCrCuFeNi, compared with 

those of Al2CoCrCuFeNi, with electron diffraction patterns depicting the difference in phase [15] 

showing that the fraction of BCC phase increase with the increasing content of Al.  
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Fig. 2.1. TEM images of AlxCoCrCuFeNi HEAs: TEM images of AlxCoCrCuFeNi HEAs: (a) 

High-magnification brightfield image of Al0CoCrCuFeNi, the corresponding electron 

diffractions presented in insets (Fig. 2.1b and c); (d) High-magnification bright-field image of 

Al2CoCrCuFeNi, magnification insets (e–g), the corresponding electron diffractions presented in 

insets (Fig. 2.1h–j) [15].  

 Tung et al. [16] discovered that the elements of Co, Cu, and Ni promoted the formation 

of a FCC phase while Al and Cr promoted the formation of a BCC phase in the AlCoCrCuFeNi 

HEA system when each of the elements changed to a half of its original content. Fig. 2.2 shows 

corresponding SEM images of the AlCoCrCuFeNi HEA with the change of its composition. The 
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BCC phase helps increasing hardness of the HEA based on properties of the BCC structured 

phase.  

 

Fig. 2.2. SEM microstructures of (a) and (b) AlCoCrCuFeNi, (c) and (d) Al0.5CoCrCuFeNi, ©  

and (f) AlCo0.5CrCuFeNi, (g) and (h) AlCoCr0.5CuFeNi, (i) and (j) AlCoCrCu0.5FeNi, (k) and (l) 

AlCoCrCuFe0.5Ni, and (m) and (n) AlCoCrCuFeNi0.5 (DR: dendrite, ID: interdendrite, SD: 

spinodal decomposition) [16]. 
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Fig. 2.3. Mechanical properties of FexCoNiCu alloys: (a) relationship between hardness and Fe 

content of FexCoNiCu alloys; (b) engineering stress-strain curves of FexCoNiCu alloys; (c) 

statistics of the tensile strength and the elongation of FexCoNiCu alloys [19] 

 

 The change of microstructure certainly resulted in changes in mechanical properties of 

the HEAs, such as hardness and yield strength. As an example, the hardness of high-entropy 

Fe36Ni18Mn33Al13)100−xTix alloys increases with increasing the Ti content [17]. Increasing the Ni 

content [18] in Al2CrFeCoCuTiNix increases the fraction of its BCC phase which is harder than 

its FCC phase, and the Al content [15, 22-25] also shows such an effect. Medium-entropy alloy 

[19], e.g., FexCoNiCu, increases its hardness with the Fe content, as Fe induces a change from a 
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single FCC phase to FCC+BCC phase when the Fe content increases from x=1.5 to 3.0, as Fig. 

2.3 illustrates. The increase in tensile strength can be related to the addition of specific elements 

such as Nb [20] added to CoCrFeNi alloys as shown in Fig. 2.4. The addition of elements may 

also make the alloys weaker than the original ones, depending on the added element. For 

example, Hsu et al. [25] showed that the addition of Co, which was a FCC phase stabilizer, led to 

a phase change from BCC+ σ to BCC+FCC+ σ, resulting in a decrease in the mechanical 

strength. Juan et al. [26] showed a similar case, in which increasing the Ni content in 

AlCoCrFeMo0.5Nix (x = 0-2) led to a phase change from B2 + σ to B2 + FCC + σ, accompanied 

with a decrease in hardness as Fig. 2.5 illustrates. Usually, the BCC structure is theoretically 

harder than the FCC structure.  

 

 

Fig. 2.4. Engineering tensile stress-strain curves of the as-cast CoCrFeNiNbx  (x = 0, 0.103, 

0.155, 0.206, 0.309 and 0.412) alloys at room temperature [20] 
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Fig. 2.5. (a) Vickers hardness and total crack length of AlCoCrFeMo0.5Nix alloys as functions of 

Ni content; and (b) those of AlxCoCrCuFeNi alloys for comparison with (a). [26] 

 

2.1.2 The wear behavior of HEAs with the alteration of elements 

 Hardness strongly affects the wear resistance of an alloy. HEAs with a larger fraction of 

BCC phases are usually harder with higher wear resistance [4, 19, 30-36]. Although HEAs may 

present some exceptional properties, the hardness plays a predominant role in determining the 

wear resistance of HEAs. 

 Chen et al. [27] investigated HEA alloys, Al0.5CoCrCuFeNi and Al0.5CoCrCuFeNiVx, in 

terms of their hardness and wear resistance (see Figs. 2.6 and Fig. 2.7). When the alloys mainly 

contain BCC phases, their hardness is high. With increasing the V content, Al0.5CoCrCuFeNiVx 

changes its structure from a simple FCC solid solution to a complex structure dominated by BCC 

dendrites through spinodal decomposition. As a result of the structural change, hardness and 

wear resistance of this alloy increase.  
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Fig. 2.6 Vickers hardness and wear resistance of Al0.5CoCrCuFeNiVx alloys with different 

vanadium contents. [27] 

 

Fig. 2.7 The comparison of the wear resistance and hardness of Al0.5CoCrCuFeNiVx (x = 0.2 - 

2.0 with 0.2 difference in atomic ratio) and AlyCoCrCuFeNi (y = 0.2, 0.4, 0.6) HEA alloys [27] 
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 Jithin et al. [28] investigated tribological properties of CoCrFeMnNi and AlxCoCrFeNi 

HEAs under sliding wear condition at temperatures within a range of from 25 oC to 900 oC, and 

showed that the relationships among the phase structure, hardness and wear resistance of the 

high-entropy alloys. Besides, the oxide films formed on the high-entropy alloys affects their 

wear resistance by providing surface protection to a certain degree. Fig. 2.8 shows the worn 

surface profilometry of the alloys and Fig. 2.9 presents cross-sectional SEM-EDX images and 

composition maps of the alloys at 900 oC, demonstrating that the oxide layer can act as a 

protective layer for the alloys. 

 

Fig. 2.8 Wear surface profilometry after pin-on-disc wear testing of CoCrFeMnNi at: (a) room 

temperature, (b) 300 °C, (c) 600 °C, and (d) 900 °C. The corresponding profilometry of 

Al0.3CoCrFeNi, Al0.6CoCrFeNi and AlCoCrFeNi are shown in (e–h), (i–l) and (m–p), 

respectively [28] 
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Fig. 2.9. SEM-EDS map of the cross-section of the oxide scale formed on: (a) CoCrFeMnNi, (b) 

Al0.3CoCrFeNi, (c) Al0.6CoCrFeNi, (d) AlCoCrFeNi, and (e) Inconel 718 during dry sliding wear 

testing at 900 °C (away from the wear track) [28]. 
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 The oxide scale formed on HEAs caused by frictional heating may not always protective, 

which is dependent on the type and properties of the oxide. Xu et al. [29] studied the effect of Ti 

in the tribological properties of AlCoCrFeNi HEA with the airflow during wear testing to reduce 

frictional heating in order to evaluate the effect of oxidation on the wear resistance. The airflow 

reduced the frictional heat on the surface, helping reduce the formation of oxide scale and also 

reduce the surface softening due to the rise of surface temperature. Fig. 2.10 shows the wear 

losses of AlCoCrFeNi and AlCoCrFeNiTi0.5 with and without airflow. The CN is a number that 

related to the frequency of reversing the sliding direction during the wear tests. As shown, the 

airflow reduced the wear volume loss, implying that the oxide scale formed on the alloys did not 

benefit the wear resistance of the alloys.  

Fig. 2.10. Wear loss of (a) AlCoCrFeNi and (b), caused by wear tests with and without the 

airflow (standard deviation) [29]   
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2.1.3 The mechanical properties of medium-entropy alloys 

 The medium-entropy alloys also present interesting mechanical and anti-corrosion ability, 

compared to the high-entropy alloys, with fewer elements and less complexity, which may 

facilitate microstructure control and reduce costs. There are studies [39-45] conducted to 

compare the mechanical properties, anti-corrosion properties, or other properties like magnetic 

properties of high-entropy alloys with those of medium-entropy alloys. Gali et al. [45] 

investigated and compared the yield strength and fracture strain of a high-entropy alloy 

CrMnFeCoNi (HE-1) and corresponding medium entropy alloy CoCrFeNi (HE-4) at different 

temperatures from -196 oC to 1000 oC. Fig. 2.11 depicts changes in tensile strength and yield 

strength of these two alloys with increasing temperature, showing the strong dependence of the 

temperature to both the yield and ultimate strength. Fig. 2.12 shows the effect of temperature on 

the elongation to fracture of both the alloys, showing that the MEA has its properties similar to 

those of the HEA.  
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Fig. 2.11. Temperature dependencies of the 0.2% offset yield strengths of the CrMnFeCoNi (HE-

1) and CrFeCoNi (HE-4) alloys tensile tested at engineering strain rates of 10-3 s-1 (a), and 10-1 

s-1 (b). Variations in ultimate tensile strength and yield strength for the two alloys are shown in 

(c) and strain rates investigated in this study. To first order, the small variations between the two 

alloys and strain rates are ignored, so only one dashed curve is drawn (as a guide to the eye) 

through each data set [45] 

 

HE-1 

HE-4 

(c) 
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Fig. 2.12. (a) Temperature dependence of the tensile ductilities of CrMnFeCoNi (HE-1) and 

CrFeCoNi (HE-4) tested at an engineering strain rate of 10-3 s-1. Also shown are fractography of 

specimens tested at -196 oC (b, c) and 400 oC (d, e). The dashed outlines of the fracture surfaces 

show that there is less thickness reduction (necking) at -196 oC (b) than at 400 oC (e) [45] 

 

 Laplanche et al. [46] investigated the tensile properties of a medium-entropy alloy 

CrCoNi and corresponding high-entropy alloy CrCoFeMnNi at various temperatures in the range 

of 77K and 293 K, which were rolled with the same process to have similar textures. The study 

shows that the mechanical properties of this MEA are superior to those of the HEA, as illustrated 

in Fig. 2.13.  
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Fig. 2.13. True stress-strain curves of tensile tests at 77 K and 293 K of (a) CrCoNi medium-

entropy alloy and (c) CrMnFeCoNi high-entropy alloy. Curves with arrows at the end are from 

specimens tested to fracture while the other curves in (a) are from interrupted tests. Work 

hardening rate (dσ /dε) versus true stress of (b) CrCoNi and (d) CrMnFeCoNi [46] 

 With addition of proper elements, the medium-entropy alloys could have an improvement 

in mechanical properties. Chang et al. [47] observed that an addition of Mo to CoCrNi alloy, the 

modified alloy of (CoCrNi)97Mo3 had an increase in yield strength by 30 % while the original 

high ductility was. Fig. 2.14 presents the engineering stress-strain curve and fracture elongation 
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of Mo-0, Mo-1, Mo-3, Mo-5, which had different values of x in the alloy’s denotation of 

(CoCrNi)100-xMox.  

 

Fig. 2.14. (a) Engineering stress-strain curves of the (CoCrNi)100-xMox alloys after annealing at 

900◦C, and (b)comparison of mechanical properties of Mo-3 alloy with reported single-phase 

FCC-HEAs and TRIP-DP-HEAs [47] 

 

2.2 The corrosion behavior of high-entropy alloys  

2.2.1 Effect of composition on corrosion resistance of high entropy  

         alloys  

 Many high-entropy alloys possess the anti-corrosion ability, which makes them a 

promising candidate for anti-corrosion applications. Passive elements such as Cr, Ti and Al in 

high-entropy alloys render them corrosion resistant, compared to other HEAs without passive 

elements. A number of studies on the electrochemical response of high-entropy alloys to 

corrosive solution environments can be found in the literature [38, 48-54]. Qiu et al. [54] 
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discovered that the addition of Co can also improve the anti-corrosion ability by forming a 

passive film the surface. Fig. 2.15 presents potentiodynamic polarization curves of alloys, 

Al2CrFeCo0.5CuNiTi and Al2CrFeCo1.0CuNiTi, with different amounts of Co, and corresponding 

corrosion parameters are given in Table 2.1, including corrosion current (Icorr) and corrosion 

potential (Ecorr), in comparison with other alloys [37]. The passive films that play an important 

role in corrosion resistance formed on the HEA surface with the presence of Co, and their 

resistances to corrosion increase with increasing the Co Content. The corrosion current density of 

the HEA in this study is lower as shown in Fig 2.15(a). 
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Fig. 2.15. Corrosion performance in HCl solutions (a) potentiodynamic polarization curves of 

high-entropy alloy, 304 SS and Q235 steel (b) cyclic polarization curve of Al2CrFeCo0.5CuNiTi 

high-entropy alloy coating [37] 
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Table 2.1 Corrosion parameters of HEAs, 304 SS and Q235 steel in HCl solutions [37] 

 

 Not only the passive elements, changes in content of other elements also affect the anti-

corrosion ability of the HEAs, Fan et al. [38] investigated the effect of Fe content on corrosion 

behavior of AlCoCrFeNi, including iron concentrations of 42.5 at.%, 44.9 at.%, 47.5 at.%, 50.4 

at.%. The increase in the Fe content changes the structure from BCC to BCC+FCC. The dual 

phase structure deteriorates the corrosion properties of the alloy. Fig. 2.16 depicts the corrosion 

performances of the HEA with altered Fe contents in comparison with that of commercial 304 

stainless steel, including open circuit diagram, potentiodynamic polarization, and Nyquist plot. 

The increase of the content of Fe in AlCoCrFeNi stabilizes the FCC phase by increasing the 

VEC, thus decreasing corrosion resistance as illustrated in the Nyquist plot which shows that the 

Samples Concentration  Icorr/mA-cm2 Ecorr/V 

Al2CrFeCo0.5CuNiTi  0.5 mol/L 3.9×10-4 -0.25 

Al2CrFeCo1.0CuNiTi 0.5 mol/L 3.3×10-4 -0.30 

Q235 Steel 0.5 mol/L 2.1×10-1 -0.41 

304 SS 1.0 mol/L 7.3×10-1 -0.45 

CoCrCuFeNi 1.0 mol/L 9.0×10-3 -0.24 

(CoCrCuFeNi)95B5 1.0 mol/L 1.4×10-2 -0.22 

CoCrCuFeNiNb 1.0 mol/L 1.0×10-2 -0.31 
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Fe-0 and Fe-0.25 that only contain the BCC phase have the highest impedance than other 

materials. Fig. 2.17 presents the XRD patterns of the HEAs with different Fe content to show the 

changes in phase structure.    

 

Fig. 2.16. Corrosion performance of GTA cladded AlCoCrFeNi HEA coatings. (a) Open circuit 

potential; (b) Potentiodynamic polarization; (c) Nyquist plot; (d) Equivalent circuit [38] 
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Fig. 2.17. XRD result of each of different Fe content AlCoCrFeNi. [38] 

 

2.2.2 The resistance of high-entropy alloys to corrosive wear  

 In many industrial processes, wear and corrosion occur simultaneously. In this case, the 

tribological behavior and anti-corrosion ability of materials cannot be separated when dealing 

with the degradation of the materials, since the wear and corrosion can assist each other, leading 

to more damage to the target material. Studies on corrosive wear of high-entropy alloys can be 

found in the literature [55-68]. For instance, Wu et al. [69] investigated the effect of Ti on 

corrosive wear of AlCoCrFeNi HEA in NaCl and HCl solutions, respectively, and showed that 
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AlCoCrFeNiTi0.5 exhibited higher hardness contributed by solid-solution hardening and 

precipitation-hardening as shown in in Table 2.2. The high-entropy alloy also exhibited higher 

corrosion resistance, compared to the commercial 316SS. The corrosion current of the 

AlCoCrFeNiTi0.5 is smaller than that of 316SS, determined from potentiodynamic polarization 

tests depicted in Fig. 2.18. In the corrosion wear test, the addition of Ti enhances the resistance 

of the alloy to corrosion wear due to the effects of Ti on increased hardness and improved 

corrosion resistance, which effectively suppressed corrosive wear. Fig. 2.19 presents SEM 

images of HEAs and 316SS after corrosion wear tests in NaCl solution and HCl solution, 

respectively. Table 2.3 shows the wear rate of HEAs and 316SS in both corrosive solutions, 

indicating the benefits of the addition of Ti to the AlCoCrFeNi alloy.   

 

Table 2.2. Mechanical properties of the materials measured with nano-indentation under the 

maximum load of 100 mN. [69] 

Alloys  Hardness HIT 

(GPa) 

Elastic Modulus 

EIT (GPa) 

Creep CIT (%) 

AlCoCrFeNi  6.35 ± 0.11 206.9 ± 9.4 2.01 ± 0.09 

AlCoCrFeNiTi0.5 Dendrite 8.39 ± 0.07 203.5 ± 8.1 1.69 ± 0.08 

 Interdendrite 9.52 ± 0.25 201.4 ± 6.9 1.49 ± 0.05 

316SS  2.74 ± 0.06 101.6 ± 5.6 2.93 ± 0.14 
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Fig. 2.18. Potentiodynamic polarization curves of AlCoCrFeNi, AlCrFeCoNiTi0.5 and 316SS in 

(a) 3.5 wt.% NaCl and (b) HCl (pH = 3) solutions. [69] 

 

Table 2.3. Specific wear rates of AlCoCrFeNi, AlCrFeCoNiTi0.5 and 316SS alloys in 3.5 wt. % 

NaCl and HCl (pH = 3) solutions. Counterpart: 6 mm diameter Si3N4 ball. [69] 

Alloys 

Specific wear rate (mm3/Nm) 

3.5 wt % NaCl HCl (pH = 3) 

AlCoCrFeNi 5.21 × 10-5 6.77 × 10-5 

AlCoCrFeNiTi0.5 2.19 × 10-5 2.29 × 10-5 

316SS 1.63 × 10-4 2.04 × 10-4 
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Fig. 2.19. SEM images of worn surface at the sliding distance of 36 m in (left) 3.5 wt.% NaCl 

solution and (right) HCl (pH = 3) solution: (a) and (b) AlCoCrFeNi; (c) and (d) 

AlCrFeCoNiTi0.5; (e) and (f) 316SS; BSD images of worn surfaces of (g) AlCoCrFeNi and (h) 

AlCrFeCoNiTi0.5 worn in 3.5 wt.% NaCl solution. [69] 
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2.2.3 The resistance of medium-entropy alloys to corrosive wear 

 Although high-entropy alloys have drawn much more attention than medium-entropy 

alloys with superior properties, the medium-entropy alloys have proven their value by 

researchers [71-78]. Agustianingrum et al. [70] studied the corrosion behavior of CoCrNi 

medium-entropy alloys in comparison with CoCrFeMnNi HEA and 304SS, showing that the 

former exhibits better performances in resisting oxidation with lesser oxidation, depicted in Fig. 

2.20.  In Zhu et al. research [71], potentiodynamic polarization curves and the corrosion rates of 

CoCrNi and 316 L SS are shown in Fig. 2.21 and Fig. 2.22, respectively. Their study showed 

that CoCrNi MEA exhibits higher corrosion resistance due to its dense and more protective 

passive film.  

 

 

Fig. 2.20 OM images of (a) CoCrNi, (b) CoCrFeMnNi, and (c) SS 304 from cross-sectional 

areas after oxidation at 1100 °C for 24 h. [70] 
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Fig. 2.21 Potentiodynamic polarization curves of CoCrNi MEA and 316 L SS. [71] 

 

 

Fig. 2.22 Corrosion rates of CoCrNi MEA and 316 L after immersion test in 3.5 wt% NaCl 

solution. [71] 
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Hu et al. [79] investigated TiZrNb MEA with different concentrations of elements 

(TiZrNb, Ti40Zr40Nb20, Ti45Zr35Nb20, Ti45Zr45Nb10, and Ti50Zr40Nb10) and compared 

them with well-known biomaterials Ti4Al4V. The TiZrNb MEAs showed better strength, e.g., 

the elastic modulus of TiZrNb range of 52 GPa ~ 73 GPa, which is close to that of the human 

bone and their corrosion resistance is similar to that of Ti6Al4V. The TiZrNb also showed higher 

yield strength than Ti4Al4V. Fig. 2.23 and 2.24 illustrate the tensile strength and 

potentiodynamic curves of the alloys. 

 

Fig. 2.23 True tensile stress-strain of Ti–Zr–Nb MEAs at room temperature, and the inset at 

bottom left is the schematic diagram and size of the tensile specimen, the inset at bottom right is 

the EBSD of Ti33-33 near the fracture [80]. 
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Fig. 2.24 Potentiodynamic curves of Ti–Zr–Nb MEAs and Ti6Al4V alloy in the PBS solution at 

37 ± 0.5 ◦C. The inset is the enlarged part of the curves from  -0.65 V to  -0.3 V [80]. 
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Chapter 3: Effect of Ni in Mechanical Properties and 

Microstructure of medium-entropy alloys AlCoCrFe 

and high-entropy alloys AlCoCrFeNix (x > 0) 

 

As mentioned at the beginning of the thesis, AlCoCrFeNi has drawn considerable 

attention due to its attractive mechanical properties. This alloy has often been used as a base 

alloy for developing new HEAs by alloying with additional elements or modifying the ratio of its 

element concentrations for improved properties. On the other hand, medium-entropy alloys with 

fewer elements can also have superior performance with less complication. In this study, we 

investigated the microstructures and properties of as-cast AlCoCrFeNix alloys (x = 0 - 2), 

focusing on effects of Ni content on microstructure and the corresponding mechanical properties 

and resistance to wear, corrosion, and corrosive wear. In particular, the Ni-free four-element 

medium-entropy alloy, AlCoCrFe, was also examined and compared with its five-element high-

entropy companion.  

Ni is an element with a high electron work function, which helps strengthen metallic 

bonds [11-13]. The beneficial effect of Ni on the mechanical strength of alloys, e.g., Cu alloys 

and low carbon steel, has been well demonstrated [12, 13]. In general, Ni is an effective element 

to select for the solid-solution hardening. It also helps increase the anti-corrosion ability of iron-

nickel alloys [14] due to the fact that it increases the atomic bonding energy and thus the bond’s 

stability. However, if Ni reacts with some elements to form intermetallic phases or weaker 

phases, the influence of Ni on the strength of alloys could become negative [13, 81]. Therefore, 

the role that Ni plays in affecting mechanical and wear properties of AlCoCrFeNi is worth being 

studied further in order to effectively tailor HEAs, not only AlCoCrFeNi but also other HEAs.   
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In addition to Ni, effects of other elements additions like Si, TiC, Ti and Co have also 

been studied [82-85], showing positive influences on physical properties of AlCoCrFeNi-based 

alloys. Pi et al. [86] observed that by increasing the nickel content in AlCoCrFeNix from x = 0.6 

to 1.4, the hardness decreased. Voiculescu et al. [87] also observed a decrease in the hardness of 

AlCoCrFeNix as the nickel content increased from x=1 to 2. Tian et al. [81] investigated the 

effects of Ni content on the phase formation, tensile properties, and deformation of Ni-rich 

AlCoCrFeNix (x = 2, 3, 4) and noticed that increasing Ni content facilitated the formation of 

FCC/L12 phases and also caused the microstructure evolved from near-eutectic structure to the 

divorced eutectic structure, leading to excellent plasticity with a moderate strength. The 

compressive yield strength of the AlCoCrFeNix (1.0 ≤ x ≤ 3.0) high-entropy alloys was 

investigated by Cao et al. [88] who showed an overall decreasing trend, dropping from 1360 

MPa (x = 1.5) to 450 MPa (x = 3.0). Alloys with a high Ni content (x ≥ 2.4 at.%) had a higher 

plastic strain (> 40%) than those of Ni-1.0 and Ni-1.5 alloys (<25%). Although some interesting 

aspects of AlCoCrFeNix were studied, it is unclear if the performance of this high-entropy alloy 

is superior or comparable to its medium-entropy companion, AlCoCrFe. More detailed 

characterization of microstructures and microstructural evolution in the alloy with respect to the 

Ni addition would help use the material effectively.  

As mentioned earlier, the medium-entropy alloy with fewer elements may also possess 

attractive properties and their microstructures could be relatively easier to control. The difference 

in properties between some medium-entropy alloys and high-entropy alloys, e.g., medium-

entropy ferrous alloys and CoCrFeMnNi alloys, has been studied [42, 44]. Since the existence of 

second phases is common for high-entropy alloys [94-96] their properties become less easy for 

prediction, which certainly depend on their microstructure features. In this chapter, we will 
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investigate the microstructure, mechanical properties, and wear resistance of the MEA AlCoCrFe 

and HEA AlCoCrFeNix (x > 0). Results of the study are reported in this chapter. 

 

3.1 Experiment procedure   

3.1.1 Samples preparation 

Samples of AlCoCrFeNix (x = 0, 0.5, 1.0, 1.5 and 2.0) were prepared using a vacuum arc 

furnace by melting mixtures of element powders. Each of the mixtures was pelleted into a 

cylinder using a presser to make a cylindrical sample weighted 10g, which was then placed in the 

arc furnace and melted three times in a high purity argon gas atmosphere that was used to protect 

the sample from oxidation. The obtained samples were cut into small pieces with dimensions of 

1×1×0.5 cm by a wire electrical discharge machine (WEDM or Wire EDM). After cutting, the 

samples were polished with sandpaper from grit 80, 180, 400, 800, to 1200. The samples were 

finally polished with 1µm alumina powder and washed in an ultrasound cleaning machine with 

water to remove powder residue on the surface, followed by drying using a pressed airflow. The 

prepared samples were used for microstructure characterization and property evaluation.  

 

3.1.2 Microstructure characterization  

A scanning electron microscope (SEM, Zeiss EVO M10, and Zeiss Sigma FESEM) with 

energy dispersive X-ray analysis (EDX) was used to observe the surface morphology and 
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analyze the composition of each sample. A transmission electron microscope, JEOL JEM-ARM 

200CF S/TEM with EDX detector operated at 200 kV, was used to determine the crystal 

structure and chemical compositions of phases in the alloys. The general morphology of the 

phases was observed and high-resolution atomic images of the phases were obtained in the TEM 

mode, while the chemical compositions of the phases were analyzed in the scanning transmission 

microscope (STEM) mode. The TEM samples were prepared by slicing the cast materials, then 

grinding both sides of each sample to a thickness of 100 μm or less, followed by electro-

polishing. It should be pointed out that, since the medium-entropy AlCoCrFe alloy was less 

tough, a dedicated procedure was developed before the sample was ground and electro-polished. 

Unlike cutting a large piece of sheet, the cylindrical sample with a diameter of 3 mm was cut 

from a large sample, it was then sliced into circular pieces with a thickness of about 400-500 μm. 

Both sides of the circular pieces were ground, followed by electro-polishing.  

 

3.1.3 Evaluation of physical properties 

Macro-hardness of the alloys was tested by Rockwell’s scale HRA under a load of 60 kgf, 

and the micro-hardness of the alloys was measured under loads of 80 mN and 300mN, 

respectively, using a NHT3 nanoindentation tester (Anton Paar, Canada). At least three 

indentation tests were performed for each sample and each type of domains in order to obtain an 

average value. The reason the hardness of each sample was tested separately on a macro and a 

micro scale is that second phases occurred in AlCoCrFeNi1.5 and AlCoCrFeNi2.0.  

Compression tests were performed for the alloys under study. Compressive stress-strain 

curves of AlCoCrFeNix alloys with different Ni contents were obtained at a strain rate of 0.3 
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mm/min using a 313 Electromechanical Universal Test Machine (TESTRESOURCES, USA). 

The alloy samples for the compression tests had a rectangular cross-section of 4 by 4 mm2 and 7 

mm in height. The compressive force was applied along the longitudinal axle of the sample.  

Wear performances of the AlCoCrFeNix alloys in dry wear condition were evaluated 

using a pin-on-disc tribometer (CSEM Instruments). The counterpart for the wear test was a 

silicon nitride (Si3N4) ball with a diameter of 4mm. Each wear test was performed under an 

applied load of 5N at a sliding speed of 200 rpm (equal to 2.1 cm/s) for 30 minutes. The dry wear 

tests were performed under two conditions: one was performed in the ambient condition and the 

other was performed with an airflow to cool the sample surface in order to minimize oxidation 

caused by frictional heat. After the wear test, the wear track was analyzed using a Zygo, 3D 

optical profilometer to measure the volume loss.   

 

3.2 Result and discussion  

3.2.1 Microstructure of AlCoCrFeNix (x = 0 and x > 0) by SEM and 

TEM  

 Microstructures of the medium-entropy alloy, AlCoCrFe, and high-entropy alloy 

AlCoCrFeNix (x = 0.5, 1.0, 1.5 and 2.0), were analyzed using scanning electron microscope. 

SEM images of the samples are presented in Fig. 3.1. Corresponding average compositions and 

those of individual phases or domains determined with EDX are given in Table 3.1. As shown, 

the Ni-free medium-entropy alloy, AlCoCrFe, appears to be homogeneous, while two phases or 

domains (dark and light) show up and become more distinctive with increasing the Ni content. A 
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similar two-phase heterogeneous microstructure was shown in early studies, such as a study by 

Joseph et al. [30] on AlxCoCrFeNi with different Al contents. The bright domain is Fe-Cr-rich 

while the dark domain is Ni-Al-rich, and their compositions change with the nominal 

composition.  

 

 

Fig. 3.1. SEM images of (a) AlCoCrFe, (b) AlCoCrFeNi0.5, (c) AlCoCrFeNi1.0, (d) 

AlCoCrFeNi1.5, (e) AlCoCrFeNi2.0. A closer image of AlCoCrFeNi1.0 with larger magnification is 

inserted in (c). 
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Table 3.1. – Overall and local chemical compositions (at%) of AlCoCrFeNi1.5 and 

AlCoCrFeNi2.0 determined by EDX. 

 Atomic percentage (%) 

Samples Al Co Cr Fe Ni 

AlCoCrFe 25 24.5 25.7 24.8 0 

AlCoCrFeNi0.5 21.8 21.8 22.7 22.5 11.2 

AlCoCrFeNi1.0 20.2 19.5 21 19.9 19.4 

AlCoCrFeNi1.5 16.7 19.1 16.5 18.0 29.7 

AlCoCrFeNi2.0 16.1 16.5 16.8 16.8 33.8 

AlCoCrFeNi1.5 (bright phase) 12.7 19.2 22.1 20.8 25.2 

AlCoCrFeNi1.5 (dark phase) 21.6 17.2 17.6 17.4 26.2 

AlCoCrFeNi2.0 (bright phase) 14.3 18.2 17.9 18.9 30.7 

AlCoCrFeNi2.0 (dark phase) 31.3 12.1 9.4 10.5 36.7 

 

For more detailed information on the domains and their evolution, transmission electron 

microscopy (TEM), scanning transmission electron microscopy (STEM), and EDX mapping 

were employed for further analysis. Fig. 3.2 illustrates a TEM image of AlCoCrFe medium-

entropy alloy, corresponding electron diffraction patterns, and a high-resolution atomic image. 

Fig. 3.3 illustrates EDX elemental maps showing distributions of Al, Cr, Fe, and Co. As one may 

see, this alloy shows a spinodal-decomposed nanostructure consisting of two domains, which are 

Cr-Fe-rich (bright domain) and Al-Co-rich (dark domain), respectively. By viewing the domains 

using diffraction spots from the diffraction patterns, it is confirmed that the Al-Co-rich domain is 

an ordered BCC phase and the Cr-Fe-rich one is a disordered BCC phase. The ordered and 

disordered BCC structures are determined by the structure factor, expressed as [102]  
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𝐹ℎ𝑘𝑙  =  ∑ 𝑓𝑖𝑒2𝜋𝑖(ℎ𝑥𝑖+𝑘𝑦𝑖+𝑙𝑧𝑖)

𝑖

 

This factor gives the information about the atomic arrangement. For a disordered binary BCC 

structure, reflections are present (i.e., F=fa + fb) when h+k+l is even or absent (F=fa - fb) when 

h+k+l is odd (forbidden reflections). However, for an ordered binary BCC, the intensities of 

forbidden reflections are non-zero and still show up, since fa is not equal to fb. This helps 

distinguish the ordered and disordered BCC phases in our high-entropy alloys.   

When Ni was added to the AlCoCrFe, the spinodal decomposition was enhanced and the 

two phases became coarser, e.g., see the SEM image inserted in Fig. 3.1 (c). Fig. 3.4A shows a 

TEM image of AlCoCrFeNi1.0, and Fig. 3.4B is a STEM dark-filed image. From the images, one 

may see the two type domains larger than those in AlCoCrFe (Fig. 3.2a). Most of the domains 

are a few hundred nanometers in size and some domains show their size in the range of micron. 

Unlike the AlCoCrFe shown in Fig. 3.2 and Fig. 3.3, the domain boundaries in AlCoCrFeNi1.0 

can be clearly seen. One of the two type domains is the ordered BCC phase, and the other is the 

disordered BCC phase. The EDX elemental maps indicate that the bright phase (disordered BCC) 

in the STEM dark-filed image is Cr-Fe-rich and the dark one (ordered BCC, known as B2) is Al-

Ni-rich. In this five-element high-entropy alloy, Ni seems to have a higher affinity for Al, 

leading to the formation of Al-Ni-rich domain or phase while pushing Co into the Cr-Fe-rich 

domain.  
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Fig. 3.2 (a) TEM bright field images showing morphologies of AlCoCrFe sample; electron 

diffraction patterns of (b) an ordered BCC phase and (c) a disordered BCC phase; (d) a high-

resolution atomic image showing the two phases. 
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Fig. 3.3 EDX elemental maps showing the distribution of Al, Cr, Fe, and Co in AlCoCrFe 

medium-entropy alloy. As shown, there are two domains, one is Cr-Fe-rich (bright domain) and 

the other is Al-Co-rich (dark domain)  

 

As the Ni content was continuously increased, it was observed that the disordered BCC 

phase transformed to a FCC phase. Fig. 3.5A shows a TEM image with high magnification. 

There are two distinctive domains, one of which is the ordered BCC phase, and the other is a 

FCC phase, confirmed by corresponding electron diffraction patterns. Compared with the phase 

scale in AlCoCrFe and AlCoCrFeNi1.0, one may see that the phases in AlCoCrFeNi2.0 are in 

micrometer or micron. Further analysis with STEM and EDX mapping shows that the ordered 

BCC is Al-Ni-rich while the FCC is Cr-Fe-Co-rich but still contains a fair amount of Ni, as the 

EDX maps of element distributions indicate in Fig. 3.5B.  

 

30 nm 30 nm 30 nm 30 nm 30 nm Al Cr Fe Co 
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Fig. 3.4 A - a TEM image of AlCoCrFeNi1.0, and diffraction patterns of two phases in the alloy. 

B -EDX elemental maps showing the distribution of Al, Cr, Fe, Co, and Ni. 
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Fig. 3.5 A - a TEM image of AlCoCrFeNi2.0, which contains two distinctive type domains, one of 

which is an ordered BCC phase and the other is a FCC phase; inside the ordered BCC phase, 

there are nanoparticles; B – EDX maps of element distributions in the ordered BCC and FCC 

phases.   
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It is of interest to observe that inside the ordered BCC phase, there are nanoparticles as 

illustrated in Fig. 3.5A. The size of the particles is in the range of 10 ~ 20 nm. Fig. 3.6 presents 

TEM and high-resolution transmission electron microscopy (HRTEM) images, which show the 

nanoparticles inside the ordered BCC matrix. Local EDX analysis shows that the nanoparticle is 

Cr-rich. Table 3.2. summarizes the local EDX analysis and provides average compositions of 

different phases in AlCoCrFe, AlCoCrFeNi1.0, and AlCoCrFeNi2.0. 
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  Fig. 3.6 (a) a TEM image of the ordered BCC phase (B2) in AlCoCrFeNi2.0, within which 

nanoparticles are present; (b) a HRTEM image showing nanoparticles and the B2 matrix: the 

dashed squares A and B were used for fast Fourier transform (FFT) processing. The 

corresponding diffractograms, displayed just below image (a), indicate that the nanoparticle has 

a disorder BCC structure while the matrix is B2. (c) a STEM dark-filed image and EDX maps of 

element distributions in the nanoparticles and the ordered BCC matrix.   
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Table 3.2 Local EDX analysis (with TEM) for different phases in AlCoCrFe, AlCoCrFeNi1.0, and AlCoCrFeNi2.0. 

 

 Concentration (at%) 

Phases Al Co Fe Cr Ni 

AlCoCrFe 

Ordered BCC (B2) 27.66±5.11 34.97±4.48 19.77±3.89 17.60±4.76  

Disordered BCC 15.56±3.30 17.13±5.04 30.50±3.81 36.81±4.83  

AlCoCrFeNi1.0 

Ordered BCC (B2) 26.91±4.19 20.89±0.55 16.05±1.08 6.25±1.13 29.89±5.65 

Disordered BCC 1.10±0.64 19.23±2.10 30.42±1.61 44.17±2.06 5.07±0.81 

AlCoCrFeNi2.0 

Ordered BCC (B2) 25.83±5.91 18.62±5.23 10.74±10.09 7.61±6.67 37.20±26.82 

FCC 7.52±0.50 18.59±0.14 19.76±0.57 21.67±0.47 32.39±0.57 

Nanoparticle Disordered BCC 7.66±5.76 14.02±1.21 10.48±4.80 50.06±9.85 17.61±9.16 
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3.2.2 Mechanical properties of AlCoCrFeNix (x = 0 and x > 0)  

 The macro-hardness of the alloys was measured. Fig. 3.7 illustrates the hardness of the 

as-cast alloy samples, with Rockwell’s scale HRA tested under a load of 60 kgf. As shown, the 

medium-entropy alloy, AlCoCrFe, is harder than Ni-added AlCoCrFeNix. Ni is an element 

having a high electron work function, which usually increases the metallic bond strength and 

thus strengthens materials [12-14]. The decrease in hardness caused by Ni should be attributed to 

the variations in microstructure and the formed phases as listed in Tables 3.1. and 3.2. The 

commercial stainless steel was added to compare with the alloys to show the advantages of as-

cast alloys which hardness is increased.  
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Fig. 3.7 Vickers hardness test of AlCoCrFeNix (x= 0, 0.5, 1.0, 1.5, 2.0) compared with 

commercial stainless steel 316 in HRA (load is 60 kgf).  
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 To understand the variations in hardness, micro-indentation tests were performed for the 

alloys, respectively. Fig. 3.8 illustrates a few images of representative micro-indentation tests on 

AlCoCrFe, AlCoCrFeNi1.0, AlCoCrFeNi1.5 and AlCoCrFeNi2.0, respectively. Values of micro-

hardness measured respectively under loads of 80 mN and 300 mN, respectively, are given in 

Table 3.3. As shown in Fig. 3.8(a) and (b) as well as Figs. 3.1(a) and (c), AlCoCrFe and 

AlCoCrFeNi1.0 do not show distinguishable phases under the optical microscope of the micro-

indenter. Thus, each of these two samples only has one hardness value under a fixed indentation 

load as given in Table 3.3. It should be indicated that the micro-hardness value varies with the 

indentation load [31] but the micro-hardness of the alloys can be ranked when tested using the 

same indentation load. For AlCoCrFeNi1.5 and AlCoCrFeNi2.0, two phases are distinguishable so 

that their hardness values were measured. As shown in Table 3.3 and Fig. 3.8, AlCoCrFe has the 

highest micro-hardness. The micro-hardness decreases with increasing the Ni content. 

AlCoCrFeNi2.0 shows markedly lower micro-hardness, and its FCC has the lowest micro-

hardness. It should be indicated that under the optical microscope attached to the micro-indenter, 

the dark domains (Al-Ni-rich) in AlCoCrFeNi2.0 consist of B2 and FCC phases (Fig. 3.8(d)), 

which are harder than the FCC but not as hard as dark domains in AlCoCrFeNi1.5, which contain 

B2 phase only (Fig. 3.8(c)). The bright domains in AlCoCrFeNi1.5 are harder than those in 

AlCoCrFeNi2.0 since they could be in the stage of transition from disordered BCC to FCC.  
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Fig. 3.8 Nano/micro-indentation tests on (a) AlCoCrFe, (b) AlCoCrFeNi1.0,  

(c) AlCoCrFeNi1.5, and (c) AlCoCrFeNi2.0. 

 

Table 3.3. Micro-hardness values of AlCoCrFe, AlCoCrFeNi1.0, AlCoCrFeNi1.5, and 

AlCoCrFeNi2.0; indentation loads: 80 mN and 300 mN. 

 

* Under the optical microscope, the dark domains in AlCoCrFeNi2.0 consist of B2 and FCC. 

Alloys  HV (80mN) HV (300mN) 

AlCoCrFe  837.23 577.26 
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AlCoCrFeNi1.0  634.77 498.45 

AlCoCrFeNi1.5 

Al-Ni rich dark area: B2 615.23 396.03 

Fe-Cr rich bright area: 

FCC/Disordered BCC 
391.71 332.05 

AlCoCrFeNi2.0 

Al-Ni rich dark area*: B2+FCC 397.28 328.12 

Fe-Cr rich bright area: FCC 341.07 270.98 

 

Based on the microstructure observations and hardness testing, the medium-entropy alloy, 

AlCoCrFe, is the hardest, which should be ascribed to its nanostructure consisting of an ordered 

BCC phase (B2) and a disordered BCC phase resulting from spinodal-decomposition, as shown 

in Fig. 2. The high-entropy alloy, AlCoCrFeNi2.0, has the lowest hardness because of its soft 

FCC phase and coarse microstructure (see Figs. 1, 5, and 8). AlCoCrFeNi1.0 has its hardness 

between those of AlCoCrFe and AlCoCrFeNi2.0. AlCoCrFeNi1.0 has ordered BCC (B2) and 

disordered BCC phases (see Fig. 4), which are much coarser than those in AlCoCrFe (see Figs. 2 

and 3), corresponding to lowered hardness. Besides, as the Ni content increases, the disordered 

BCC transformed to a softer FCC. The disordered BCC appears to be a precursor of the FCC 

phase and may thus be softened as Ni content increases until it changes to the softer FCC phase. 

This may be seen from the measured micro-hardness of AlCoCrFeNi1.5. It is of interest to see the 

disordered BCC nanoparticles embedded in the B2 matrix or B2 domains in AlCoCrFeNi2.0, 

which should influence the hardness of the B2 domains. Nevertheless, because of the softer FCC 

phase, the overall hardness of this alloy is low. It is unclear how the nanoparticles developed in 

the B2 matrix (see Fig. 6), and how much they influence the mechanical properties of the B2 

phase since they are too small to be evaluated using the current micro-indenter. However, due to 

the lower hardness of the disordered BCC phase according to the hardness data given in Table 

3.3., the disordered BCC nanoparticles embedded in the B2 matrix might lower the hardness of 
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the B2 domains. Further investigation is needed for precise information using other instruments 

such as atomic force microscope.  

Compression tests were performed for further information on the mechanical behavior of 

the alloys. Fig. 9 illustrates compressive stress ~ strain curves of the alloys. As shown the 

medium-entropy alloy AlCoCrFe has the highest yield strength, corresponding to the highest 

hardness. However, this alloy has the lowest ductility and is relatively brittle, compared to others. 

Because of its nano-scaled two-phase domains from the spinodal- decomposition as shown in Fig. 

2(a), this medium-entropy alloy has numerous barriers to dislocation movement, which should be 

responsible for its high hardness and low ductility. As Ni is added, the yield strength decreases 

with an increase in ductility. AlCoCrFeNi2.0 is the most ductile with the lowest yield strength, 

ascribed to its soft FCC phase and coarse microstructure. 

 

Fig. 3.9 Compression stress ~ strain curves of AlCoCrFeNix with x =0, 0.5, 1.0, 1.5, 2.0. 
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3.2.3 The wear resistance of AlCoCrFeNix (x = 0 and x > 0) 

 The resistance of the alloys to dry wear was evaluated under the condition described in 

Chapter 3.1 Experimental Procedure. The wear resistance of materials is largely dependent on 

their hardness. Fig. 3.10 (a) shows volume losses of AlCoCrFeNix (x= 0, 0.5, 1.0, 1.5, 2.0) 

caused by dry wear tests. As expected, the hardest Ni-free alloy shows the lowest volume loss, 

and the volume loss increases with increasing the Ni content. The wear tests were performed 

under two conditions: one was performed in the ambient environment, and the other was 

performed with an air flow directed to the contact area between the sample and the counterpart 

(Si3N4 pin), which was used to minimize the surface temperature rise by removing frictional heat. 

During the dry wear test, the frictional heat more or less increased the temperature of the contact 

area, thus softening the sample surface and consequently lowering its resistance to wear. As 

shown in Fig. 3.10(b), with the air flow to remove the frictional heat, volume losses of the 

samples decreased, compared to those without the air flow, except for the case of AlCoCrFeNi2.0. 

As shown, the softest AlCoCrFeNi2.0 showed a particularly large increase in the volume loss in 

contrast with other samples. However, without the air flow, the increase in the volume of 

AlCoCrFeNi2.0 was less profound, and the increase in volume loss with increasing the Ni content 

is approximately in a linear manner. This could be ascribed to the formation of oxide scale or 

patches that may help withstand the wearing force and reduce the direct damage to the metal 

surface. With the air flow cooling, the oxidation was more or less reduced, thus minimizing the 

possible benefit of oxidation on the medium- and high- entropy alloys to their wear resistance. 

To confirm if this hypothesis is true, wear tracks of samples and local compositions were 

examined with SEM and EDX. 
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Fig. 3.10 Wear loss of the alloys caused by (a) dry wear test without airflow and (b) dry wear 

test with airflow. The airflow was used to minimize the effect of frictional heat on wear. 
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Figs. 3.11 (a) – (c) illustrate wear tracks on AlCoCrFe, AlCoCrFeNi1.0 and 

AlCoCrFeNi2.0 tested without the airflow. Figs. 3.11 (d) – (f) illustrate the situation with the 

airflow involved. As illustrated, discontinuous oxide scales or patches are present on the wear 

tracks. Table 3.4 gives compositions of selected spots on the wear tracks. Based on the worn 

surface observations and EDX composition analysis, with the airflow cooling, oxidation was 

minimized, along with the decrease in surface softening by the frictional heat. Although the 

oxide scale could help withstand the wearing force, the surface softening by frictional heating 

appears to have a larger influence on the wear resistance, evidenced by the lowered volume loss 

when tested with the airflow than that without the airflow.   

 

 

Fig. 3.11. The SEM images of wear tracks on (a) AlCoCrFe, (b) AlCoCrFeNi1.0 and (c) 

AlCoCrFeNi2.0., caused by wear tests with and without the airflow cooling. 
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Table 3.4. – EDX analysis of the local composition of worn surfaces shown in Fig. 3.11 

 

 

3.3 Conclusions  

 The microstructure and mechanical properties including hardness, tensile strength and 

tribological performances of AlCoCrFe MEA and AlCoCrFeNix (x = 0.5 - 2.0) are investigated 

in this chapter. In conclusion, AlCoCrFe MEA showing a spinodal-decomposed nanostructure 

with Cr-Fe rich disordered BCC phases and Al-Ni rich ordered BCC (B2) phase presented in 

TEM results. The increasing contents of Ni transform the disordered BCC phase to a softer FCC 

phase, and in the AlCoCrFeNi2.0 10 ~ 20 nm nanoparticles which have higher Cr content than the 

surrounding B2 matrix. The reason of the AlCoCrFe MEA is harder than the five-element HEA 
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is because of the nano-scaled disordered BCC phase and ordered BCC (B2) phase generate a 

myriad of interfacial barriers to dislocations movement and when the Ni is added, the BCC is 

transformed to FCC which is decreasing the hardness of the alloys. The result of hardness is 

directly affecting the result of dry wear test and the AlCoCrFe MEA is showing the highest 

resistance to wear among these materials. 
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Chapter 4: Corrosion behavior of AlCoCrFeNix (x = 0 

and x > 0) with different Ni contents  

There is a lack of understanding the anti-corrosion and wear properties of this high-

entropy alloy with respect to the Ni content and its medium-entropy companion for comparison 

purposes. Although limited studies are found in the literature [89-93], they are more focused on 

AlCoCrFeNi alloys with specific compositions and their performance under specific processing 

conditions. In addition, the reported observations and conclusions are not always consistent. Rios 

et al. studied the effect of Ni on the corrosion behavior of AlCoCrFeNix (x=1, 1.4, 1.8) in 

simulated biological environment, and reported that with increasing Ni content the corrosion rate 

varied but did not show a consistent trend [89]. In particular, for wear in different modes 

especially when corrosion and wear are simultaneously involved, how the high-entropy and 

medium-entropy alloys respond to the wear-corrosion synergy are much less known which we 

already discussed about the result of dry wear test in the last chapter. For the AlCoCrFeNi based 

HEA alloys system, numerous studies [97-100] have been conducted in 3.5 w.t.% of NaCl 

solution but lack a systematic analysis of the corrosion and tribo-corrosion behaviour in the 

acidic solution for the AlCoCrFeNi based HEA alloys. In this chapter, we will investigate as-cast 

high-entropy AlCoCrFeNix alloys with x ranging in-between 0 and 2, including corrosion and 

corrosive wear in acidic solution and result of this study will show in this chapter. 
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4.1 Experiment Procedure  

4.1.1 Sample preparation  

Samples of AlCoCrFeNix (x = 0, 0.5, 1.0, 1.5 and 2.0) were prepared using a vacuum arc 

furnace by melting mixtures of element powders. Each of the mixtures was pelleted into a 

cylinder using a presser to make a cylindrical sample weighted 10g, which was then placed in the 

arc furnace and melted three times in a high purity argon gas atmosphere that was used to protect 

the sample from oxidation. The obtained samples were cut into small pieces with dimensions of 

1×1×0.5 cm. The samples were polished with sandpaper from grit 80, 180, 400, 800, to 1200. 

The samples were finally polished with 1µm alumina powder and washed in an ultrasound 

cleaning machine with water to remove powder residue on the surface, followed by drying using 

a pressed air flow. One side of the cut samples was connected to a wire by conductive tape and 

encapsulated with resin in a silicon mould, once hardened the other side of the samples will 

again be polished by sandpaper from grit 80 to 1200. The resin encapsulated samples were used 

to do the polarization test in case to measure the corrosion current and the open-circuit voltage of 

the samples in diluted H2SO4 solution (pH = 3). For the corrosion wear, the cut samples were 

again encapsulated with resin but no wire was attached. 
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4.1.2 Experimental details 

Resistances of the AlCoCrFeNix samples with different Ni contents to corrosion in an 

acidic H2SO4.solution with a pH value equal to 3 were evaluated. Potentiodynamic polarization 

curves of AlCoCrFeNix alloys in acidic H2SO4 (pH = 3) solution was obtained using a Gamry 

electrochemical system (Gamry PC4/750). The specimens were mounted in the epoxy resin, with 

a surface area of 1 cm2 exposed to the solution. The specimens acted as the working electrode. A 

Pt plate was used as the counter electrode, and a saturated calomel electrode (SCE) was used as 

the reference electrode. Prior to the polarization tests, the open circuit potential (OCP) was 

monitored for 60 minutes to ensure the system reached a relatively stable state. Electrochemical 

impedance spectroscopy (EIS) measurements were carried out by perturbing the equilibrium at 

OCP using ΔE = 10 mV sine wave signals (peak to zero) in a frequency range from 105 Hz to 10-

2 Hz. Each test was repeated at least three times to ensure repeatability. 

The performance of the AlCoCrFeNix alloys during corrosive wear in the acidic H2SO4 

(pH = 3) solution was evaluated using a pin-on-disc tribometer (CSEM Instruments). Before the 

wear test starts, the encapsulated sample was put into a steel container attached to the spin disk 

of the tribo-meter which was filled with the diluted H2SO4. The counterpart for the wear test was 

a silicon nitride (Si3N4) ball with a diameter of 4mm. Each wear test was performed under an 

applied load of 5N at a sliding speed of 200 rpm (equal to 2.1 cm/s) for 30 minutes. After the 

wear test, the wear track was analyzed using a Zygo, 3D optical profilometer for measuring the 

volume loss and SEM with EDS (Energy Dispersive Spectroscopy) module was used to analyze 

the fraction of oxygen content of the wear track.   
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4.2 Result and Discussion  

4.2.1 Electrochemical properties and corrosion behavior of 

AlCoCrFeNix (x = 0 and x > 0) with different Ni contents 

Corrosion behaviors of the alloys were investigated. Since the alloys contain passive 

elements of Cr and Al with high concentrations, they are resistant to corrosion in wet and mildly 

corrosive environments. Thus, this study is more focused on the resistance of the alloys to more 

aggressive corrosion in an acidic solution, diluted H2SO4 solution (pH=3). Fig. 4.1(a) illustrates 

corrosion currents of AlCoCrFeNix alloys obtained from potentiodynamic polarization tests. As 

shown, the corrosion current (icorr) increases with increasing the Ni content, indicating that the 

added Ni negatively affects the corrosion resistance of the alloy. Since the concentrations of 

passive elements, Cr and Al, are sufficiently high in all the alloys, Ni may not significantly 

influence the formation of the passive film and its coverage. This can be seen from the 

polarization curves of the alloys as illustrated in Fig. 4.1(b). As illustrated, all the alloys display 

typical active-passive behavior and show slight differences in the passive current density(ip), the 

width of the passive region(ηp), and pitting potential (Ep). Thus, the decrease in corrosion 

resistance with increasing the Ni content could be largely attributed to the increase in 

microstructural heterogeneity as Fig. 3.1 illustrates, which may enhance the galvanic corrosion.  
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Fig. 4.1. (a) Corrosion currents of AlCoCrFeNix in acidic solution of pH=3 (x = 0, 0.5, 1.0, 1.5, 

2.0) ;(b) Polarization curves of the alloys in the acidic solution. 
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In order to further confirm the drawn conclusion, the impendence of the alloys was 

measured, which is correlated with the corrosion resistance of the alloys and passive film [32]. 

Fig. 4.2(a) presents Nyquist plots of AlCoCrFeNix alloys in the H2SO4 solution (pH=3). The 

charge-transfer process should be the primary electrochemical mechanism due to the 

semicircular shapes of the obtained curves. AlCoCrFe has the largest diameter of its capacitive 

loop among all the alloys, implying that this Ni-free alloy has higher corrosion resistance than 

the Ni-containing alloys. 
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Fig. 4.2. (a) Results of impedance measurements for AlCoCrFeNix (x = 0, 0.5, 1.0, 1.5, 2.0) in 

the acidic solution; (b) Equivalent circuits used to model the impedance data.  

 

Based on the passivation behavior of AlCoCrFeNix and the contribution of the double 

electric layer, an equivalent circuit with corrosion-related components is established to fit the 

experimental data as illustrated in Fig. 4.2(b). In the circuit, Rs represents the resistance of the 

solution, Rf and Cf represent the resistance and capacitance of the corrosion product film formed 

on the surface, respectively. Rct represents the resistance to charge transfer across the interface 

between the sample and the solution, and Cdl is the capacitance of the double layer. Values of 

these parameters, determined from fitting results of the impedance measurements, are given in 

Table 4.1. In the table, 0Y  represents the admittance magnitude of CPE [33], known as a 

component of an equivalent electrical circuit that models the behavior of a double layer, which is 

regarded as an imperfect capacitor. n is the dispersion coefficient with its value in the range of 0 
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to 1; CPE becomes a capacitor when n is equal to 1 [34]. With increasing the Ni content in the 

alloy, Rct decreases from 119.6 kΩ·cm-2 to 21.95 kΩ·cm-2, implying that greater Ni contents 

decrease the corrosion resistance by reducing the surface impedance. Moreover, the difference in 

Rf value among all the alloys is modest, which is in good agreement with the passivation 

behavior of AlCoCrFeNix shown by the polarization curves. These results indicate that the rates 

of electrochemical reaction at the corrosion product film/solution interface or dissolution rate of 

the film on the AlCoCrFeNix are close. It is worth mentioning that the values of Rf and Cf are 

relatively small, compared with those of Rct and Cdl, suggesting that the corrosion process of the 

AlCoCrFeNix alloy is mainly controlled by a charge transfer process. [35-37]
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Table 4.1. The fitting results of the impedance measurements. 

 

 CPEdl CPEf 

Samples 
Rct 

a 

(kΩ.cm2) 

Y0 

(µΩ-1.cm-2) 
n 

Cdl 

(µF.cm-2) 

Rf 
b 

(kΩ.cm2) 

Y0 

(µΩ-1.cm-2) 
n 

Cf 

(µF.cm-2) 

Rs 
c
 

(kΩ.cm2) 

AlCoCrFe 119.6 24.9 0.9373 26.72 0.2569 3.944 0.5860 0.03024 0.2910 

AlCoCrFeNi0.5 110.3 46.1 0.9070 54.49 0.2640 0.07643 0.9062 0.02496 0.0413 

AlCoCrFeNi1 94.09 40.3 0.9046 46.33 0.2344 0.06564 1.0000 0.06564 0.1353 

AlCoCrFeNi1.5 41.26 46.2 0.8736 50.77 0.2081 0.06105 0.9018 0.01788 0.1785 

AlCoCrFeNi2 21.95 44.5 0.8769 44.35 0.3139 0.03763 1.0000 0.03763 0.1411 
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As mentioned earlier, the decrease in the corrosion resistance of the alloy with increasing 

the Ni content could be mainly influenced by the microstructure coarsening as shown in Fig. 3.1, 

which promotes galvanic corrosion. Although AlCoCrFe shows a spinodal-decomposed 

nanostructure, its microstructural heterogeneity is much smaller than the Ni-containing alloys. 

Another possible minor factor is the decrease in the atomic percentage of the passive elements, 

Cr and Al when Ni is added. The four-element AlCoCrFe contains 25 at% Cr and 25 at% Al, 

while the concentrations of these two passive elements in, e.g., AlCoCrFeNi2.0, decrease to 16~17 

at%. The decrease in the concentration of the passive elements, though does not influence much 

the polarization behavior as shown in Fig. 4.1(b), might have some influence on their role in 

protecting the alloy from corrosion. 

 For more information, we measured electron work functions of three typical alloys, 

AlCoCrFeNix (x = 0, 1.0, 2.0), using a scanning Kelvin probe. Before the measurement, the 

surface of the samples was polished using sandpapers from grit 80, 180, 400, 800, to 1200, and 

then using 1µm alumina paste to smoothen the sample surface and remove the surface film and 

adsorbed layer. The polished samples were washed with water in an ultrasound cleaning machine 

to remove powder residue on the surface. The polishing treatment would minimize the influence 

of surface oxide film and adsorbed layer on the work function measurement, making the 

measured work function more intrinsic. AlCoCrFe, AlCoCrFeNi1.0, and AlCoCrFeNi2.0 have 

their work function equal to 4.77 eV, 4.71 eV and 4.64 eV, respectively. The electron work 

function is the minimum energy required to move electrons at the Fermi level from inside a 

metal to its surface [12-14], which is a measure of the electrochemical stability and corrosion 

behavior of metal [13, 38]. The work function measurement indicates that the barrier to electron 

escape from the alloy AlCoCrFeNix decreases as the Ni was added, and AlCoCrFeNi2.0 shows 



67 

 

the lowest work function. The variations in work function with Ni content are consistent with the 

results of corrosion current and impedance measurements shown in Fig. 4.1 and Table 4.1.  

 

4.2.2 Effect of Ni content on corrosive wear of AlCoCrFeNix    

When wear occurred in a corrosive environment, the synergy between wear and corrosion 

generally increases the damage to the target material. Wear removes the protective layer such as 

passive film, introduces plastic deformation and defects, making the material more prone to 

electrochemical attacks. On the other hand, corrosion may increase the surface roughness, or turn 

the material to a porous weak oxide scale, thus accelerating the wear damage. However, if the 

oxide is strong and adherent to the substrate, it may benefit the wear resistance. In order to 

investigate how the AlCoCrFe medium-entropy alloy performs during corrosive wear and how 

the Ni content influences the performance of high-entropy alloy AlCoCrFeNix under the same 

corrosive wear condition, corrosive wear tests were performed for all the alloys in the dilute 

acidic solution (pH = 3). Fig. 4.3(a) illustrates volume losses of AlCoCrFeNix versus the Ni 

content. Different from their performances during the dry wear tests, AlCoCrFe showed the 

lowest resistance to corrosive wear, while Ni-containing alloys performed better. Such a trend is 

unexpected since the Ni-free alloy is the hardest with the highest corrosion resistance among all 

the alloys under study as demonstrated earlier.   
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Fig. 4.3 Volume losses of AlCoCrFeNix (x = 0, 0.5, 1.0, 1.5, 2.0) caused by wear under a load of 

5N in acidic solution of pH = 3.  

 

A possible reason for the lower resistance of AlCoCrFe to corrosive wear, compared to 

the Ni-containing alloys, could be ascribed to corrosion-enhanced local cracking in this less 

tough alloy. As demonstrated by the compression tests, the hardest AlCoCrFe is relatively brittle, 

compared to the Ni-containing alloys. With increasing the Ni content, the ductility of 

AlCoCrFeNix increased. During the dry wear test, the frictional heat more or less softened the 

alloys and minimized the negative influence of the brittleness on the wear resistance and 

hardness of the alloys that dominated their wear resistance. However, in the acidic solution, the 

temperature is kept at room temperature, and the corrosive solution may promote local cracking 
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through the stress-corrosion mechanism [39, 40]. As a result, the ranking of the corrosive wear 

resistance could be reversed.  

In order to check if the above mechanism is possible, the worn surface of AlCoCrFe was 

examined and compared to those of AlCoCrFeNi0.5 and AlCoCrFeNi1.0. Fig. 4.4 illustrates the 

wear tracks of the three alloys worn in the acidic solution. As shown in Fig. 4.4(a), cracks and 

pits are visible on the worn surface of AlCoCrFe. In the corrosive solution, the pits and cracks 

are blunted. Fig. 4.4(b) illustrates a cross-sectional profile, which shows the depth of two 

relatively large pits. Fewer smaller cracks and pits are also present on the worn surface of 

AlCoCrFeNi0.5. However, no cracks and pits were observed on AlCoCrFeNi1.0. As shown in Fig. 

4.3, volume losses of AlCoCrFeNix with x= 0.5, 1.0 and 2.0 are close. Because of the passivation 

of the alloys in the acidic solution as shown in Fig. 4.1(b), the oxide scales on the alloys could 

also play a role in resisting corrosive wear. The darker areas are oxide, evidenced by EDX 

analysis (see Table 4.2). More oxide patches are present on the worn surface of AlCoCrFeNi1.0 

as shown in Fig. 4.4 (d), which should, along with increased ductility, compensate for the 

decrease in hardness, thus more or less benefiting the resistance of the alloy to corrosive wear.    
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Fig. 4.4. Wear tracks of (a) AlCoCrFe, (c) AlCoCrFeNi0.5, (d) AlCoCrFeNi1.0; Cracks and pits 

are visible on the worn surface of AlCoCrFe. (b) a cross-sectional profile of wear track on 

AlCoCrFe, which shows the depth of two relatively large pits.  

 

Table 4.2. EDX compositional analysis for selected spots. 

Sample Spot Al% Co% Cr% Fe% Ni% O% 

AlCoCrFe 1 29.8 9.2 10.9 9.6 0 40.4 

AlCoCrFeNi0.5 2 16.1 14.0 15.6 14.7 7.0 36.4 

AlCoCrFeNi0.5 3 22.5 21.8 23.0 29.1 10.8 0 
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4.3 Conclusions  

 Based on the collected information on AlCoCrFeNix (x = 0 – 2.0) alloys, comparison 

between MEA and HEAs was made in terms of their corrosion resistance and corrosive wear 

resistance. As shown, with the Ni addition, disordered BCC phase in AlCoCrFe MEA was 

changed to a FCC phase. This FCC phase along with an ordered BCC phase appears promote 

galvanic corrosion, leading to a decrease in corrosion resistance with increasing the Ni content. 

The fractions of passive elements, Cr and Al in the alloys, were lowered when the fifth element, 

Ni, was added. The decreases in concentrations of Cr and Al may have negative influence on the 

passivation capability of the alloy and the protectiveness of its passive film. Besides, although 

the AlCoCrFe MEA is hard and resistance to corrosion, it showed a lower resistance to corrosive 

wear due to possible lowered resistance to mechanical-electrochemical induced cracking, 

evidenced by observed micro-cracks and pits on its worn surface. In other words, AlCoCrFe is 

hard but lack of toughness could be responsible for its lower resistance to the stress-corrosion 

cracking compared to the Ni-containing alloys with higher ductility. A hard and less tough 

material is more prone to surface irregularities, such as pits, caused by corrosion and the 

resultant stress concentrations facilitate cracking and wear.    
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Chapter 5: General conclusions and future work 

5.1 General conclusions  

 High-entropy alloys have attracted considerable interest and have been extensively 

studied. However, it is often observed that the medium-entropy alloys may have possess 

comparable or better properties with less microstructural complications. In this research 

microstructure, mechanical properties, corrosion and wear behavior of high-entropy alloy 

AlCoCrFeNix ( 0x ) and medium-entropy alloy ( 0=x ) were investigated and compared. It is 

shown that the Ni content strongly affects properties of the AlCoCrFeNix alloy. Efforts were 

also made to clarify underlying mechanisms. General conclusions are listed below:   

a. The medium-entropy alloy, AlCoCrFe, shows a spinodal-decomposed nanostructure 

consists of Cr-Fe-rich disordered BCC phase and an Al-Ni-rich ordered BCC phase (B2). 

The added Ni made the phases grown from a fine scale to a coarser scale, and continuous 

increase in the Ni content resulted in a phase transformation from the disordered BCC 

phase to a FCC phase. Some nanoparticles around 10-20 nm with high Cr content showed 

up in the B2 phase in AlCoCrFeNi2.0. 

b. The medium-entropy alloy AlCoCrFe is harder than the five-element high-entropy alloys, 

which is benefited by its spinodal-decomposed nano-scaled mixture of ordered BCC and 

disordered BCC phases, which provided many barriers to dislocation movement. The 

added Ni making coarsened the microstructure and the induced formed FCC phase is 

softer, reducing the overall hardness and makes the alloy ductile than the medium-

entropy alloy.  
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c. The resistance of the medium-entropy alloy to wear and corrosion is higher than that of 

high-entropy alloy due to its nanostructure, which is hard with minimal galvanic effect. 

Increasing the Ni content softens the alloy and promotes galvanic corrosion due to the 

microstructure coarsening and disordered BCC – FCC transformation. The lowered 

fraction of the passive elements, Al and Cr, due to the increased Ni content in the high-

entropy alloy could also influence the passivation capability and protectiveness of the 

formed passive film. 

d. The medium-entropy alloy has a higher wear resistance than the high-entropy alloys. 

However, the situation is reverse when the alloys were worn in an acidic corrosive 

environment, although the former has higher hardness and corrosion resistance. Micro-

cracks and pits were visible on the medium-entropy alloy, suggesting that this hard but 

less toughness alloy is prone to stress-corrosion cracking, compared to the Ni-containing 

high-entropy alloy with higher ductility.  

 

5.2 Future studies 

The medium-entropy alloy has a nanoscale two-phase structure consisting of a disordered 

BCC phase and an ordered BCC phase, resulting from a spinodal decomposition. The two phases 

have coincident interfaces. It has been observed that special defect network formed at the 

interfaces when deformed at higher strain rates, leading to increased ductility. It is unclear how 

such interfaces influence the deformation behavior and properties, which is an interesting 

phenomenon worth being further investigated. The medium-entropy alloy under study is harder 

and more resistant to wear and corrosion than its high-entropy companion with Ni addition. 
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However, the medium-entropy alloy shows lower resistance to corrosive wear, compared to the 

high-entropy ones. Stress-corrosion cracking could be responsible for its inferior performance 

during corrosive wear which worth being further studied, in order to improve the medium-

entropy alloy for widened range applications.  
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