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Abstract 

This study investigates the effects of the element, Nb, on the microstructures, 

corrosion and mechanical behavior of the Al0.3CrFeCoNiNbx (in molar ratio) high-

entropy alloys (HEAs). It is found that the Nb addition facilitates the formation of the 

Nb-rich Laves phase for the HEAs. The HEAs show the microstructures of a 

hypoeutectic [the primary face-centered-cubic (FCC) phase] structure at x = 0.25 – 0.4, 

eutectic at x = 0.45, and hypereutectic (the primary Laves phase) phases at x = 0.5 – 

0.75. In the 3.5 mass% NaCl solution, the Al0.3CrFeCoNiNbx HEAs are spontaneously 

passivated and exhibit a low corrosion rate of less than 10-3 mm/year as a result of the 

formation of the protective passive films enriched in the chemically-stable Cr- and Nb-

oxides. Compared with the FCC phase, the Laves phase displays a better corrosion 

resistance because of the higher concentration of Nb oxides in its passive film. The 
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Al0.3CrFeCoNiNb0.45 eutectic HEA possesses superior corrosion resistance among the 

HEAs, which is ascribed to a high concentration and more homogeneous distribution 

of Nb oxides in the passive film, as well as greater electrochemical impedance. 

Furthermore, the Al0.3CrFeCoNiNbx HEAs with larger fractions of the Laves phase and 

ultra-fine eutectic structure present higher strength and hardness. Nevertheless, the 

plastic strain of the HEAs sharply decreases with increasing the amount of the brittle 

Laves phase. The results propose an effective approach for developing the HEAs with 

good corrosion resistance, high strength, and hardness. 
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1. Introduction 

In 2004, high-entropy alloys (HEAs) with a novel concept of alloy design were 

first proposed. This new alloy system was also defined as multi-principal component 

alloys [1][2]. In comparison with the conventional alloys that is characterized as single- 

or duplex-principal elements, HEAs generally consist of five or more principal 

elements, the concentrations of the constituent elements are between 5 atomic percent 

(at.%) and 35 at.% 0–Error! Reference source not found.. Because of their high 

configurational entropy of mixing in comparison with the traditional alloys, HEAs are 

usually composed of solid-solution phases 0–Error! Reference source not found.. The 

unique structural features of HEAs render them a variety of attractive properties, 

including good mechanical properties [5], high wear Error! Reference source not 

found., and corrosion resistance [7]. Based on the multi-principal-component design 

concept, many novel HEAs with promising functional and structural performances have 

been developed in light-weight metal (Al, Mg, Li, Ti, etc.) systems [8][10], refractory 

metal (Mo, Nb, Ta, Hf, etc.) systems Error! Reference source not found.Error! 

Reference source not found.–Error! Reference source not found., and Al-transition 

metal (Fe, Co, Cr, Ni, Mn, Ti, etc.) systems [15][15][16]. 

In the various HEAs, it displays the good mechanical properties and structural 

diversity for the Al-Cr-Fe-Co-Ni HEAs, which attracts widespread attention during the 

past decades [15][16]. For the AlxCrFeCoNi (in molar ratio) HEAs, as the Al content 

increases, the microstructure is composed of an face-centered-cubic (FCC) phase at x 

= 0 – 0.4, duplex FCC + BCC/ordered BCC (B2) phases at x = 0.5 – 0.8, and complete 
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BCC/B2 phases at x = 0.85 – 2.0 [16][17]. The microstructure evolution of the 

AlxCrFeCoNi HEAs exerts a significant influence on mechanical properties. As the Al 

content rises, the compressive yield strengths increase from 194 MPa at x = 0.3 to 400 

MPa at x = 0.6, and to 1,400 MPa at x = 0.85, but it comes with a decrease in plastic 

strains from > 100% to 54%, and to 25% [17]. It is obvious that the AlxCrFeCoNi HEAs 

with FCC + BCC/B2 phases display both great strength and high ductility. A similar 

result is also obtained in the AlCoCrFeNi2.1 eutectic HEA with the lamellar FCC + B2 

phases, which exhibits a high ultimate tensile strength of 1,100 MPa and high ductility 

of 18% [18]. Nevertheless, the chemical segregations in different phases usually take 

place in the AlxCrFeCoNi HEAs with FCC + BCC/B2 phases. For example, the FCC 

phase possesses a higher content of Cr than the BCC/B2 phases [19][20]. Such chemical 

segregations in many HEAs always lead to the reduction in the corrosion resistance in 

the 3.5 mass% NaCl solution [18][20]. 

As is known to all, the chemical composition of the passive film is important to 

corrosion resistance [18]. The compact and protective passive films of alloys are the 

key factors to obtain high corrosion resistance Error! Reference source not 

found.[18]. A previous study found that the Al0.3CrxFeCoNi (x = 0 – 2.0) HEAs with a 

higher content of Cr show superior corrosion resistance in the 3.5 mass% NaCl solution, 

which is attributed to the increasing concentration of chemically-stable Cr-oxides in the 

protective passive films [7]. However, the Al0.3CrxFeCoNi HEAs display low yield 

strengths of 221 – 546 MPa when x = 0 – 2.0 [7]. It is widely accepted that both the 

high corrosion resistance and good mechanical properties of alloys can bring about an 
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advance in extensive applications, the further improvement of the corrosion resistance 

and strength for the Al-Cr-Fe-Co-Ni HEAs is a matter of vital importance.  

Numerous studies revealed that many HEAs exhibit good corrosion resistance 

with the addition of the element, Nb, due to the formation of the chemically-stable Nb-

oxide in protective passive films, such as the Ni1.5CrCoFe0.5Mo0.1Nbx (x = 0.55 – 0.8) 

HEAs [22], CoCrFeNiNbx (x = 0.15 – 0.45) HEAs [23], and 

(Ti1/3Zr1/3Hf1/3)15(Nb1/2Ta1/2)x (x = 3 and 5) HEAs [13]. On the other hand, it is known 

that the element, Nb, has a larger radius than that of Cr, Fe, Co, and Ni [24]. Therefore, 

the solution of Nb into the Al-Cr-Fe-Co-Ni HEAs might result in the enhancement of 

the lattice-distortion energy, which leads to solid-solution strengthening. Meanwhile, 

Nb possesses relatively-large negative enthalpy of mixing with Al, Cr, Fe, Co, and Ni 

[ΔHmix (Nb-Al) = − 18 kJ/mol, ΔHmix (Nb-Cr) = − 7 kJ/mol, ΔHmix (Nb-Fe) = − 16 kJ/mol, ΔHmix 

(Nb-Co) = − 25 kJ/mol, and ΔHmix (Nb-Ni) = − 30 kJ/mol)] [24]. The intermetallic compound 

usually forms in the Al-Cr-Fe-Co-Ni-Nb HEAs, which is beneficial to improve the 

strength and hardness [25][26]. Thus, the corrosion resistance, strength, and hardness 

of the Al-Cr-Fe-Co-Ni HEAs could be simultaneously improved with the addition of 

Nb.  

The single-phase Al0.3CrFeCoNi HEA displays good ductility, while the strength 

is on the contrary [16][17]. As the Al content increases, the strength of the 

Al0.3CrFeCoNi HEA improves obviously because of the formation of the dual-phase 

structure, but it comes at a cost of the deterioration of corrosion resistance in NaCl 

solutions [16][17][19][20]. To simultaneously improve the corrosion resistance, 
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strength, and hardness, the element, Nb, was adopted into the Al0.3CrFeCoNi HEA. In 

this study, the Al0.3CrFeCoNiNbx (x = 0.25, 0.35, 0.4, 0.45, 0.5, and 0.75 in molar ratio) 

HEAs were fabricated. We systematically studied the effects of Nb on the 

microstructure evolution, corrosion behavior, and mechanical properties of the 

Al0.3CrFeCoNiNbx HEAs. The novel Al0.3CrFeCoNiNb0.45 eutectic HEA possessing 

that improved corrosion resistance, strength, and hardness was successfully developed. 

The Al0.3CrFeCoNiNb0.45 eutectic HEA with high content and uniform distribution of 

corrosion-resistant elements exhibited good corrosion resistance in the 3.5 mass% NaCl 

solution. The mechanism of high corrosion resistance of the eutectic HEA was 

discussed. Furthermore, the results offered the theoretical and experimental guidelines 

for the further applications of the HEAs. 

2. Materials and methods 

2.1 Materials preparation 

Arc melting was employed to produce the alloy ingots of the Al0.3CrFeCoNiNbx 

(x = 0.25, 0.35, 0.4, 0.45, 0.5, and 0.75 in molar ratio) HEAs using high-purity Al, Cr, 

Fe, Co, Ni, and Nb metals. The ingots were remelted at least four times under a Ti-

gettered argon atmosphere. The tested samples were rods with a size of ϕ 6 mm × 50 

mm using the injection copper mold casting under a high-purity argon atmosphere. 

2.2 Microstructure characterization 

The microstructure, which presents in the Al0.3CrFeCoNiNbx HEAs, was 

characterized by D/MAX-2500 X-ray diffraction (XRD) using Cu-Kα radiation, 
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JSM7500 scanning electron microscopy (SEM), and FEI Tecnai G2 F20 transmission 

electron microscopy (TEM). The elemental distribution of the alloys was examined 

through the JSM7500 energy disperse spectroscopy (EDS). The volume fractions of the 

lamellar eutectic structures in the HEAs were determined by the software of Image J 

[27] from the SEM backscattered electron images. The thermal behavior of the 

Al0.3CrFeCoNiNb0.45 HEA was measured by the STA-449F3 differential scanning 

calorimeter (DSC) at the heating and cooling rates of 10 K/min. under an argon 

atmosphere. 

2.3 Corrosion-behavior test 

All of the electrochemical measurements of the Al0.3CrFeCoNiNbx HEAs were 

performed in the 3.5 mass% NaCl solution using the Princeton VersaSTAT III 

electrochemical workstation. A three-electrode system was adopted to measure the 

electrochemical properties, where the working electrode was the sample, the reference 

electrode was the saturated calomel reference electrode (SCE), and the auxiliary 

electrode was the platinum. Before the tests of the potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS), the samples should be ensured that the 

open circuit potential (OCP) achieved a steady state after 1,800-second immersion. The 

potential sweep rate of the potentiodynamic-polarization test for all the alloys was 50 

mV/min. The EIS measurement was performed at the OCPs of each HEAs. The 

disturbed voltage of the alternating current signal and the excitation frequency range of 

EIS were 10 mV and 105 – 10-2 Hz, respectively. After the 30-day immersion in the 3.5 

mass% NaCl solution, the corrosion rate of the specimens was obtained as 𝑅 =
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(87600Δ𝑊) (𝑆𝜌𝑡)⁄   (mm/year), where ΔW is the weight loss during immersion 

measured by an analytical balance (g, the precision is 0.01 mg), S is the surface area 

exposed in the NaCl solution (cm2), ρ is the density (g/cm3) measured by an 

Archimedean method [13], and t   is the immersion time (h). The elemental 

characteristics of the surface films for the Al0.3CrFeCoNiNbx HEAs (x = 0.25, 0.45, and 

0.75) after the 24-hour immersion in the 3.5 mass% NaCl solution were measured by 

the ESCALABXi+ X-ray photoelectron spectroscopy (XPS) and analyzed by the 

XPSPEAK 4.1 software [28]. The corrosion tests were performed on the cross-section 

of the cylindrical samples. Before electrochemical measurements, all of the surfaces for 

the specimens were polished, using the 2,000-grit silicon carbide sandpaper and then 

exposed to air for about 24 h. The alloys’ surface morphologies after potentiodynamic-

polarization measurements were observed by SEM. 

2.4 Mechanical properties test 

The compression tests with a strain rate of 5 × 10−4 s−1 for the Al0.3CrFeCoNiNbx 

HEAs were characterized by the SANS CMT5504 testing machine at room temperature. 

The size of the rod alloys for the compression tests is ϕ 6 mm × 12 mm. The fracture 

morphologies were investigated by SEM. The Vickers microhardness of the HEAs was 

measured by an FM800 Vickers hardness tester, using the load of 500 gf and the holding 

time of 15 s. 

3. Results 

3.1 Structural characterization 
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The XRD results of the Al0.3CrFeCoNiNbx (x = 0, 0.25, 0.35, 0.4, 0.45, 0.5, and 

0.75 in molar ratio) HEAs are depicted in Fig. 1. It is demonstrated that the Nb-free 

Al0.3CrFeCoNi HEA possesses a single FCC phase. According to the diffraction peaks 

of the Nb-bearing HEAs, the alloys with x > 0 present an FCC phase accompanied with 

a Laves phase. The SEM backscattered electron images of the Al0.3CrFeCoNiNbx HEAs 

are explored to further study the characteristics of microstructures, as displayed in Fig. 

2. It is clear that the Al0.3CrFeCoNiNbx HEAs consist of a primary phase (the dark-

contrast columnar region when x = 0.25 – 0.4, and the bright-contrast dendritic region 

when x = 0.5 – 0.75) and a typical lamellar eutectic structure. In the hypoeutectic alloys 

with x = 0.25 – 0.4, as the content of Nb rises, the amount of the dark-contrast columnar 

region gradually decreases, while the volume fraction of the lamellar eutectic structure 

significantly increases from 36% to 70%. When x = 0.45, only the lamellar eutectic 

structure can be found in the alloy. In the hypereutectic alloys with x = 0.5 – 0.75, as 

the Nb content rises, the amount of the bright-contrast dendritic region continuously 

rises, but that of the lamellar eutectic structure decreases from 85% to 27%. When x = 

0.5 – 0.75, it is noteworthy that the bright-contrast dendritic region is surrounded by 

the large dark-contrast region with a width of 1 – 5 m, and the width increases with 

the increasing content of Nb [29][30]. For the eutectic alloys, it has been proved that 

the mechanical properties are significantly related to the interlamellar spacing () of 

the lamellar eutectic structure [31][32]. In the present Al0.3CrFeCoNiNbx HEAs, the 

interlamellar spacings of the ultra-fine lamellar eutectic structure are x = 0.25 = 232 nm, 

x = 0.35 = 206 nm, x = 0.4 = 186 nm, x = 0.45 = 152 nm, x = 0.5 = 190 nm, and x = 0.75 = 
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280 nm, which are much finer than that of 700 nm for the AlCoCrFeNbxNi (x = 0 – 

0.75) HEAs [25] and 1.5 m for the AlCoCrFeNi2.1 eutectic HEA [31][33].  

Figure 3 shows the EDS mapping in the different contrast regions of the 

Al0.3CrFeCoNiNbx HEAs. The elemental distribution reveals that Nb is enriched in the 

bright-contrast region, while Al, Cr, Fe, and Ni are enriched in the dark-contrast region. 

The Co uniformly distributes in the alloys. The crystal structures of the 

Al0.3CrFeCoNiNbx HEAs with x = 0.25, 0.45, and 0.75 are further confirmed by the 

bright-field TEM images and the corresponding selected area electron diffraction 

(SAED) patterns, as presented in Figs. 4 (a–c). It is clear that the dark- and bright-

contrast regions of the alloys correspond to the FCC and Laves phases, respectively. 

The DSC curves of the Al0.3CrFeCoNiNb0.45 HEA are plotted in Fig. 4(d). Only one 

endothermic peak is observed in the heating curves, which further evidences the 

eutectic composition of the Al0.3CrFeCoNiNb0.45 HEA. In summary, with the rising 

content of Nb, the microstructures of the Al0.3CrFeCoNiNbx HEAs evolve from 

hypoeutectic (x = 0.25 – 0.4) to eutectic (x = 0.45), and to hypereutectic (x = 0.5 – 0.75) 

phases. 

In order to investigate the phase stability in HEAs, the mixing enthalpy (ΔHmix) 

[34] has been proposed as: ∆𝐻mix = 4 ∑ (∆𝐻𝑖𝑗mix ∙ 𝑐𝑖 ∙ 𝑐𝑗)𝑛𝑖 = 1,𝑖 ≠ 𝑗  

where the ∆𝐻𝑖𝑗mix is the enthalpy of mixing between the i-th and j-th elements, ci and 

cj are the atomic percents of the i-th and j-th elements, respectively. It is known that a 

more negative mixing enthalpy of an atomic pair indicates a stronger atomic bonding, 
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which tends to combine the atomic pair into intermetallic compounds [35]. In this study, 

the mixing enthalpy of the Al0.3CrFeCoNiNbx HEAs are ΔHmix (x = 0) = − 5.27 kJ/mol, 

ΔHmix (x = 0.25) = − 10.52 kJ/mol, ΔHmix (x = 0.35) = − 11.62 kJ/mol, ΔHmix (x = 0.4) = − 12.13 

kJ/mol, ΔHmix (x = 0.45) = − 12.61 kJ/mol, ΔHmix (x = 0.5) = − 13.07 kJ/mol, and ΔHmix (x = 

0.75) = − 15.08 kJ/mol. The Al0.3CrFeCoNiNbx HEAs with a higher content of Nb display 

more negative mixing enthalpies, which are responsible for the formation of the Laves 

phase.  

3.2 Corrosion behavior 

Figure 5 summarizes the surface-morphology characteristics of the 

Al0.3CrFeCoNiNbx HEAs immersed in the 3.5 mass% NaCl solution for 30 days. The 

typical polished surface morphologies of the alloys before the immersion are exhibited 

in Fig. 5(a). Figures 5(b)–(h) show the surface morphologies of the alloys after 

immersion, and the polished surfaces of the alloys have no visible changes. Moreover, 

the alloys have no detectable mass loss after immersion, implying that the alloys display 

a low corrosion rate (R) of less than 10−3 mm/year. These results indicate that the 

Al0.3CrFeCoNiNbx HEAs possess high corrosion resistance. 

The electrochemical measurements of the Al0.3CrFeCoNiNbx HEAs were 

conducted in the 3.5 mass% NaCl solution, including the open circuit potentials (OCPs) 

and potentiodynamic polarization, as plotted in Fig. 6. Table 1 lists the corrosion 

potentials (Ecorr), pitting corrosion potentials (Epit), and corrosion current densities (icorr) 

of the Al0.3CrFeCoNiNbx HEAs. In Fig. 6 (a), for all the alloys, it is clear that the open 

circuit potentials initially increase with the extension of immersion time, and then 
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achieve relatively stable values. The results demonstrate that the surface films become 

more and more stable during immersion. From Fig. 6 (b), the Al0.3CrFeCoNiNbx HEAs 

have the corrosion-current densities of 10−5 – 10−4 A/m2. With further increase in the 

anodic potential, the HEAs are spontaneously passivated. At the anodic potentials of 

0.573 – 1.018 V, the HEAs suffer pitting corrosion. As summarized in Table 1, when x 

= 0.25 – 0.45, the corrosion potentials and pitting-corrosion potentials of the alloys 

gradually increase with the rising Nb content. However, as the Nb content further rises 

to x = 0.5 and 0.75, the corrosion potentials and pitting-corrosion potentials of the alloys 

display a decreasing trend. As depicted in Fig. 7, pits with different sizes are observed 

on the alloys after potentiodynamic polarization, which agrees with the occurrence of 

pitting corrosion in the potentiodynamic-polarization curves. Besides, the FCC phase 

presents severer corrosion than the Laves phase, suggesting that the Laves phase 

possesses higher corrosion resistance. Thus, the Al0.3CrFeCoNiNbo.45 HEA shows 

superior corrosion resistance among the HEAs. 

To further illustrate the corrosion mechanisms of the Al0.3CrFeCoNiNbx HEAs, 

the measurement of EIS was conducted at the OCP of each alloy. The Nyquist plots of 

the alloys summarized in Fig. 8(a) exhibit a similar semicircle arc with different radii. 

As the Nb content rises (x = 0.25 – 0.45), the semicircle arc radii show an increasing 

trend. Conversely, as the Nb content further rises to x = 0.75, the semicircle arc radii 

gradually decrease. The Nyquist plots with larger semicircle arc radii indicate the higher 

impedance (|Z|) of the passive films, which is beneficial to achieving better corrosion 

resistance of the alloys. Figure 8(b) presents the Bode plots of the Al0.3CrFeCoNiNbx 
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HEAs in the frequency (f) range of 10−2 – 105 Hz. When f = 10−2 – 104 Hz, the linear 

relationship between the impedance and frequency is associated with the 

pseudocapacitive nature of the passive films [36]. The alloys possess high impedance 

values about 105 – 106 Ω·cm2 at f = 10−2 Hz (the impedance of a 304 stainless steel at f 

= 10−2 Hz is about 105 – 106 Ω·cm2 [37]), which are conducive to the obtainment of 

high corrosion resistance in the aggressive environment. 

In Fig. 8(c), the equivalent electrical circuit model, Rs(Qc(Rc(QpRp)), is used for 

the fit of the EIS data [7][19], where the Rs is the electrolyte resistance, Rc is the charge-

transfer resistance, Rp is the passive resistance, and the Qc and Qp correspond to the 

capacitance of the charge transfer and passive layer, respectively. Due to the surface 

heterogeneities and adsorption effects on the alloys, the ideal capacitance (Q) response 

is replaced by the constant phase element (CPE) as 𝑄 = 𝑍CPE =  𝑌−1(𝑗𝜔)−𝑛, which is 

composed of the proportionality factor (Y), the imaginary unit (j), the angular frequency 

(ω), and the dispersion coefficient (n, in the range of − 1 to 1) [38]. The values of n = 

1, 0, and − 1 of the CPE response denote the capacitor, resistor, and inductance, 

respectively. The fittings of the EIS possess good quality according to the chi-square 

values of 10−5 – 10−4. Table 2 lists the equivalent electrical circuit parameters of the 

impedance spectroscopy. Clearly, when x = 0.25 – 0.45, the charge-transfer resistance 

and passive resistance of the alloys display an increasing trend with the rising Nb 

content. However, as the Nb content of the HEAs further rises to x = 0.75, the charge-

transfer resistance and passive resistance gradually decrease. It is noted that the higher 

electrochemical impedance of the passive films on alloys indicates better corrosion 
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resistance in an aggressive solution [39]. The EIS results of the Al0.3CrFeCoNiNbx 

HEAs are consistent with those of the potentiodynamic-polarization tests (Fig. 6). 

As a further investigation of the corrosion behavior for the Al0.3CrFeCoNiNbx 

HEAs, the chemical characteristics of the surface films for the alloys with x = 0.25, 

0.45, and 0.75 were studied by XPS. Figure 9 plots the XPS full spectra and narrow 

scanning spectra of elements of O 1s, Al 2p, Cr 2p3/2, Fe 2p3/2, Co 2p3/2, Ni 2p3/2, and 

Nb 3d of the surface on the alloys, where the ox and m represent the oxidized state and 

metallic state, respectively. In Fig. 9 (a), the peaks of elements, C, O, Al, Cr, Fe, Co, Ni, 

and Nb, exist in the full spectra. As presented in Fig. 9(b), the spectra of O 1s consist 

of O2− (ox), OH−, and H2O peaks. As seen in Figs. 9(c–h), it can be concluded that the 

surface films are composed of the oxides of the corresponding constituent elements. 

Figure 10 shows the nominal compositions and the cationic concentrations of the 

surface films. Compared with the corresponding nominal compositions, the surface 

films of the Al0.3CrFeCoNiNbx HEAs possess higher concentrations of Al, Cr, and Nb 

cations, while the concentrations of the Fe, Co, and Ni cations to the contrary. 

Apparently, the high concentrations of the chemically stable Cr- and Nb-oxides in the 

passive films for the Al0.3CrFeCoNiNbx HEAs are responsible for the high corrosion 

resistance. 

3.3 Mechanical behavior 

The compressive stress-strain curves of the Al0.3CrFeCoNiNbx HEAs are plotted 

in Fig. 11. Table 3 summarizes the yield strength (σ0.2), compressive strength (σmax), 

plastic strain (εp), and Vickers microhardness (Hv). The Nb-free Al0.3CrFeCoNi HEA 
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exhibits a yield strength of 220 MPa, Vickers microhardness of 169 Hv, and plastic 

strain of ˃ 50%. It can be known from Fig. 11 that the strength and Vickers 

microhardness of the alloys obviously improve but the plastic strains deteriorate with 

the addition of Nb. With the rising content of Nb (x = 0.25 – 0.4), the yield strengths, 

compressive strengths, and Vickers microhardness of the alloys increase from 585 MPa, 

1,654 MPa, and 379 Hv to 1,036 MPa, 1,948 MPa, and 534 Hv, respectively, but the 

plastic strain sharply decreases from 21.6% to 8.7%. The alloy at x = 0.45 displays the 

high yield strength of 1,684 MPa, compressive strength of 2,524 MPa, and Vickers 

microhardness of 675 Hv, and plastic strain of 3.8%. With further increasing the Nb 

content to x = 0.75, the yield strength, compressive strength, Vickers microhardness, 

and plastic strain of the alloy decrease to 1,437 MPa, 2,355 MPa, 634 Hv, and 1.5%, 

respectively. The strengthening mechanisms of the Al0.3CrFeCoNiNbx HEAs caused by 

the addition of Nb are discussed in more detail in a later section. 

Figure 12 shows the fracture-surface morphologies of the Al0.3CrFeCoNiNbx 

HEAs after compressive tests. For the alloys with x = 0.25 – 0.4, tearing ridges with 

different lengths on the fracture surfaces are detected. The lengths of tearing ridges 

gradually decrease with the increase in the Nb content. Only trench-like patterns are 

observed on the fracture surfaces in the Al0.3CrFeCoNiNb0.45 HEAs. When x = 0.5 and 

0.75, tearing ridges disappear, while cleavages and microcracks become dominant. It 

indicates that the alloys with more content of Nb are brittler. 

4. Discussion 
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4.1 Effects of Nb on the corrosion resistance of the Al0.3CrFeCoNiNbx HEAs 

The potentiodynamic-polarization results indicated that the Nb-containing 

Al0.3CrFeCoNiNbx HEAs display better corrosion resistance than the Nb-free 

Al0.3CrFeCoNi HEA in the 3.5 mass% NaCl solution. It is widely known that alloys 

with the protective passive films enriched in Cr and Nb are conducive to better 

corrosion resistance in the aggressive environments [13][30]Error! Reference source 

not found.. The XPS results demonstrated that the present Nb-containing 

Al0.3CrFeCoNiNbx HEAs possess a higher total content of Cr and Nb cations (about 

55.32 at.% – 62.55 at.%) in the passive films than that of the Nb-free Al0.3CrFeCoNi 

HEA (about 31 at.% Cr cation) [7]. The higher concentrations of chemically stable Cr- 

and Nb-oxides in passive films contribute to the better corrosion resistance of the 

Al0.3CrFeCoNiNbx HEAs.  

The corrosion morphologies of the Al0.3CrFeCoNiNbx HEAs after polarization 

demonstrated that the FCC phase suffered severer corrosion in comparison with the 

Laves phase. The results of EDS mapping suggest that both the FCC and the Laves 

phases of the Al0.3CrFeCoNiNbx HEAs have the high contents of Cr, i.e., 21.89 at.% – 

24.52 at.% and 18.72 at.% – 21.99 at.%, respectively. Such high contents of Cr favor 

the formation of the passive films enriched in Cr oxides on the FCC and Laves phases 

[41]. On the other hand, the Nb contents in the Laves phase (9.43 at.% – 22.03 at.%) 

are much higher than those in the FCC phase (2.11 at.% – 6.07 at.%), which leads to a 

higher concentration of Nb in the passive films on the Laves phase [41]. Consequently, 

the Laves phase exhibited better corrosion resistance than that of the FCC phase. 
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For the Al0.3CrFeCoNiNbx HEAs with x = 0.25 and 0.45, the total concentrations 

of the corrosion-resistant Cr and Nb cations in the passive films formed in the NaCl 

solution are similar (i.e., 55.32% for x = 0.25 and 55.60% for x = 0.45). However, the 

alloy with x = 0.45 possesses better corrosion resistance than the x = 0.25 alloy. As the 

content of Nb increases, the increasing fraction of the ultra-fine eutectic structure for 

the HEAs promoted the more uniform distribution of Nb in the passive film, which 

improves the corrosion resistance. In addition, the passive film of the alloy with x = 

0.75 has a higher total concentration of the corrosion-resistant Cr and Nb cations (about 

62.55%) than that of the x = 0.45 alloy (about 55.60%). Nevertheless, the alloys with a 

more content of Nb displayed lower corrosion resistance. For the present HEAs with x 

= 0.5 – 0.75, the large FCC phase with a width of 1 – 5 m is discovered around the 

primary Laves phase, as seen in Fig. 2. Meanwhile, as the Nb content rises, the width 

of the large FCC phase for the alloy increases. The distribution of the chemically-stable 

Nb-oxide in the passive films might be inhomogeneous due to the appearance of the 

large FCC phase, which should be the major cause of the decrease in the corrosion 

resistance for the x = 0.5 – 0.75 alloys. Obviously, in the present Al0.3CrFeCoNiNbx 

HEAs, the homogeneous distribution of the Nb-oxide in the passive films is also 

essential to improve the corrosion resistance. 

4.2 Relationship between the microstructures and mechanical properties of the 

alloys with different Nb contents 

With increasing the content of Nb, the strength and Vickers microhardness of the 

Al0.3CrFeCoNiNbx HEAs initially enhance and then decrease. The 
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Al0.3CrFeCoNiNb0.45 eutectic HEA displays the highest strength and Vickers 

microhardness among the alloys. Meanwhile, as the content of Nb rises, the plastic 

strain of the alloys sharply decreases. Studies show that the atomic radii of elements, 

Al, Cr, Fe, Co, Ni, and Nb, are 0.143 nm, 0.125 nm, 0.124 nm, 0.125 nm, 0.125 nm, 

and 0.143 nm, respectively [24]. Obviously, Nb possesses a larger atomic size than Cr, 

Fe, Co, and Ni. Therefore, Nb in the FCC phase of the Al0.3CrFeCoNiNbx HEAs results 

in the solution strengthening by enhancing the lattice distortion [42]. It is known that in 

comparison with the FCC phase, the Laves phase with an HCP structure exhibits fewer 

slip systems, leading to hard and brittle characteristics [25][42][43]. As a result, with 

the rising content of Nb for the present Al0.3CrFeCoNiNbx alloys, the strength and 

Vickers microhardness significantly improve owing to the increasing amount of the 

Laves phase. For the eutectic HEAs with the lamellar FCC and Laves phases, it has 

been found that dislocations usually accumulate in the FCC phase during deformation 

[44]. The boundary between the FCC and the Laves phases efficiently hinders the 

movement of dislocations, enhancing the strength and hardness [44][44]. In the present 

alloys, the rising amount of the lamellar eutectic structure should lead to more 

boundaries between the FCC and Laves phases, which contributes to the improvement 

in strength and hardness. For the eutectic alloys, the yield strength relates to the 

interlamellar spacing () according to the Hall-Petch relationship, 𝜎 = 𝜎∗ + 𝑘 √𝜆⁄  , 

where 𝜎∗ is the frictional stress, and k is a constant [26][44]. In this study, the  value 

of the ultra-fine lamellar eutectic structure in the Al0.3CrFeCoNiNbx HEAs initially 

decreases from 232 nm to 152 nm with increasing the content of Nb from x = 0.25 to x 
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= 0.45, respectively, and then increases up to 280 nm with the further addition of Nb. 

Clearly, for the Al0.3CrFeCoNiNbx HEAs, the improvement of the yield strength is 

partially attributable to the reduction in interlamellar spacings of the ultra-fine lamellar 

eutectic structures.  

A previous study showed that the AlCoCrFeNi2.1 eutectic HEA with the lamellar 

FCC and B2 phases exhibited both the high strength and decent ductility, where the 

ductility was enabled by the soft FCC phase, and the high strength was rendered by the 

hard B2 phase [45]. However, the deformability of the AlCoCrFeNi2.1 eutectic HEA 

was limited by the hard B2 phase [45]. It is known that FCC or BCC crystal structures 

have at least 12 slip systems. Therefore, extensive plastic deformation is normally 

possible along the various slip systems of the alloys with an FCC or BCC structure. 

Conversely, the HCP structure has only 3 slip systems, the alloys with an HCP structure 

are normally brittle. In this investigation, the Al0.3CrFeCoNiNbx HEAs with higher Nb 

contents contain more Laves phases with HCP structures, resulting in the sharp decrease 

in ductility. This feature could also be responsible for the fact that the 

Al0.3CrFeCoNiNb0.45 eutectic HEA does not show both the high strength and good 

ductility. Similar results were observed in other reported eutectic HEAs, such as 

AlCoCrFeNi2.1Nbx (x = 0 – 0.5) HEAs [44] and CoCrFeNiNbx (x = 0 – 0.412) HEAs 

[42]. A further study on achieving and understanding the combination of high strength 

and ductility of eutectic HEAs is expected. 

Thus, in the present study, we successfully developed the novel Al0.3CrFeCoNiNbx 

HEAs with the Cr-rich FCC and Nb-rich Laves phase, and the alloys displayed the 
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improved corrosion resistance, strength, and hardness. The high content and uniform 

distribution of corrosion-resistant elements of the Al0.3CrFeCoNiNb0.45 eutectic HEA 

were responsible for the good corrosion resistance in the 3.5 mass% NaCl solution. 

Besides, the unique lamellar eutectic structure of the Al0.3CrFeCoNiNbx HEAs played 

an important role in the improvement of strength and hardness. In conclusion, the 

results proposed an effective approach for designing the HEAs with good corrosion 

resistance, high strength and hardness. These results provide the theoretical and 

experimental guidelines for the further applications of the HEAs. 

5. Conclusions 

In the present work, the novel Al0.3CrFeCoNiNbx (x = 0.25, 0.35, 0.4, 0.45, 0.5, 

and 0.75 in molar ratio) eutectic HEAs were fabricated. We also studied the 

microstructure, corrosion behavior, and mechanical properties of the 

Al0.3CrFeCoNiNbx HEAs. The results offered the suggestions for developing the HEAs 

with good corrosion resistance, high strength and hardness. The main conclusions are 

described as follows: 

(1) The Nb addition to the Al0.3CrFeCoNiNbx HEAs facilitates the formation of the 

HCP-structure Laves phase. As the content of Nb increases, the microstructures of 

the HEAs evolve from hypoeutectic (x = 0.25 – 0.4, the primary FCC phase and 

eutectic structure) to eutectic (x = 0.45, the eutectic structure) and to hypereutectic 

(x = 0.5 – 0.75, the primary Laves phase and eutectic structure) phases. The 

interlamellar spacings of the ultra-fine eutectic structure decrease from 232 nm to 

152 nm, as the Nb content rises from x = 0.25 to x = 0.45 and increases to 280 nm 



21 

 

when further increasing the Nb content to x = 0.75. The FCC phase possesses a 

higher content of Al, Cr, Fe, and Ni than the Laves phase, while the Nb is enriched 

in the Laves phase. The element, Co, uniformly distributes in the alloys. 

(2) In the 3.5 mass% NaCl solution, the Al0.3CrFeCoNiNbx HEAs are spontaneously 

passivated and display a high corrosion resistance of less than 10-3 mm/year 

because of the formation of the passive films enriched in chemically stable Cr- and 

Nb-oxides. Compared with the FCC phase, the Nb-rich Laves phase shows better 

corrosion resistance because of the higher concentration of Nb oxides in its passive 

films. As the Nb content approaches x = 0.45, the distribution of the Nb oxide in 

passive films gradually homogenizes, and the electrochemical impedance of the 

passive films increases. With increasing the Nb content, the corrosion resistance of 

the alloys initially improves (x = 0.25 – 0.45) and then decreases (x ≥ 0. 5). 

(3) With increasing the content of Nb, the strength and Vickers microhardness of the 

Al0.3CrFeCoNiNbx HEAs initially improve and then decrease. The 

Al0.3CrFeCoNiNb0.45 eutectic HEA displays the highest yield strength of 1,684 

MPa, compressive strength of 2,524 MPa, and Vickers microhardness of 675 Hv. 

Meanwhile, the rising amount of the Laves phase causes the sharp decrease in the 

plastic strain from 21.6% to 1.5%. 
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Table 1 Electrochemical parameters of Al0.3CrFeCoNiNbx HEAs in the 3.5 mass% NaCl solution. 

Al0.3CrFeCoNiNbx Ecorr (V) icorr (× 10−4 A/m2) Epit (V) 

x = 0 −0.165 ± 0.010 5.87 ± 0.13 0.571 ± 0.016 

x = 0.25 −0.165 ± 0.009 1.67 ± 0.11 0.711 ± 0.015 

x = 0.35 −0.154 ± 0.011 1.31 ± 0.09 0.840 ± 0.017 

x = 0.4 −0.155 ± 0.006 1.14 ± 0.08 0.972 ± 0.015 

x = 0.45 −0.155 ± 0.008 1.11 ± 0.10 1.018 ± 0.012 

x = 0.5 −0.162 ± 0.008 1.24 ± 0.10 0.913 ± 0.013 

x = 0.75 −0.173 ± 0.009 1.56 ± 0.08 0.889 ± 0.017 
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Table 2 Electrical-equivalent-circuit values for the EIS data of the Al0.3CrFeCoNiNbx HEAs.  

Al0.3CrFeCoNiNbx 

Rs 

(Ω·cm2) 

Rc  

(× 104 

Ω·cm2) 

Rp  

(× 105 

Ω·cm2) 

CPEc CPEp 

Σ2
 

× 10-4
 

Y  

(× 10-5  

Ω-1·cm-2·sn) 

n 

Y  

(× 10-6  

Ω-1·cm-2·sn) 

n 

x = 0.25 1.39 1.35 2.25 3.85 0.89 9.74 0.68 6.43 

x = 0.35 1.46 2.39 2.47 3.40 0.92 8.69 0.53 1.02 

x = 0.4 1.47 2.99 4.77 2.73 0.92 5.71 0.67 0.92 

x = 0.45 1.45 4.81 7.79 2.49 0.91 3.85 0.63 1.15 

x = 0.5 1.46 2.42 4.46 2.77 0.92 5.14 0.65 1.22 

x = 0.75 1.45 1.81 2.79 3.74 0.91 5.85 0.63 1.15 
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Table 3 Mechanical properties of the Al0.3CrFeCoNiNbx HEAs. 

Al0.3CrFeCoNiNbx 

Yield Strength 

σ0.2 (MPa) 

Compressive Strength 

σmax (MPa) 

Plastic Strain 

εp (%) 

Vickers Microhardness  

Hv 

x = 0 220 ± 25 − ˃ 50 169 ± 6 

x = 0.25 585 ± 27 1,654 ± 21 21.6 ± 1.1 379 ± 13 

x = 0.35 785 ± 31 1,777 ± 24 10.8 ± 1.7 448 ± 9 

x = 0.4 1,036 ± 24 1,948 ± 36 8.7 ± 1.0 534 ± 9 

x = 0.45 1,684 ± 28 2,524 ± 22 3.8 ± 1.7 675 ± 15 

x = 0.5 1,671 ± 27 2,369 ± 33 1.7± 1.3 642 ± 18 

x = 0.75 1,437 ± 26 2,355 ± 28 1.5 ± 1.4 634 ± 14 
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Fig. 1 XRD patterns of the Al0.3CrFeCoNiNbx HEAs.  

Fig. 2 SEM backscattered electron images taken from the cross-section of the Al0.3CrFeCoNiNbx 

alloy rods. 

Fig. 3 The EDS mapping of the Al0.3CrFeCoNiNbx HEAs. 

Fig. 4 Bright-field TEM images and the corresponding selected area electron diffraction (SAED) 

patterns of the Al0.3CrFeCoNiNbx HEAs with (a) x = 0.25, (b) x = 0.45, and (c) x = 0.75; (d) DSC 

curves of the Al0.3CrFeCoNiNb0.45 HEA with the heating and cooling rates of 10 K/min. 

Fig. 5 Surface morphologies of the Al0.3CrFeCoNiNbx HEAs (a) before and (b-h) after 30-day 

immersion in the 3.5 mass% NaCl solution. 

Fig. 6 (a) Changes in the open circuit potentials (OCPs) with the immersion time and (b) the 

potentiodynamic-polarization curves of the Al0.3CrFeCoNiNbx HEAs in the 3.5 mass% NaCl 

solution. 

Fig. 7 Surface morphologies of the Al0.3CrFeCoNiNbx HEAs after potentiodynamic-polarization 

tests in the 3.5 mass% NaCl solution with the insets showing the pits at a high magnification. 

Fig. 8 (a) Nyquist diagrams and (b) Bode plots of the Al0.3CrFeCoNiNbx HEAs at the OCP, and (c) 

equivalent-electrical circuit for fitting the EIS data. 

Fig. 9 (a) XPS full spectra, (b) O 1s, (c) Al 2p, (d) Cr 2p3/2, (e) Fe 2p3/2, (f) Co 2p3/2, (g) Ni 2p3/2, 

and (h) Nb 3d of the surface for the Al0.3CrFeCoNiNbx (x = 0.25, 0.45, and 0.75) HEAs. 

Fig. 10 The nominal compositions and the cationic concentrations of the surface films for the 

Al0.3CrFeCoNiNbx (x = 0.25, 0.45, and 0.75) HEAs. 

Fig. 11 Compressive stress-stain curves of the Al0.3CrFeCoNiNbx HEAs. 

Fig. 12 Fracture surfaces of the Al0.3CrFeCoNiNbx HEAs. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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Fig. 11 
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Fig. 12 

 
 


