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A B S T R A C T   

In this study, CrNbTaVW RHEA was produced via vacuum arc melting. The microstructure, hardness, corrosion 
and oxidation properties were explored in comparison with the commercial IN718 alloy. The results indicated 
that CrNbTaVW RHEA exhibited a dendritic microstructure that was segregated into BCC1, BCC2, and Cr(VNb)2 
Laves. The CrNbTaVW RHEA has a higher hardness of 688 HV than the IN718 alloy with 301 HV. The higher 
hardness is due to Laves phase solid solution strengthening and grain refinement. From the corrosion results, 
CrNbTaVW RHEA had a lower corrosion rate in 3.5 wt% NaCl (0.000097 mm/yr) and 1 M H2SO4 (0.00013 mm/ 
yr) than the commercial IN718 alloy (0.054 mm/yr and 1.12 mm/yr). The cyclic oxidation analysis at 850 ◦C and 
1050 ◦C after 15 hours confirmed a mass gain of 4.41 mg/cm2 and 10.84 mg/cm2 for IN718 alloy, while 
CrNbTaVW RHEA exhibited a mass loss of − 25.17 mg/cm2 and − 35.91 mg/cm2, respectively, indicating that 
the IN718 alloy exhibited the best oxidation resistance. Thermal and growth stresses contributed to the pores, 
voids, cracks, and spallation observed in the CrNbTaVW RHEA.   

1. Introduction 

The development of new functional materials, metals, and alloys has 
been the primary driving force behind the progression of human civili
zation. In 2004, Cantor et al. [1] and Yeh et al. [2] first reported high 
entropy alloy (HEA) as a type of novel structure material that demon
strated superior properties to those of conventional alloys. The HEAs 
have exceptional mechanical properties, such as strength, hardness, 
high temperature phase stability, improved wear, corrosion, and 
oxidation resistance [1,3,4]. Refractory high entropy alloy (RHEA) 
which comprise mostly groups IV, V, and VI elements have also been 
developed and considered as potential high temperature structural 
materials for applications such as nuclear reactors, heat exchanger 
tubing, and rocket engine nozzles [5,6]. The RHEAs provide a unique 
opportunity in the area of alloy design by raising the temperature 
capability against conventional alloying strategies and improving 
corrosion and oxidation resistance. The elemental addition of elements 
such as Ta, W, Cr, V, Nb can significantly influence the mechanical 

properties of RHEAs [7–10]. Most especially, Cr forming Laves phase 
that have been reported to significantly enhance the mechanical prop
erties of RHEAs [11–13]. Fang et al. [12] found an increase in hardness 
(567 HV) and compressive strength (1389 MPa) for ZrNbTaHf0.2Crx 
RHEA due to the volume fraction of the C15_Laves phase. Xiang et al. 
[14] reported the hardness and compressive strength of MoNbFeCrV to 
be 827 HV and 2688 MPa and MoNbFeCrTi RHEA to be 792 HV and 
1811 MPa respectively, due to the formation of the C15_Laves phase. 

Despite the increase in hardness and compressive properties, limited 
work has focused on the corrosion resistance of RHEAs in chloride and 
acidic environments. Corrosion is the degradation of materials that oc
curs as a result of electrochemical reactions between the material and 
the environment [15]. In materials design, elemental addition might 
affect the corrosion performance by altering the structure of the phase, 
multiphase and element segregation, reducing the passivity and nobility 
of the phases, and influencing the dissolution kinetics [16]. Studies on 
the corrosion behavior of single-phase RHEA in acidic and chloride so
lutions have been investigated [17–19]. Zhou et al. [20] investigated the 
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corrosion resistance of Hf0.5Nb0.5Ta0.5Ti1.5Zr RHEA in chloride solution 
and found the alloy to have better corrosion resistance than that of 316 L 
stainless steel, due to formation of a single phase and passivation pro
moting elements. Gao et al. [21] found single BCC phase Mo0.5N
b20Ta10Ti35V20 RHEA to have better corrosion resistance than that of 
316 L stainless steel in chloride solution. Open pits were found in single 
phase TiCrVNb0.5Al0.5 RHEA when exposed to acidic solution [22]. This 
means like all commonly used corrosion resistant alloys; single phase 
RHEAs can also undergo localized pitting corrosion. For the dual-phase 
RHEAs, Xiang et al. [14] studied the corrosion behavior of dual phase 
(BCC and V-rich sigma phase) MoNbFeCrV RHEA and found only the V- 
rich sigma phase to be preferentially dissolved when exposed to acidic 
solution. Bi et al. [23] studied the corrosion behavior of dual phase (BCC 
and Zr5Al3) AlNbTiZr RHEA and found preferential corrosion and pitting 
within the Zr5Al3 phase regions when exposed to chloride solution. 
However, corrosion studies on dual-phase and multi-phase RHEA con
taining C15_Laves phase in chloride and acidic solution have not been 
reported so far. Hence, it is important for the corrosion performance of 
dual-phase and multi-phase RHEA containing C15_Laves phases to be 
evaluated to determine their functionality in chloride and acidic 
environments. 

Oxidation resistance is a vital property for alloys working for a long 
time at high temperatures since it can severely deteriorate the me
chanical properties of the materials. The oxidation resistance of the al
loys is affected by the compactness of the oxide scale, which can be 
described through the Pilling− Bedworth ratio (PBR) [24]. According to 
Lekakh et al. [25], the oxide layer adhesion to the steel substrate de
pends on various parameters: scale thickness, growth rate, stress rate, 
interfacial energy, and elastic properties of the oxide. In many appli
cations, oxide scale may fail due to various external loads that may lead 
to cracking and spalling of the oxide scale and ultimately to exposure of 
the bare-metal surface [26]. The cyclic-oxidation behavior is more 
complicated than isothermal oxidation because of the spalling process 
during cooling [26]. Most oxidation studies of RHEAs are conducted in 
isothermal conditions rather than in cyclic conditions [27–31]. These 
have made it difficult to study the spallation behavior of RHEAs when 
exposed to high temperatures. Furthermore, the effect of growth stress 
and thermal stress on the formation of holes and cracks in oxidized 
RHEAs has not been fully reported. 

In this study, the empirical parameters of entropy of mixing, 
enthalpy of mixing, valence electron concentration, lattice distortion, 
electronegativity difference, and thermodynamic parameter were used 
to design, predict the phases and stability of an equiatomic CrNbTaVW 
RHEA. Second phase hardening such as the addition of Cr have been 
reported to induce a Laves phase for increased hardness [11,32,33]. The 
addition of V has been reported to enhance the mechanical properties of 
RHEAs due to grain refinement [34]. V has been reported to protect 
RHEAs from localized corrosion, such as pitting, in NaCl and H2SO4 
solutions [35]. The addition of Nb, W, and Ta has been reported to 
reduce the rate of dissolution of materials [36,37]. The alloys containing 
W, Cr, Nb have strong passivation potentials, which enable oxide films 
to form in HEAs with compact packing structures [14,38–40]. The high 
diffusion of Cr can enable the synthesis of CrTaO4, Cr2O3, and CrNbO4 
that would form a barrier for both inward diffusion of oxygen and 
outward diffusion. These will provide protection against oxidation at 
high temperatures [41–44]. 

Hence, this study developed and investigated the microstructure, 
hardness, corrosion, and oxidation properties of multiphase CrNbTaVW 
RHEA and compared them with the commercial IN718 nickel-based 
superalloy. The corrosion mechanism of the multiphase RHEA was 
explained in 3.5 wt% NaCl and 1 M H2SO4. The oxidation mechanism of 
the multiphase RHEA was further elucidated after 15 hours exposure. 
This study is expected to provide more information on the microstruc
ture, hardness, corrosion, and oxidation properties of multiphase RHEA. 

2. Experimental procedures 

2.1. Material preparation 

Metallic powders (Cr, Nb, Ta, V, and W) with purity >99.7 wt% 
purchased from Weartech Pty Limited, South Africa, were melted and 
solidified by a vacuum arc melting furnace in a high purity argon at
mosphere on a water-cooled Cu hearth to obtain CrNbTaVW RHEA 
samples. The samples were turned and remelted three times to ensure 
chemical homogeneity. A commercial IN718 super alloy was also ob
tained. The CrNbTaVW RHEA and commercial IN718 super alloy sam
ples were cut to precision using Gold San CNC wire cutting EDM 
machine operating at 20 V. The sectioned samples were hot mounted in 
phenolic resin (Struers Polyfast) using a Bainmount twin H auto hot 
mounting press at a temperature of 160 ◦C and a pressure of 150 bar. The 
mounted samples were automatically grounded on the Struers 
Tegramin-20 grinding machine using Struers MD-Piano 2000 and 
Struers MD-Piano 4000 resin bonded diamond grinding discs. After the 
grinding operation, the samples were polished using Akasel polishing 
cloth, with 3 μm two-in-one polycrystalline diamond suspension. 

2.2. Hardness testing 

Vickers hardness tests were conducted on polished cross-sectional 
area of the CrNbTaVW RHEA and IN718 alloy samples using a Futur
eTech Vickers hardness tester (FM-800) equipped with a diamond 
indenter. The measurements were taken under a load of 300 gf and a 
dwell time of 15 s for CrNbTaVW RHEA and IN718 alloy according to 
ASTM standard E92–17 [45]. Ten readings were taken at different po
sitions on samples to obtain the average of the Vickers hardness. 

2.3. Corrosion testing 

The sectioned CrNbTaVW RHEA and IN718 alloy samples were hot 
mounted in clear resin at a temperature of 180 ◦C and a pressure of 
150 bar, ground, and polished until a mirror-like finish was obtained. 
After polishing, the samples were rinsed in water and air-dried. The 
samples, with a surface area of 0.283 cm2 were subjected to the corro
sive solutions. The corrosion test was performed using a three-electrode 
electrochemical cell connected to a Gamry® potentiostat. CrNbTaVW 
RHEA and IN718 alloy samples was used as the working electrode, while 
a platinum wire and Ag/AgCl saturated with 3 M KCl solution were used 
as the counter and reference electrodes, respectively. Open circuit po
tential (OCP) test in 3.5 wt% NaCl and 1 M H2SO4 solutions was con
ducted for 3600 s after immersion in the solutions to reach a stable 
value. Afterwards, potentiodynamic polarization tests were performed 
at a scan rate of 0.167 mV/s in the potential range of − 0.5 to 2.5 V at 
room temperature. The corrosion current density (Icorr), corrosion po
tential (Ecorr), and corrosion rate were determined using the polarization 
technique according to ASTM standard G59–97 [46]. 

2.4. Oxidation testing 

The CrNbTaVW RHEA and IN718 samples for the oxidation tests 
were sectioned using a Gold San CNC wire cutting EDM machine to 
nominal dimensions of 6 × 6 × 7 mm3. The surfaces of the samples were 
ground using SiC papers grade to P1200, cleaned in an ultrasonic 
acetone and then dried in air. Afterwards, oxidation test was carried out 
in an open-ended tube muffle furnace under laboratory air at 850 ◦C and 
1050 ◦C for 15 hours. The mass changes of the alloy samples before and 
after oxidation was measured using a Boeco digital weighing balance 
(accuracy = 0.0001 g) to characterize the oxidation kinetics. 

2.5. Composition and microstructure analysis 

The microstructural analysis of the samples was examined using a 
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high-resolution Zeiss Sigma Field Emission Scanning Electron Micro
scope (FEG-SEM) in secondary electron (SE) and backscattered electron 
(BSE) detectors at 20 kV. The microstructure of the samples after the 
corrosion test, surface and cross-sectional morphology of the oxidized 
samples were also examined using FEG-SEM. SEM was also used in 
combination with energy dispersive X-ray (EDX) for elemental compo
sitions. Image J software (Open-source software for image analysis, 
National Institutes of Health) was used to calculate the grain size, pores, 
voids, and cracks. The phase identification of the samples, corrosion 
products, and oxides were examined using a Bruker D2 phase diffrac
tometer, with a Co Kα radiation source [λ = 1.78899 Å] at 30 kV and a 
current of 25 mA within the range of 2θ = 20–120◦ at a temperature of 
25 ◦C. 

3. Results 

3.1. Microstructure and phase analysis of CrNbTaVW and IN718 

The phases and microstructure present in the as-cast CrNbTaVW 
RHEA and IN718 were identified by XRD analysis and SEM, as presented 
in Fig. 1. The XRD analysis result of the CrNbTaVW RHEA shows the 
peaks are indexed as two BCC solid solution phases and Cr(VNb)2 C15- 
Laves phase (Fig. 1a). The BCC 1 structure is the primary phase (Im-3 m 
(229); a = b = c = 3.1980; reference: 96–900-6501), BCC 2 structure is 
the secondary phase (Im-3 m (229); a = b = c = 3.0240; reference: 
96–901-2771), and the Cr(VNb)2 C15-Laves phase (Fd-3 m (227); 
a = b = c = 7.0790; reference: 96–152-3579). SEM images of CrNbTaVW 
in Figs. 1(b) and (c) showed that the alloy exhibited a dendritic micro
structure that segregated into a white phase (BCC1), grey phase (BCC2), 
and dark phase (Cr(VNb)2). BCC and Laves phases have been reported in 
some Cr containing as-cast RHEAs, for example, CrNbTiZr RHEA [47] 
and CrHfNbTaTi [48]. According to Butler et al. [49], Laves particles 
precipitated inside grains during cooling in the solid state due to 

decreasing Cr solubility in the BCC phase. During the nucleation and 
growth of a new phase, the coordinated diffusion of several elements is 
important because it requires the redistribution of all elements to reach 
the desired composition [50]. The average grain size of the dendrites 
and the Laves phase is 47.3 ± 2.1 μm and 11 ± 0.7 μm respectively. The 
XRD results in Fig. 1(d) showed that two major phases are present in 
IN718 alloy, namely, the γ phase (FeMnNi) with space group Fm-3 m 
(225) and lattice parameter (a = b = c = 3.2350 Å) and the γ′′ phase of 
Ni3Nb (Fm-3 m (225); a = b = c = 3.6150). The microstructure of the 
IN718 alloy has uniformly distributed (γ + γ′′) phases (Fig. 1e). Ac
cording to Ganji and Rajyalakshmi [51], the γ phase is soft in nature, 
while the γ′′phase is the main strengthening phase in most precipitation 
hardenable nickel base super-alloys. 

Table 1 shows the chemical composition of CrNbTaVW RHEA. It was 
found that the higher melting point elements of W and Ta segregated in 
the dendritic region (BCC1), while lower melting point elements of V 
and Cr segregated more in the inter-dendritic regions of (BCC2) and Cr 
(VNb)2 Laves phase. Nb is distributed evenly in both the dendritic and 
inter-dendritic regions. This highlights the influence of melting points 
on segregation that is typical in as-cast alloys. The chemical composition 
of IN718 alloy is presented in Table 2. It can be seen that the IN718 alloy 
in this study has a higher composition of Fe than Ni. 

Fig. 1. Phase composition of the CrNbTaVW RHEA showing BCC1, BCC2, and Cr(VNb)2 C15-Laves phase (a); Dendritic microstructure of the CrNbTaVW RHEA (b); 
Higher magnification image of the CrNbTaVW RHEA showing BCC1, BCC2, and Cr(VNb)2 C15-Laves phase (c); Phase composition of the IN718 alloy showing γ + γ′′ 

phases (d); Microstructure of the IN718 alloy showing γ + γ′′ (e). 

Table 1 
Composition distribution of the CrNbTaVW RHEA (at. %).  

Element Cr Nb Ta V W 

Actual 16 ± 0.5 22 ± 0.2 21 ± 0.2 22 ± 0.2 19 ± 0.9 
BCC1 8 ± 0.4 19 ± 0.4 26 ± 0.6 17 ± 1.1 30 ± 1.4 
BCC2 32 ± 1.2 20 ± 0.4 13 ± 0.5 30 ± 0.8 5 ± 0.6 
Cr(VNb)2 Laves 34 ± 2.1 19 ± 0.9 11 ± 0.3 33 ± 1.5 3 ± 0.5  
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3.2. Hardness properties of CrNbTaVW 

The hardness test result of CrNbTaVW RHEA after ten indentations is 
688 ± 21 HV, which is higher than IN718 (301 ± 14 HV). The 
CrNbTaVW RHEA has higher hardness than some reported as-cast 
RHEAs: CrMoTaTi (630 HV) [11], WNbMoTaZr (557 HV) [52], TiM
oNbZr0.5 (516 HV) [53], and Hf0.25NbTaW0.5 RHEA (514 HV) [33]. The 
higher hardness can be attributed to Laves phase solid solution 
strengthening and grain refinement. Grain refinement by the elemental 
addition of V can contribute to finer grain size that has a significant 
influence on hardness. For example, grain size refinement was achieved 
in WNbMoTaV RHEA and V1NbMoTa RHEA due to the strong solute 
effect of V, which contributed to growth restrictions [5,54]. Further
more, grain growth can be restricted by Cr(VNb)2 Laves phase precipi
tation in the microstructure, which reduces grain size, and improve 
hardness. The increased Cr composition to form the Cr(VNb)2 Laves 
phase in CrNbTaVW RHEA thus led to solid solution strengthening, 
which further enhanced the hardness. The presence of the Cr promoting 
Laves phase have been reported to increase the hardness properties of 
RHEAs [11,13]. 

3.3. Electrochemical corrosion behavior 

3.3.1. Open circuit potential, potentiodynamic polarization measurement, 
and microstructural observation of CrNbTaVW and IN718 in chloride 
solution 

The OCP and potentiodynamic polarization curves of CrNbTaVW 
RHEA and IN718 alloy in 3.5 wt% NaCl are presented in Fig. 2. The 
stability of the oxide film formed on the surface of the CrNbTaVW RHEA 
and IN718 alloy was evaluated by OCP for 3600 s, as seen in Fig. 2(a). 
The OCP curve of CrNbTaVW RHEA is stable throughout immersion, 
which indicates a stable passive film. The OCP curve of the IN718 alloy 
exhibited several oscillations until 3600 s, which can be attributed to the 
dissolution and re-passivation of the oxide films formed on the alloy 
surface [20,55]. These results suggest that CrNbTaVW RHEA oxide film 
is more stable than the IN718 alloy in a 3.5 wt% NaCl solution. Stable 
OCP has been attributed to the building of compact and protective oxide 
films on alloy surfaces [56,57]. The potentiodynamic polarization 
curves of the CrNbTaVW RHEA and IN718 alloy in 3.5 wt% NaCl after 
the OCP test are presented in Fig. 2(b). It was observed that the anodic 
curve of CrNbTaVW RHEA exhibited a wide passivation region up to the 
final potential of 2.5 V, which indicates that the passive film of 
CrNbTaVW RHEA is stable and good. The polarization curve of the 
IN718 alloy exhibited pseudo-passive behavior up to 1.63 V and later 
passivated until the final potential. Active corrosion took place when the 
IN718 alloy was exposed to a chloride solution, which is identified by 
the red arrow in the anodic curve. The Cl− ions attacked the protective 
layer, breaking the passive layer. However, the oxide layer was rebuilt as 
evidenced by the pseudo-passive and passive behaviors. The electro
chemical corrosion parameters such as Ecorr, Icorr, and corrosion rates 
obtained from the polarization curve in a 3.5 wt% NaCl solution are 
presented in Table 3. The CrNbTaVW has a higher negative Ecorr value of 
− 0.139 V than the IN718 with − 0.295 V, which indicates its suscepti
bility to corrosion. The CrNbTaVW RHEA has a lower Icorr value of 
0.0026 μA/cm2 than the IN718 alloy with 5.299 μA/cm2. Based on the 
corrosion parameters, it is obvious that the CrNbTaVW RHEA show a 
very low corrosion rate in 3.5 wt% NaCl compared to the IN718 alloy. 

The SEM images and XRD of the CrNbTaVW RHEA and IN718 alloys 
after potentiodynamic polarization in 3.5 wt% NaCl are presented in 
Fig. 3. Pits with an average size of 2.43±0.4 μm and corrosion products 
were observed on the surface of CrNbTaVW RHEA (Fig. 3a and b). The 
IN718 alloy surface is highly corroded, and pits of an average size of 
14.86±2.2 μm were seen in different regions (Fig. 3c). Corrosion prod
ucts were also seen in corroded and non-corroded areas of the IN718 
alloy surface. The EDX compositions obtained from the regions of the 
IN718 alloy and CrNbTaVW RHEA after potentiodynamic polarization Ta
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in 3.5 wt% NaCl are presented in Supplementary Table 1 and Supple
mentary Figs. 1 and 2. The presence of oxygen was observed in the al
loys, which implies oxide formed on the surface of the CrNbTaVW RHEA 

and IN718 alloys. The deposition of Cl element in the compositions 
signified the presence of Cl− which broke through the oxide layer of the 
IN718 alloy and led to the corroded surface and pits. Also, Cl− broke 
through the passive layer of CrNbTaVW alloy and led to a few smaller 
pits. 

The CrNbTaVW RHEA did not show dissolution of elemental 
composition in both the dendrite and interdendrite regions (Supple
mentary Table 1). The addition of V protects RHEAs from localized 
corrosion, such as pitting in NaCl and H2SO4 solutions [58]. Despite 
substantial amount of V and almost evenly distributed Nb compositions 
in all the three phases, few pits were still observed at the RHEA surface. 
It was found that low W and Ta compositions were observed at BCC1 and 

Fig. 2. OCP and polarization curves for CrNbTaVW RHEA and IN718 alloy in 3.5 wt% NaCl solution at room temperature: (a) OCP curves of CrNbTaVW RHEA and 
IN718 alloy for 3600 s. (b) Potentiodynamic polarization curves for CrNbTaVW RHEA and IN718 alloy. 

Table 3 
Electrochemical parameters for CrNbTaVW and IN718 in 3.5 wt% NaCl.  

Alloy Ecorr 

(V) 
Icorr (μA/cm2) Corrosion rate (mm/yr) 

CrNbTaVW − 0.139 ± 0.011 0.0026 ± 0.001 0.000097 ± 0.0008 
IN718 − 0.295 ± 0.01 5.299 ± 2.06 0.054 ± 0.02  

Fig. 3. Surface morphology of the CrNbTaVW RHEA after exposure in 3.5 wt% NaCl (a); Higher magnification image of the CrNbTaVW RHEA surface showing pits 
after exposure in 3.5 wt% NaCl (b); Surface morphology of corroded surface and pits formed on the IN718 after exposure in 3.5 wt% NaCl (c); Phase analysis of 
corrosion products present in the CrNbTaVW RHEA (d); Phase analysis of corrosion products present in the IN718 alloy (e). 
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Cr(VNb)2 phases, which suggest that elemental segregation might have 
played a role in the formed pits. X-ray diffraction analysis in Fig. 3(d) 
identified the corrosion product formed on the CrNbTaVW RHEA to be 
VO2. All the initial phases are still present, suggesting that no prefer
ential phase dissolution occurred in the CrNbTaVW RHEA when exposed 
to a chloride solution. The XRD pattern of the IN718 alloy after poten
tiodynamic polarization showed a reduction of peaks between 60◦ and 
110◦ (Fig. 3e) that differed from initial phase peaks. It was also observed 
that no new peaks were formed, which shows that limited oxides were 
deposited on the IN718 alloy surface. Therefore, no protection was 
offered and this led to a corroded surface and pits when exposed to 
3.5 wt% NaCl solution. 

3.3.2. Open circuit potential, potentiodynamic polarization measurement, 
and microstructural observation of CrNbTaVW and IN718 in acidic solution 

The stability of the oxide film formed on the surface of the 
CrNbTaVW RHEA and IN718 alloys was evaluated by OCP for 3600 s in 
1 M H2SO4 is presented in Fig. 4. The OCP curve of CrNbTaVW RHEA in 
Fig. 4(a) showed an initial increase in OCP but later dropped in potential 
to 2586 s. Afterwards, stability was achieved in the OCP for 3600 s at 
− 0.17 V. In the IN718 alloy, the OCP curve is noticeably unstable. 
Fluctuations were seen in both alloys, suggesting the breaking and 
rebuilding of the oxide film on the alloy surface. The potentiodynamic 
polarization curve of the CrNbTaVW RHEA and IN718 alloy in 1 M 
H2SO4 after the OCP test is presented in Fig. 4(b). Active dissolution and 
pits (indicated by red circle) were observed in the anodic curve of 
CrNbTaVW RHEA at 0.18 V to 0.46 V and later passivated to a final 
potential of 2.5 V. The IN718 alloy polarization curve exhibited active 
corrosion, passivation, and transpassivation. Sulphate ions attack the 
protective layer of the CrNbTaVW RHEA and IN718 alloy, causing the 
oxide layer to break. However, the oxide layer begins to repair as seen in 
the passivation region (Fig. 4b). The electrochemical corrosion param
eters such as Ecorr, Icorr, and corrosion rates obtained from the polari
zation curve in 1 M H2SO4 solution are presented in Table 4. It is 
evidenced from the electrochemical parameters that the corrosion rate 
of CrNbTaVW RHEA is lower than the IN718 alloy in acidic 
environment. 

The SEM images and XRD analysis of the CrNbTaVW RHEA and 
IN718 alloy after potentiodynamic polarization in 1 M H2SO4 are pre
sented in Fig. 5. Deposits of corrosion products were seen on different 
regions of the CrNbTaVW RHEA surface (Fig. 5a and b). At higher res
olution, pits of an average size of 2.46 ± 0.23 μm were found at BCC1 
(white region) of the CrNbTaVW RHEA surface, suggesting that the 
sulphate ions broke the oxide films (Fig. 5b). The IN718 alloy surface 
also corroded with circular pits of average size of 6.27 ± 0.68 μm (Fig. 5c 

and d). The EDX compositions of the IN718 alloy and CrNbTaVW RHEA 
after polarization in 1 M H2SO4 are presented in Supplementary Table 2 
and Supplementary Figs. 3 and 4. The presence of oxygen was observed 
in the compositions of both alloys suggesting oxide formation. 

In the CrNbTaVW RHEA, BCC1 which was segregated in the den
dritic region still retained a substantial amount of Nb, Ta, V, W but lower 
Cr compositions. BCC2 in the interdendritic region still retained a sub
stantial amount of Cr, Nb, and V but lower W and Ta compositions. The 
Cr(VNb)2 C15-Laves phase dissolved after corrosion exposure in 1 M 
H2SO4 (Fig. 5b). This might be correlated with the OCP in Fig. 4(a), 
where there was a rapid increase in the potential and oscillations due to 
the dissolution and rebuilding of the oxide film on the alloy surface. 
Elemental segregation of Cr in the dendrite region and segregation of Ta 
and W in interdendrite region might play a role in the pits and phase 
dissolution that was observed. Selective dissolution of Cr2Nb Laves 
phases was observed in CrMoNbWV HEA in the 0.5 M H2SO4 solution 
[59]. The formation and dissolution behavior of the film in an acidic 
solution was also observed for Cr containing AlCoCrFeNi2.1 HEA [60]. 
Also, selective dissolution of the V-rich Sigma phase was also reported in 
a MoNbFeCrV RHEA after the potentiodynamic polarization test in 
0.5 M H2SO4 solution [14]. 

XRD analysis in Fig. 5(e) identified the corrosion product formed on 
the CrNbTaVW RHEA to be VO2. BCC1 and BCC2 phases are still present, 
while the peaks of Cr(VNb)2 C15-Laves phase are no longer present. This 
further indicate that active dissolution of Cr(VNb)2 C15-Laves phase 
actually occurred when exposed to acidic solution. The formed VO2 is 
not sufficient to protect the CrNbTaVW RHEA from pits and the disso
lution of Cr(VNb)2 C15-Laves phase. The XRD pattern of IN718 alloy 
(Fig. 5f) after potentiodynamic polarization showed that no new peaks 
were formed, signifying that limited or no oxides were deposited on the 
IN718 alloy surface. Hence, the highly corroded surface and pits 
observed in the IN718 alloy when exposed to an acidic solution. 

Fig. 4. OCP and potentiodynamic polarization curves for CrNbTaVW RHEA and IN718 alloy in 1 M H2SO4 solution: (a) OCP curves of CrNbTaVW RHEA and IN718 
alloy in 1 M H2SO4. (b) Potentiodynamic polarization curves of CrNbTaVW RHEA and IN718 alloy in 1 M H2SO4. 

Table 4 
Electrochemical parameters for CrNbTaVW RHEA and IN718 alloy in 1 M 
H2SO4.  

Alloy Ecorr 

(V) 
Icorr (μA/cm2) Corrosion rate (mm/yr) 

CrNbTaVW − 0.147 ± 0.02 0.0039 ± 0.01 0.00013 ± 0.00012 
IN718 − 0.377 ± 0.01 104.59 ± 4.01 1.12 ± 0.001  
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Fig. 5. Surface morphology of the CrNbTaVW RHEA showing the corrosion products and pits after exposure in 1 M H2SO4 (a-b); Surface morphology of the IN718 
alloy corroded surface and pits after exposure in 1 M H2SO4 (c-d); Phase analysis of corrosion products present in the CrNbTaVW RHEA (e); Phase analysis of 
corrosion products present in the IN718 alloy (f). 

Fig. 6. Cyclic oxidation curve of CrNbTaVW RHEA and IN718 alloy at 850 ◦C (a); Cyclic oxidation oxidation curve of CrNbTaVW RHEA and IN718 alloy at 
1050 ◦C (b). 
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4. Oxidation analysis of CrNbTaVW and IN718 

4.1. Cyclic oxidation behavior of CrNbTaVW and IN718 

The mass gain curves of the CrNbTaVW and IN718 at 850 ◦C and 
1050 ◦C after 15 hours are shown in Fig. 6. At 850 ◦C and 1050 ◦C 
(Fig. 6a and b), the CrNbTaVW RHEA shows a mass gain at the initial 
stages due to the alloys reaction with oxygen that facilitated the fast 
growth of the oxide scale [61]. After 3 hours of oxidation at both tem
peratures, CrNbTaVW RHEA exhibited rapid mass loss which can be 
attributed to spallation. At 850 ◦C (9–15 hours), the mass curve is sta
tionary because the oxide scale gets thicker, thereby protecting the 
surface of the CrNbTaVW RHEA from direct contact with oxygen. Hence, 
a decrease in mass loss. However, at 1050 ◦C (9–15 hours), a continuous 
mass loss was observed for CrNbTaVW RHEA. The IN718 alloy exhibited 
an almost stationary trend throughout the oxidation test (Fig. 6a and b). 
Therefore, the IN718 alloy has a lower mass gain of 4.41 mg/cm2 and 
10.84 mg/cm2 over the entire 15 hours of oxidation at 850 ◦C and 
1050 ◦C. Unlike the CrNbTaVW RHEA which exhibited a high mass loss 
of − 25.17 mg/cm2 and − 35.91 mg/cm2 at 850 ◦C and 1050 ◦C (Fig. 6a 
and b). The IN718 alloy has a better oxidation resistance than the 
CrNbTaVW RHEA over the entire 15 hours of oxidation. 

4.2. Phase analysis and surface morphologies of oxidized CrNbTaVW and 
IN718 

The XRD patterns of the oxidized CrNbTaVW and IN718 samples at 
850 ◦C and 1050 ◦C are shown in Fig. 7. The identified oxides of 
CrNbTaVW RHEA at 850 ◦C are composed of VO2, V2O3, WO3, Cr2O3, 
CrVO3, Cr2WO6, and Nb2O5WO3 (Fig. 7a). At 1050 ◦C, identified oxides 
are VO2, V2O3, WO3, Cr2O3, Cr2WO6, CrVO3, Nb2O5WO3, and CrTaO4 

(Fig. 7b). The identified oxides of IN718 at 850 ◦C were composed of 
MnO, Ni2Ti4O, Al2O3, MnO2, Fe2O3, Fe3O4, SiO2, and TiO2 (Fig. 7c). At 
1050 ◦C, identified oxides are MnO, Fe3O4, Mn2O3, MnO2, Fe2MnO4, 
and NiMn2O4 (Fig. 7d). 

The SEM images of the surface oxides of CrNbTaVW RHEA at 850 ◦C 
and 1050 ◦C after 15 hours are shown in Fig. 8. At 850 ◦C, the surface 
scale layer is spalled with cracks (15.5 ± 2.14 μm), pores (6.1 ± 0.39 
μm), and voids (12.7 ± 0.39 μm) (Fig. 8a). The Cr-rich spalled oxides are 
also found on the surface (Fig. 8a and Supplementary Fig. 5). Higher 
magnification of the surface morphology at 850 ◦C reveals granular- 
shaped (0.68 ± 0.04 μm) and rod-shaped (1.24 ± 0.11 μm) oxides that 
were dispersed all over the surface (Fig. 8b). The observed rod-shaped 
and granular-shaped oxides have been observed in some RHEAs such 
as CrMoNbTaV [43], NbTiZrV [44], and CrMoNbTaW [62]. The EDS 
compositions at 850 ◦C showed that the granular-shaped oxides are rich 
in Cr, while rod-shaped oxides are NbTaW-rich (Supplementary Fig. 5). 
Fig. 8(c) shows that the surface morphology of CrNbTaVW RHEA at 
1050 ◦C is spalled with voids (18 ± 1.09 μm). Higher magnification of 
the surface oxides also contains granular-shaped (0.66 ± 0.03 μm) and 
rod-shaped (2.73 ± 0.21 μm) that were dispersed all over the alloy 
surface (Fig. 8d). However, the size of rod-shaped oxides is slightly 
larger than that observed at 850 ◦C. Therefore, high temperatures have a 
major impact on the growth and nucleation of oxides. The EDS com
positions at 1050 ◦C showed that the granular-shaped oxides are rich in 
Cr, while rod-shaped oxides are rich in Nb/Ta/W (Supplementary 
Fig. 6). 

The SEM images of the surface oxides of IN718 at 850 ◦C and 1050 ◦C 
after 15 hours are shown in Fig. 9. The surface oxide layer of the IN718 
at 850 ◦C showed a compact structure but no cracks, pores, or voids 
(Fig. 9a). Higher magnification of the top surface oxides of IN718 
revealed block-shaped (0.45 ± 0.04 μm), rod-shaped (0.39 ± 0.03 μm), 

Fig. 7. Phase analysis of identified oxides in CrNbTaVW at 850 ◦C (a) and 1050 ◦C (b); Phase analysis of identified oxides in IN718 at 850 ◦C (c) and 1050 ◦C (d).  
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Fig. 8. Surface morphology of the CrNbTaVW RHEA showing voids, cracks, pores, and spalled oxides at 850 ◦C after 15 hours (a); Higher magnification of the 
CrNbTaVW RHEA surface morphology showing granular and rod-shaped oxides at 850 ◦C after 15 hours (b); Surface morphology of the CrNbTaVW RHEA showing 
voids and spalled oxides at 1050 ◦C after 15 hours (c); Higher magnification of the CrNbTaVW RHEA surface morphology showing granular and rod-shaped oxides at 
1050 ◦C after 15 hours. 

Fig. 9. Surface morphology of the IN718 alloy showing a compact structure at 850 ◦C after 15 hours (a); Higher magnification of IN718 alloy surface morphology 
showing block-like, rod-like, round, and cloudy shaped oxides at 850 ◦C after 15 hours (b); Surface morphology of the IN718 alloy showing a compact and refined 
structure at 1050 ◦C after 15 hours (c); Higher magnification of IN718 alloy surface morphology showing globular and block-like oxides at 1050 ◦C after 15 hours. 
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round-shaped (0.53 ± 0.05 μm) and cloudy-shaped oxides (0.50 ± 0.04 
μm) (Fig. 9b). The EDS compositions at 850 ◦C showed that the block 
shaped oxides are Fe-rich, rod-shaped oxides are FeMnNi-rich, round 
shaped oxides (white) are TiFeSi-rich, and cloudy shaped oxides (dark) 
are AlSi-rich (Supplementary Fig. 7). At 1050 ◦C, IN718 surface oxide 
layer comprises a more refined structure that is free of cracks, pores, or 
voids (Fig. 9c). Higher magnification of the surface oxides revealed 
globular (0.35 ± 0.02 μm) and block-shaped oxide structures 
(1.11 ± 0.12 μm) (Fig. 9d). The EDS compositions at 1050 ◦C showed 
that the globular and block-like oxide structures are majorly enriched in 
Fe (Supplementary Fig. 8). 

4.3. Cross sectional morphologies of oxidized CrNbTaVW and IN718 

SEM-BSD images of the cross-section morphologies of CrNbTaVW 
RHEA and IN718 alloy after oxidation at 850 ◦C and 1050 ◦C for 
15 hours are shown in Fig. 10. At 850 ◦C, a 260 ± 7.8 μm thick oxidized 
layer with grey contrast and a 29 ± 5.5 μm thick internal oxidation zone 
was observed for CrNbTaVW RHEA (Fig. 10a). The thick oxide layer 
contains tiny cracks that are connected to voids that are 31 ± 1.7 μm 
thick. It is believed that the cracks grow to form the observed voids. The 
EDS compositions at 850 ◦C/15 hours showed mostly WNbTa-rich ox
ides for both the thick oxide layer and internal oxidation zone (Sup
plementary Fig. 9). At 1050 ◦C, a 603 ± 9.1 μm thick oxidized layer with 
grey contrast was observed for CrNbTaVW RHEA (Fig. 10b). Cracks and 
voids of 8.5 ± 0.81 μm and 35 ± 2.71 μm was also observed in the thick 
oxide layer (Fig. 10b). The EDS compositions of the thick oxide layer at 
1050 ◦C/15 hours showed mainly WNbTaCr-rich oxides (Supplementary 
Fig. 10). As the oxidation temperature increased from 850 ◦C to 1050 ◦C, 
the thickness of the oxide layer increased from 260 μm to 603 μm. Oxide 
layer tends to serve as a reliable diffusion barrier that effectively isolates 
the substrate from oxygen and therefore the oxidation rate of the 
metallic substrate is decreased [3]. The oxide layers are porous with 
voids and cracks at 850 ◦C and 1050 ◦C that limit the formation of a 

reliable diffusion barrier. The voids and cracks allow the ingress of ox
ygen into the metallic substrate and therefore the oxidation rate of the 
metallic substrate is increased. 

At 850 ◦C and 1050 ◦C, the IN718 alloy displays two layers, which 
are defined as the outer oxide layer and the internal oxide layer. At 
850 ◦C, a 38.6 ± 1.1 μm thick outer oxide layer and 46.1 ± 1.4 μm thick 
internal oxide layer was observed (Fig. 10c). The EDS compositions of 
the outer oxide layer at 850 ◦C/15 hours showed mostly Fe-rich oxide, 
while internal oxide layer comprise of mostly FeNi-rich oxides (Sup
plementary Fig. 11). At 1050 ◦C, the outer oxide layer has a thickness of 
15.34 ± 0.6 μm, while the internal oxide layer has a thickness of 
66.8 ± 3.3 μm (Fig. 10d). EDS compositions of the outer oxide layer and 
internal oxide layer at 1050 ◦C/15 hours comprise mostly FeNi-rich 
oxides (Supplementary Fig. 11). It was observed that the internal 
oxide layer has higher thickness than the outer oxide layer at 850 ◦C and 
1050 ◦C. The IN718 oxidation rate is lower at both temperatures because 
the outer and internal oxide layers serve as diffusion barriers. 

5. Discussion 

5.1. CrNbTaVW phase prediction 

The physical properties of elements in the CrNbTaVW RHEA and 
enthalpy of mixing for the selected alloy binary subsystem are shown in 
Table 5. In Table 5, Ta possesses the largest atomic radius and smallest 
electronegativity, while Cr possesses the smallest atomic radius. There 
could have been atomic distortion during the mixing of elements due to 
the large atomic size difference between the elements, leading to an 
increase in lattice strain. The large atomic size difference between so 
many components would considerably impact the formation of solid 
solutions in multi-component alloys. The empirical phase parameters 
are calculated and shown in Table 6. 

In Table 5, CrNb (− 7), CrTa (− 7), NbW (− 8), TaW (− 7), CrV (− 2) 
have a significant negative enthalpy of mixing, indicating the formation 

Fig. 10. Cross-sectional morphology of CrNbTaVW RHEA at 850 ◦C and 1050 ◦C after 15 hours (a-b); Cross-sectional morphology of IN718 at 850 ◦C and 1050 ◦C 
after 15 hours (c-d). 
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of intermetallic compound. A good mutual solubility is revealed in the 
NbTa (0), NbV (− 1), TaV (− 1) and VW (− 1) binary systems, indicating 
the formation of a solid-solution phase. The CrW is the only positive 
binary enthalpy of mixing among each pair of the constituent elements 
in the CrNbTaVW RHEA that specifies phase separation. According to 
[71], segregation phenomenon can be described based on positive bi
nary enthalpy of mixing among each pair of the constituent elements. 
The more positive ΔHmix means the less miscibility of the different el
ements in the liquid alloy, which leads to separation of phases or 
segregation of different elements in the alloy [66]. As seen in Fig. 1(a), a 
Laves phase was formed which is in agreement with the binary enthalpy 
(CrV (− 2)), since it has a higher negative enthalpy among the binary 
enthalpies. The presence of Laves phases can significantly influence the 
physical and mechanical properties of HEAs [11,72-74] Senkov, Sen
kova, Woodward, et al., 2013; Xiang et al., 2020). The main factors 
affecting the Laves phase structure are the atomic size factor and the 
electron concentration factor [73]. The Laves phase formed due to the 
difference in atomic size and electronegativity between Cr and the other 
four elements making up the CrNbTaVW RHEA. The binary enthalpies 
alone cannot predict the phases and crystal structure. The calculated 
empirical parameters for the CrNbTaVW RHEA in Table 6 compared 
with three proposed criteria [65,66,75] were used to further predict the 
phases and crystal structure. 

The first criterion states that the disordered solid solution phase 
forms when Ω >1.1 and δ < 6.6% [66]. The CrNbTaVW RHEA has 
Ω = 6.77 which is >1.1, while δ (5.09) was <6.6%. This means that the 
disordered solid solution BCC phase will occur. Although Ω was >1.1, it 
cannot differentiate between single and multi-phase solid solutions. To 
fill the void, Λ in Table 6 was proposed and the CrNbTaVW RHEA has a 
lesser geometrical parameter of 0.52, which indicates a multiphase solid 
solution structure. The second criterion states that FCC and BCC crystal 
structures would be stable, if VEC ≥ 8 and VEC ≤ 6.87 respectively [65]. 
The CrNbTaVW RHEA has a VEC of 5.4 which is <6.87. A stable BCC 

crystal structure formed. The third criterion states that Laves phase 
forms when Δχ > 7% and δ > 5% in HEAs [75]. In the CrNbTaVW RHEA, 
Δχ = 0.31 and is lower than 7%. However, the atomic size mismatch 
parameter for CrNbTaVW is 5.09%, which is higher than 5%. Hence, the 
Laves phase is expected to occur in the CrNbTaVW RHEA. The first two 
criteria successfully predicted a multi-phase solid solutions phase, 
whereas in criterion three, only the lattice distortion parameter pre
dicted the Laves phase. This provides a reasonable agreement with the 
experimental results as evidenced in Fig. 1. The phase separation agrees 
with Λ parameter by Singh and Subramaniam [70], which predicted the 
formation of multi-phase solid solutions in CrNbTaVW RHEA. 

5.2. Corrosion resistance of CrNbTaVW RHEA in 3.5 wt% NaCl and 1 M 
H2SO4 solution 

Passivation is a characteristic of HEAs, arising due to the addition of 
passivating promoting elements such as Cr and Ti. The passivating 
promoting element may influence the alloy structure and passive film 
composition, giving rise to different electrochemical responses 
depending on the alloying type and content [76]. The SEM images of the 
CrNbTaVW RHEA in chloride solution showed few pits, while in acidic 
solution, more pits and selective dissolution of Cr(VNb)2 Laves took 
place. HEAs that contain Cr compositions greater than 13 wt% can be 
associated with enhanced corrosion resistant properties [77]. Despite 
the high chromium compositions in the RHEA, pits were still found 
when exposed to NaCl solution. In the H2SO4 solution, low Cr compo
sition (10 wt%) was observed in the BCC1, which may have caused the 
few pits observed in the BCC1 region and none in the BCC2 (Fig. 7b). 
Regardless of the effects of the aggressive corrosive solutions, the 
resistance to passive film breakdown is determined by the properties of 
the passive film including its continuity, formation ability, and film 
stability [19]. Only VO2 was formed on the surface of the CrNbTaVW 
RHEA in both chloride and acidic solutions. The VO2 layer was able to 

Table 5 
Physical properties of elements in the CrNbTaVW RHEA and their binary enthalpy of mixing [5,63].  

Elements Cr Nb Ta V W 

Atomic radius (Ȧ) 1.27 1.43 1.46 1.32 1.39 
Density (Kg/m3) 7.19 8.57 16.4 6.0 19.3 
Melting temperature (◦ C) 1907 2477 3017 1910 3414 
Valence electron 6 5 5 5 6 
Electronegativity(χ) 1.66 1.60 1.50 1.63 2.36 
Hardness (HV) 108 134 89 64 349   

Binary enthalpy of mixing1 

i - j CrNb CrTa CrV CrW NbTa NbV NbW TaV TaW VW 
ΔHijmix − 7 − 7 − 2 1 0 − 1 − 8 − 1 − 7 − 1  

1 rsc.org 

Table 6 
Calculated empirical phase parameters.  

Solid solution parameters References Range of parameters Calculated values for the CrNbTaVW RHEA 

VEC =
∑n

i=1Ci(VEC)i [64,65] VEC < 6.87 = BCC 
VEC ≥ 8 = FCC 
6.87 ≤ VEC < 8 = BCC + FCC 

5.4 

ΔHmix =
∑n

i=1,i∕=j4ΔHijmixCi Cj [65,66] − 15 kJ/mol ≤ ΔHmix ≤ 5 kJ/mol − 5.03 kJ/mol 

ΔSmix = − R
∑n

i=1Ci lnCi [65,66] High value of entropy of mix is important in stabilizing the solid solution phases 13.38 J/K mol 

δ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1Ci(1 − ri/r)2
√ [65,67,68] δ ≤ 6.6% = BCC 

δ ≥ 6.6% = FCC and Laves 
5.09% 

Ω =
TmΔSmix

ΔHmix
,Tm =

∑n
i=1Ci(Tm)i [66] Ω ≥ 1.1 6.77 

Δχ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1Ci(Xi − X)2
√ [69] ΔX must be small to form a solid solution 0.31 

Λ = ΔSmix/δ2 [70] Λ > 0.96 = single phase. 
0.24 < Λ <0.96 = two-phase 

0.52  
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prevent phase dissolution and surface corrosion in chloride solution, but 
not enough protection against localized corrosion (pitting). The micro
structure and composition are the two main factors in the corrosion 
performance of an alloy [77]. Alloy heterogeneities such as inclusions, 
impurities, and second phases have been reported to be detrimental to 
the continuity of the overlying passive film of alloys because the oxides 
formed at these sites or along their edge are often not protective. Thus, 
the oxide in these areas often acts as the weak spot for breakdown 
[78,79]. 

Fig. 11 illustrates the corrosion mechanism of the CrNbTaVW when 
exposed to 3.5 wt% NaCl and 1 M H2SO4 solutions. At the beginning of 
corrosion in NaCl environment (Fig. 11a), Cl− is adsorbed on the passive 
film, which makes some metal cations in the passive film dissolve into 
the solution. The CrNbTaVW RHEA comprise multiphases of BCC1, 
BCC2, and Cr(VNb)2 Laves, Cl− will be preferentially adsorbed in these 
phases and detrimental to the passive film continuity. It was observed 
that pitting occurred mostly in BCC1 and regions between the BCC1 and 
BCC2 phases (Fig. 11b). The pits can be initiated by the elemental 
segregation of the elements that comprises the two phases. If there is a 
significant potential difference between the two phases, galvanic 
coupling can result in localized corrosion (pits) [80,81]. The passive film 
properties made BCC1 phase the anode and BCC2 phase the cathode, the 
passive film eventually weakened resulting in the pitting of BCC1 phase 
under the combined effect of galvanic coupling and Cl− (Fig. 11b). 

In an acidic solution, fluctuations were observed in passive film 
indicating dissolution of the protective film (Fig. 4a). The dissolution of 
the protective film on the alloy can be attributed to the SO4

2− ions in the 
solution (Fig. 11c). As the CrNbTaVW RHEA is immersed in the 1 M 
H2SO4, the anode and cathode areas are electrically connected and 
constitute the corrosion cell, leading to the existence of electric poten
tial. Pits initiate mainly on the BCC1 phase and the boundaries of the 
BCC1 and BCC2 phases (Fig. 11d). The observed pit in the BCC1 phase 
could be attributed to combined effect of SO4

2− ions and galvanic 
coupling of the BCC1 phase (anode) and BCC2 phase (cathode) 
(Fig. 11d). The Cr(VNb)2 Laves phase was formed on top of the BCC2 
phase and boundaries between the two phases are often weak zones and 
preferential to initiate corrosion. The potential difference between dual 
phases brings about a strong driving force for phase dissolution [80,82]. 
As a result of coupling effects between the Cr(VNb)2 Laves phase (anode) 
and BCC2 phase (cathode), the Cr(VNb)2 Laves was eventually dissolved 
(Fig. 11d). Despite the pits observed in the BCC1 phase and the 

dissolution of Cr(VNb)2 Laves, the CrNbTaVW RHEA still has a high 
corrosion resistance in both the chloride and acidic solutions. 

5.3. Oxidation mechanism 

At 850 ◦C and 1050 ◦C, simple oxides of VO2, V2O3, WO3, and Cr2O3 
form on the oxidized CrNbTaVW at the initial stages. The stability and 
formation of the simple oxides at 850 ◦C using the Gibbs free energy 
(△G) values follow the following order: V2O3 (− 639) > Cr2O3 
(− 555) > VO2 (− 521) > WO3 (− 384) [31,83]. At 1050 ◦C, the stability 
and the formation of favorable oxides follows the order: V2O3 
(− 602) > Cr2O3 (− 527) > VO2 (− 467) > WO3 (− 346) [31,83]. The WO3 
has the largest △G values which makes it the least stable simple oxide 
formed on the surface of the CrNbTaVW RHEA at 850 ◦C and 1050 ◦C. At 
increasing oxidation time, the simple oxides will continuously react and 
combine into complex oxides, as seen in Eqs. (1)–(6). 

CrO (s)+VO2 (s) = CrVO3 (s) (1)  

Cr2O3 (s)+WO3(s) = Cr2WO6 (s) (2)  

8WO3(s)+ 4Ta2O5(s) = Ta8W8O44 (s) (3)  

Nb2O5 (s)+WO3(s) = Nb2O5.WO3 (s) (4)  

1/2Cr2O3 (s)+ 1/2Ta2O5 (s) = CrTaO4 (s) (5)  

1/2Cr2O3 (s)+ 1/2Nb2O5 (s) = CrNbO4 (s) (6) 

The high diffusion coefficient of Cr enables the synthesis of VO2, 
Ta2O5, and Nb2O5 into CrVO3, CrTaO4, and Nb2O5. Also, Cr2O3 react 
with poor stability WO3 to synthesize Cr2WO6 through the solid–state 
reaction. Similarly, Ta2O5 and Nb2O5 reacts with WO3 to form Ta8W8O44 
and Nb2O5.WO3. Complex oxide such as Ta8W9O47 has been reported to 
possess low △G (− 5400 kJ/mol), leading to a stable oxide layer [84]. In 
regards to CrVO3 and Nb2O5.WO3, it is still unclear whether the oxides 
would offer oxidation resistance. The addition of V in alloys forms VOx 
that volatilizes at high temperatures and prevents the formation of a 
protective oxide layer [56,68,69]. An oxide layer containing CrTaO4 has 
been reported to effectively retard oxygen diffusion and provide pro
tection against oxidation at high temperatures [41,43,85]. Similarly, 
CrTaO4 oxide layer was observed in W containing MoTaTiCr RHEAs that 
retarded oxygen diffusion and provided great protection against 

Fig. 11. Schematic diagram of the pits of BCC1 phase in CrNbTaVW RHEA in 3.5 wt% NaCl solution (a-b); Schematic diagram of the pits of BCC1 phase and 
dissolution of Cr(VNb)2 Laves phase in CrNbTaVW RHEA in 1 Mol H2SO4 solution (c-d). 
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oxidation at 1000 ◦C [86]. In WCr alloys by Hou et al. [87], oxide scale 
of Cr2WO6 is poor and does not offer protection for further oxidation. 
However, the Cr2O3 scale was sufficient to offer a better protective scale 
for the WCr alloys. At a particular stage in CrNbTaVW RHEA oxidation 
at 1050 ◦C/15 hours, oxides of CrTaO4, CrNbO4, and Cr2O3 would have 
formed a barrier for both inward diffusion of oxygen and outward 
diffusion. These would have prevented more pores, cracks, and total 
degradation of the CrNbTaVW RHEA. The oxygen ions diffusion is 
hindered to some extent by Cr2O3 which slowed down the oxidation rate 
of oxidized CrNbTaVW RHEA. 

Small decohesion of the oxide layer was observed for IN718 alloy 
oxide scale at 850 ◦C and 1050 ◦C which might be attributed to the 
volume change and internal pressures of SiO2. According to Sheikh et al. 
[88], formation of MoO3 and SiO2 results in a local volume change and 
internal pressures that lead to decohesion and microcrack formation. 
Since there are no micro cracks and pores, the observed SiO2 might not 
be detrimental to the oxidation resistance of IN718 alloy. The simple 
oxides such as Al2O3 protected the formation and volatilization of 
Mn2O3 in the IN718 at 850 ◦C and the oxidation rate was further 
reduced. The Al2O3 layer acts as a diffusion barrier against oxygen 
ingress into the alloy, thereby improving the alloy performance against 
high-temperature oxidation [89]. The oxide layer containing FeO on the 
surface is usually loose, porous, and easy to shed, which greatly reduces 
oxidation resistance [90]. FeO also formed in the IN718 at 1050 ◦C 
which might have also contributed to the small decohesion of IN718 
alloy oxide scale. Fe3O4 observed at 850 ◦C and 1050 ◦C further formed a 
protective continuous layer and lowered the oxidation rate. 

The volumetric expansion mismatch generates stresses in the oxides, 
which accumulate when the oxides grow and later released by cracking, 
and spallation of oxides from the base alloy [91]. In oxide scales, me
chanical stress has two origins: the first is the growth stress, which de
velops during the oxidation process, and second is the thermal stress 
which develops due to the change in temperature [91]. The oxide layer 
of oxidized RHEAs can exfoliate from the metallic substrate during the 
cooling process from oxidation temperature to room temperature, which 
is attributed to different coefficients of thermal expansion and specific 
volume of the oxide and the alloy [92,93]. The growth stress can be 
quantified by the volume difference between the oxide and the metal 
forming the oxide and can be expressed by the Pilling-Bedworth ratio 
(PBR) in Eq. (7) [94]. 

PBR =
volume per metal ion in oxide

volume per metal atom in metal
(7) 

The oxide scale is discontinuous and porous if PBR < 1 [24]. For 
PBR > 2, the internal stress between oxides and matrix is high, and 
easily leads to the formation of pores, cracks, and spallation [24]. 
Spallation possibly occurs during the sample cooling due to the large 
differences between the thermal expansion coefficients of the oxide and 
the metal [88]. During the cooling stage, the metal substrate contracts 
more rapidly than the oxide layer, causing compressive in-plane stresses 
and the creation of shear cracks in the oxide layer [95]. At 850 ◦C and 
1050 ◦C, cracks, pores, and voids were observed. 

Using Eq. (7), the PBR for VO2, V2O3, WO3, and Cr2O3 is 2.17, 1.84, 
3.39, and 2.02, respectively. The internal stress between VO2, WO3, and 
Cr2O3 and CrNbTaVW substrate is high, which led to the formation of 
pores and cracks at 850 ◦C and 1050 ◦C. In the WMoTaTiCr RHEA, WO3 
exhibited a large PBR that hinders the continuous protective layer [86]. 
According to Kuang et al. [96], volume expansion ratio of WO3 would 
cause a large interface stress that would even tear the adhesive surface 
oxide scale, providing a channel for oxygen internal diffusion. The 
growth strain (ε) induces a change in volume that is expressed in Eq. (8) 
[97]. 

ε =
̅̅̅̅̅̅̅̅̅̅
PBR3

√
− 1 (8) 

The ε value was calculated by substituting the PBR values for VO2, 

WO3, and Cr2O3 in Eq. (8). The calculated ε value for VO2, WO3, and 
Cr2O3 is 0.296, 0.503, and 0.264, respectively. The growth stress (σG) 
can be calculated based on growth strain in Eq. (9) [91]. 

σG = εEoxides (9) 

Where Eoxides is the Young’s modulus of VO2 (140 GPa) [98], WO3 
(300 GPa) [99], and Cr2O3 (260 GPa) [91]. By substituting Eoxides and ε 
values into Eq. (9), the σG is calculated to be 41.4 GPa, 150.8 GPa, and 
68.7 GPa for VO2, WO3, and Cr2O3, respectively. It can be observed that 
the σG in VO2 and Cr2O3 is less than that of WO3. It can be assumed that 
decohesion is only initiated on the oxide scale by VO2 and Cr2O3, while 
cracks, pores, voids and spalling is initiated by WO3. 

Thermal stress (σT) occurred during cooling to room temperature and 
it was formed due to different thermal expansions between the oxide 
scales and the CrNbTaVW RHEA. The σT can be expressed in Eq. (10) 
[91]. 

σT = Eoxides
(
αalloy–αoxides

)
ΔT (10) 

Where αalloy and αoxides are the thermal expansion coefficients of 
CrNbTaVW RHEA and the oxides respectively. ΔT is the difference be
tween oxidation temperature and room temperature during cooling. The 
αCrNbTaVW was calculated to be 10.698 × 10− 6 K− 1 using the rule of 
mixture. While αoxides for VO2, WO3, and Cr2O3 is 2.1 × 10− 6 K− 1 [98], 
8.9 × 10− 6 K− 1 [100], and 9.6 × 10− 6 K− 1 [91]. The σT is assumed to be 
generated mainly by VO2, WO3, and Cr2O3 at 850 ◦C and 1050 ◦C. The σT 
generated by VO2, WO3, and Cr2O3 at 850 ◦C is estimated to be 
0.993 GPa, 0.445 GPa, and 0.199 GPa. At 1050 ◦C, σT generated by VO2, 
WO3, and Cr2O3 is 1.234 GPa, 0.553 GPa, and 0.248 GPa. From the 
results, it can be observed that σT is lower than σG and the thermal 
expansion coefficient of the alloy is larger than that of the oxides. Hence, 
the σT in the scale should be compressive, which is the same as growth 
stress [91]. The failure of protective oxide scales could be due to the 
mismatch in volume expansion between VO2, WO3, and Cr2O3 oxides, 
and CrNbTaVW substrates, which led to the build-up of thermal stress 
and growth stress. 

The summary of the oxidation mechanism of CrNbTaVW RHEA at 
850 ◦C and 1050 ◦C for 15 hours is shown in Fig. 12. During the initial 
stage, oxygen dissolves and diffuses internally through the BCC1, BCC2 
and Cr(VNb)2 Laves. At higher temperatures, the oxides react with ele
ments that comprise the RHEA and form the simple and complex oxides. 
The formed oxides at 850 ◦C and 1050 ◦C might not be protective due to 
the mismatch in volume expansion between the oxides and CrNbTaVW 
substrates. In the oxide scales of CrNbTaVW RHEA, thermal and growth 
stress was observed. As oxides grows during oxidation, growth stress due 
to micro-inhomogeneity of oxide species was formed and eventually 
released via pores, cracks, and voids (Fig. 12a and b). During the cooling 
to room temperature of CrNbTaVW RHEA, spallation, pores, and voids 
appear due to thermal stress caused by the different thermal expansion 
coefficients of the oxides and metallic substrate. The observed pores, 
cracks, voids, and spallation stresses serves as fast migration channels 
for oxygen that increases the oxidation rate of the CrNbTaVW RHEA. 

6. Conclusions 

The microstructure, hardness, corrosion, and oxidation behavior of 
CrNbTaVW RHEA have been investigated. The results were compared to 
commercial grade IN718 nickel-based superalloy. The following con
clusions are drawn from the study:  

• The as-cast CrNbTaVW RHEA exhibited a dendritic microstructure 
that segregated into BCC1, BCC2, and Cr(VNb)2 Laves. The empirical 
calculations, XRD, and SEM accurately predicted the phases in the 
CrNbTaVW RHEA.  

• The hardness test result of CrNbTaVW RHEA after ten indentations 
found the hardness value to be 688 ± 21 HV, which is higher than 
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IN718 (301 ± 14 HV). The high hardness of CrNbTaVW RHEA is 
attributed to Laves phase solid solution strengthening and grain 
refinement.  

• Fluctuations in OCP were observed for CrNbTaVW RHEA in 1 M 
H2SO4 solutions and IN718 alloy in both 3.5 wt% NaCl and 1 M 
H2SO4 solutions.  

• The CrNbTaVW RHEA has a lower corrosion rate of 0.000097 mm/yr 
in 3.5 wt% NaCl solution than the IN718 alloy (0.054 mm/yr). In 
acidic solution, CrNbTaVW RHEA has a low corrosion rate of 
0.00013 mm/yr in 1 M H2SO4 solution than the IN718 alloy 
(1.12 mm/yr). Therefore, it can be concluded that CrNbTaVW RHEA 
has superior corrosion resistance in 3.5 wt% NaCl and 1 M H2SO4 
solution in comparison with commercial grade IN718.  

• In chloride solution, BCC1 is more susceptible to pitting corrosion. In 
acidic solution, BCC1 is more susceptible to pitting corrosion, while 
the Cr(VNb)2 Laves phase is more susceptible to selective dissolution.  

• The IN718 alloy has a lower mass gain of 4.41 mg/cm2 and 
10.84 mg/cm2 at 850 ◦C/15 hours and 1050 ◦C/15 hours. The 
CrNbTaVW RHEA exhibited a mass loss of − 25.17 mg/cm2 

and − 35.91 mg/cm2 at 850 ◦C/15 hours and 1050 ◦C/15 hours. In 
general, the IN718 alloy has a superior oxidation resistance than the 
CrNbTaVW RHEA.  

• Thermal stress and growth stress contributed to pores, voids, cracks, 
and spallation observed in the CrNbTaVW RHEA at 850 ◦C and 
1050 ◦C after 15 hours. The pores, cracks, and voids allow ingress of 
oxygen to the metallic substrate and increased the oxidation rate. 
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