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A B S T R A C T

The potential of refractory high entropy alloys (RHEAs) as high-temperature structural materials depends on 
optimising their oxidation resistance. This study examines the surface and cross-sectional oxide layers of 
TiNbTaVW RHEA after five hours of oxidation, comparing them to previously studied layers formed after 15 h. At 
850◦C, the surface and cross-sectional oxide layers remained crack-free after 5 h, in contrast to the cracked layers 
observed after 15 h. A crack-free oxide layer effectively slows oxidation by limiting oxygen diffusion. However, 
at 1050◦C, cracks were present in the surface and cross-sectional oxide layers after 5 h, similar to those observed 
after 15 h. Understanding short-term oxidation mechanisms provides valuable insights for developing strategies 
to enhance the high-temperature oxidation resistance of RHEAs.

1. Introduction

Oxidation resistance is essential for components that perform at high 
temperatures, as high-temperature oxidation can cause material degra
dation and failure. Understanding its mechanisms and enhancing the 
oxidation resistance of structural materials are essential for technical 
and economic benefits [1–4]. High-entropy alloys (HEAs) are a novel 
class of structural materials developed in 2004, based on multiple 
principal elements [5,6]. The HEA design approach benefits from high 
configurational entropy, enthalpy of mixing, sluggish diffusion, cocktail 
effects, and severe lattice distortions, which contribute to their excep
tional mechanical properties, including high strength, hardness, wear 
resistance, corrosion resistance, and oxidation resistance [7–11]. The 
enhanced oxidation resistance observed in HEAs, such as in AlCoCrFeNi 
is attributed to sluggish diffusion effect and the formation of a duplex 
oxide structure consisting of a Cr-rich inner layer and an Fe-rich outer 
layer [12]. The outward diffusion of Al during oxidation in AlxCoCrFeNi 
HEAs may also be slowed down, further supporting the influence of 
sluggish diffusion on the oxidation mechanism [13]. Refractory high 
entropy alloys (RHEAs), introduced in 2010, are a subclass of HEAs 
composed primarily of refractory metals [14]. RHEAs are promising 

candidates for high-temperature structural materials due to their high 
hardness [14–19], oxidation resistance [20–23], wear resistance 
[24–29], corrosion resistance [30–34], and high temperature strength 
[35–42]. When exposed to oxidative environments, RHEAs can exhibit 
phenomena such as protective oxide layer formation, volatilisation, 
spallation and internal oxidation [43], making a clear understanding of 
their oxidation behaviour is important during their development.

Many studies have investigated the long-term oxidation behaviour of 
RHEAs [4,44–50]. Schellert et al. [47] observed a mass change of 6.19 
mg/cm2 in TaMoCr10TiAl RHEA at 1200◦C after 24 h. Yan et al. [48] 
observed a mass gain of 31.83 mg/cm2 in WTaNbTiAl RHEA at 1200◦C 
after 48 h, attributing the oxidation resistance to AlNbO4 and Ti-riched 
oxides that limit oxygen and cation diffusion. Zhu et al. [51] investi
gated the oxidation behaviour of Ti1.5NbVAl0.25, Ti1.5NbVAl0.5, 
Ti1.5NbVAl0.75 and Ti1.5NbVAl1 RHEAs at 800◦C after 10 h and a mass 
gain of 31.71, 19.40, 11.84 and 8.26 mg/cm2 was observed. Oxidation 
resistance was significantly improved with Al addition. Guo et al. [52] at 
1000◦C after 20 h found a mass gain of 61.7, 57.8 and 126.4 mg/cm2 in 
oxidised TaMo0.5NbZrTi1.5Al0.1, TaMo0.5NbZrTi1.5Al0.1Si0.1 and 
TaMo0.5ZrTi1.5Al0.1Si0.2 RHEAs.

Apart from long-term oxidation conditions, short-term oxidation is 
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another possible high-temperature oxidation situation [47,53–56]. 
Waseem and Ryu [56] found the mass gain of Al10CrMo0NbTiZr10, 
Al10CrMo4NbTiZr10 and Al10CrMo8NbTiZr10 RHEAs to be 1.09, 2.01 and 
3.05 mg/cm2 at 1000 ◦C after 1 h. The lower mass gain of Al10Cr
Mo0NbTiZr10 was attributed to the protective oxides of Al2O3 and 
CrNbO4. Shangguan et al. [57] investigated the oxidation performance 
of TiZrHfNbTaV RHEA at 800–1000 ◦C after 1 h and a brittle-like (Hf, 
Zr)O2 formed in the RHEA, which caused pores in the oxide layers and 
served as rapid oxygen ingress to the substrate. Sheikh et al. [54] studied 
the oxidation resistance of Al0.5Cr0.25Nb0.5Ta0.5Ti1.5, Al0.75Cr0.25Nb0.5

Ta0.5Ti1.5 and Al0.5Cr0.25Nb0.5Ta0.5Ti1.5Zr0.01 RHEAs at 800 ◦C after 1 h. 
The outer layers of all the RHEAs are partly oxidised and internal 
oxidation was observed. It was also found that the Al0.75Cr0.25Nb0.5

Ta0.5Ti1.5 RHEA has the lowest oxygen dissolution, confirming that the 
formed oxide layer is effective in controlling the oxygen adsorption into 
the substrate. Zhang et al. [55] studied the oxidation resistance prop
erties of Al1CrTiMo, Al0.75CrTiMo, Al0.5CrTiMo and Al0.25CrTiMo 
RHEAs at 1000 ◦C after 7 h and found the mass gain to be 12.21 mg/cm2, 
9.34 mg/cm2, 5.58 mg/cm2 and 3.58 mg/cm2. The oxidation resistance 
was significantly improved with lower Al addition. A previously devel
oped TiNbTaVW RHEA exhibited higher temperature strength and 
hardness, excellent corrosion resistance but exhibited mass loss when 
exposed to oxidation after 15 h at 850◦C and 1050◦C [58]. However, a 
parabolic curve was observed up to two oxidation cycles [58]. A para
bolic curve indicates a diffusion-controlled process in which the diffu
sion of oxygen through the oxide layer to the oxide/substrate interface is 
the rate-limiting oxidation process [59,60].

Therefore, it is crucial to investigate the surface and cross-sectional 
oxide layers formed on TiNbTaVW RHEA during parabolic oxidation 
behaviour. The characteristics of the surface and cross-sectional oxide 
layers were analysed at 850◦C and 1050◦C for 5 h and compared to 
previously reported oxide layers formed after 15 h [58]. The oxidation 
mechanisms at 850◦C and 1050◦C after 5 h were also discussed. An 
understanding of the oxidation mechanisms will be helpful in designing 
RHEAs with excellent oxidation resistance.

2. Experimental procedure

The TiNbTaVW RHEA was produced through vacuum arc melting 
under ultra-high-purity argon gas on a water-cooled copper hearth to 
obtain an arc-melted alloy. TiNbTaVW was synthesised using commer
cial high-purity elemental powders of Ti (99.7 wt% purity), Nb (99.9 wt 
% purity), V (99.9 wt% purity), Ta (99.95 wt% purity), and W (99.9 wt% 
purity) supplied by Weartech (Pty) Limited, South Africa. To ensure 
chemical homogeneity, the TiNbTaVW sample was flipped and remelted 
three times. The TiNbTaVW sample was then sectioned into nominal 
dimensions of 7.0 × 7.0 × 6.0 mm3 using a Gold San CNC wire-cutting 
EDM machine for cyclic oxidation tests. The sample surfaces were 

ground using P1200 SiC paper, cleaned ultrasonically in acetone, and 
air-dried. The oxidation temperatures were selected based on acceler
ated oxidation already reported in some RHEAs (700◦C–850◦C) 
[7,20,23,61,62] and high-temperature effects (>1000◦C) [4,7,63–65], 
while the oxidation time was based on the parabolic oxidation behav
iour of TiNbTaVW RHEA [58]. Cyclic oxidation tests were performed in 
a muffle furnace under static air at 850◦C and 1050◦C for 5 h at a heating 
rate of 10◦C/min. The first hour of oxidation was dedicated to assessing 
the initial integrity of the oxide layer after cooling. Subsequently, each 
cycle consisted of 2 h of heating at the specified furnace temperatures, 
followed by 20 min of air cooling at room temperature.

The microstructure of the oxidised samples, including surface and 
cross-sectional features, was analysed using a field emission gun- 
scanning electron microscope (FEG-SEM) equipped with secondary 
electron (SE) and back-scattered electron (BSE) detectors at 20 kV. The 
oxides formed during oxidation were identified using a Bruker D2 phase 
diffractometer with a Co Kα radiation source [λ = 1.78899 Å] at 30 kV 
and 25 mA within a 2θ range of 20 to 90◦ at 25◦C. Oxide layers estimate 
was performed using Image J, an open-source software developed by 
National Institutes of Health.

3. Results

3.1. Phase and microstructure of the TiNbTaVW RHEA

The phase and microstructure of the TiNbTaVW RHEA is presented 
in Fig. 1 and is reproduced from previous work [58]. In Fig. 1a, the X-ray 
diffraction (XRD) analysis result of the TiNbTaVW RHEA shows peaks 
indexed as the BCC solid solution phase (Im-3 m (229); a = b = c =
3.2350 Å), observed within a wide range of 2θ values between 46◦ and 
103◦. The SEM-BSE image of the TiNbTaVW RHEA exhibits a dendritic 
microstructure (Fig. 1b). The elemental composition of TiNbTaVW is 
presented in Table 1 and is reproduced from previous work [58].

Fig. 1. XRD pattern of the phase present in the TiNbTaVW RHEA (a); SEM-BSE image of the TiNbTaVW RHEA (b) (Reproduced with permission. [58] Copyright 
2024, The Authors, published by Elsevier B.V.)

Table 1 
Composition distribution of the TiNbTaVW RHEA (at. %) (Reproduced with 
permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.)

Element Ti Nb Ta V W

TiNbTaVW 
RHEA

Actual 19 ±
0.4

20 ±
0.2

21 ±
0.2

20 ±
0.3

20 ±
0.2

Dendrite (grey) 14 ±
0.8

19 ±
0.5

24 ±
0.5

15 ±
1.1

28 ±
1.9

Interdendrite 
(dark)

32 ±
1.5

19 ±
0.3

12 ±
0.8

29 ±
0.6

8.0 ±
1.0
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3.2. Oxidation analysis

3.2.1. Phase analysis and surface morphologies of the oxidised TiNbTaVW
The XRD patterns of the oxidised TiNbTaVW RHEA at 850 ◦C and 

1050 ◦C after 5 h as compared to 15 h are shown in Fig. 2. The identified 
oxides of the TiNbTaVW RHEA at 850 ◦C after 5 h were VO2, V2O3, TiO2, 
NbO2 and WO3 (Fig. 2a). When compared with the identified oxides at 
850 ◦C after 15 h (Fig. 2b) [58], Ta2O5, TiVO4, TiTaO4 and Nb2O5WO3 
were not observed after 5 h (Fig. 2a). At 1050 ◦C after 5 h, oxides of 
TiNbO4 and Ta8W8O44 were found with the already identified oxides at 
850 ◦C after 5 h (Fig. 2c). The identified oxides (TiO2, VO2, WO3, TiNbO4 
and Ta8W8O44) at 1050 ◦C after 5 h were also observed after 15 h 
(Fig. 2d) [58].

The SEM images of the surface oxide layer of the TiNbTaVW RHEA at 
850◦C after 5 h and 15 h are presented in Fig. 3 [58]. After 5 h, the 
surface oxide layer displayed spalled Ti-rich oxide particles (Fig. 3a and 
Supporting Information S1), while W-rich oxide particles were observed 
after 15 h (Fig. 3b) [58]. It was also found that a surface oxide layer 
without cracks and pores was observed after 5 h, compared to the cracks 
and pores observed after 15 h (Fig. 3b). A crack-free and stable surface 
layer limit oxygen diffusion through the oxide layer [66]. At higher 
magnification, the surface scale layer after 5 h revealed rod-shaped 
oxides distributed across the surface (Fig. 3c), whereas the oxide layer 
after 15 h consisted of both rod-shaped and granular oxides (Fig. 3d) 

[58]. Similar rod-shaped oxides have been observed in other oxidised 
RHEAs, such as NbMoTaW [67], TiC/WMoTaNbV [68], TiZrV0.5Nb0.5 
[69], TiZrHfNbTaV [57] and CrMoNbTaV [70]. The rod-shaped oxides 
observed after 5 h were mostly NbTiTaVW-rich (Supporting Information 
S2), whereas those observed after 15 h were mainly NbTaWV-rich [58].

The SEM images of the surface oxide layer of the TiNbTaVW RHEA at 
1050 ◦C after 5 h and 15 h are shown in Fig. 4. A spalled surface oxide 
layer with cracks was observed after 5 h. A spalled Ti-rich oxides was 
found in several regions of the surface oxide layer (Fig. 4a and Sup
porting Information S3). These features were comparable to those 
observed after 15 h, with the presence of cracks and Ti-rich spalled 
oxides (Fig. 4b) [58]. At higher magnification, the surface oxide layer 
after 5 h revealed rod-shaped oxides distributed across the surface 
(Fig. 4c), while the oxide layer after 15 h comprised both granular- 
shaped and rod-shaped oxides after 15 h (Fig. 4d) [58]. The rod- 
shaped oxides observed at 1050◦C after 5 h were mostly NbTiTaVW- 
rich oxides (Supplementary Information S4).

3.2.2. Cross-section analysis of the oxidised TiNbTaVW
The adhesion of the oxide layer to the metallic substrate is influenced 

by several factors, including scale thickness, growth rate, stress state, 
interfacial energy, and the elastic properties of the oxide [71]. The cross- 
sectional layer of the oxidised TiNbTaVW at 850 ◦C and 1050 ◦C after 5 h 
and 15 h [58] are shown in Fig. 5. At 850 ◦C after 5 h, a 139 ± 2.4 μm 

Fig. 2. XRD patterns of identified oxides in the TiNbTaVW RHEA at 850 ◦C after 5 h (a) and 15 h (b) (Reproduced with permission. [58] Copyright 2024, The 
Authors, published by Elsevier B.V.); and at 1050 ◦C after 5 h (c) and 15 h (d) (Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier 
B.V.).
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thick oxidised layer and internal oxidation region were observed 
(Fig. 5a), compared to a 368 ± 1.1 μm thick oxidised layer with cracks 
after 15 h (Fig. 5b) [58]. The absence of cracks in the cross-sectional 
oxide layer after 5 h effectively prevented direct oxygen ingress into 
the oxide layer and metallic substrate, thereby reducing the oxidation 
rate. The oxide layer served as a reliable diffusion barrier, isolating the 
substrate from oxygen and reducing oxidation [7]. EDS analysis at 
850 ◦C after 5 h revealed WTaNbVTi-rich oxides in the thick oxide layer 
and VTiTaNbW-rich oxides in the internal oxidation zone (Supplemen
tary Information S5). After 15 h, the oxide layer exhibited similar 
NbTaWV-rich compositions, while VTiNb-rich oxides were detected in 
the internal oxidation zone [58].

At 1050◦C after 5 h, a 227 ± 2.1 μm thick oxidised layer and internal 
oxidation region with cracks were observed (Fig. 5c). Similarly, a 375 ±
3.7 μm thick oxidised layer with cracks was found after 15 h (Fig. 5d) 
[58]. The cracks in the oxide layer are attributed to the metallic sub
strate contracting more rapidly than the oxide during cooling, resulting 
in compressive stresses that are released as cracks [72]. The EDS analysis 
of the thick oxide layer at 1050◦C after 5 h revealed WTaNbTiV-rich 
oxides, consistent with WTaNb-rich oxides observed at 850 ◦C after 5 
h. However, the internal oxidation zone mostly contained VTi-rich ox
ides (Supplementary Information S6). The oxide layer of TiNbTaVW 
RHEA at 1050◦C after 15 h contained VNbWTa-rich oxides [58], similar 
to those obtained after 5 h. The internal oxidation zone exhibited 
compositions of TiVNbW-rich oxides after 15 h [58].

4. Discussion

Oxide growth is controlled by the inward diffusion of oxygen and the 
outward diffusion of metal atoms through the primary oxide layer. A 
schematic of the oxidation mechanisms of the TiNbTaVW RHEA at 
850 ◦C and 1050 ◦C after 5 h is shown in Fig. 6. Oxygen dissolution into 
the RHEA leads to oxide formation: VO2, V2O3, WO3, TiO2, NbO2, 
TiNbO4 and Ta8W8O44 (Fig. 6a and b).

The standard free energy (△Gf: kJ mol− 1) of simple oxides observed 
has been reported [48,73–77]. At 850◦C, the stability and possible 
sequence of oxide formation is TiO2 (− 743) > NbO2 (− 644) > V2O3 
(− 639) > VO2 (− 521) > WO3 (− 384). At 1050◦C, the order is TiO2 
(− 710) > NbO2 (− 604) > V2O3 (− 602) > VO2 (− 467) > WO3 (− 346). 
Among the simple oxides formed, WO3 had the largest free energy, 
making it the least stable oxide on the surface of TiNbTaVW at both 
temperatures after 5 h. Additionally, TiO₂ had the smallest free energy, 
making it the most stable oxide on the surface of TiNbTaVW at both 
temperatures after 5 h. The reactions involved in the formation of the 
oxides at 850 ◦C and 1050 ◦C after 5 h are represented in Eqs. (1) to (7). 

V(s)+O2(g)→VO2(s) (1) 

Ti(s)+O2(g)→TiO2(s) (2) 

4 V(s)+3O2(g)→2V2O3(s) (3) 

2WO2(s)+O2(g)→2WO3(s) (4) 

Fig. 3. SEM-BSE images of the surface oxide layer of TiNbTaVW RHEA at 850◦C. (a) Compact surface containing spalled oxides after 5 h; (b) Cracks, pores, and 
spalled oxides after 15 h (Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.); (c) Rod-shaped oxides after 5 h; (d) Granular 
and rod-shaped oxides after 15 h (Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.).
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Nb(s)+O2(g)→NbO2(s) (5) 

8WO3(s)+4Ta2O5(s)→Ta8W8O44(s) (6) 

TiO2(s)+NbO2(s)→TiNbO4(s) (7) 

The formation of simple oxides created a protective continuous layer 
at 850◦C after 5 h. These oxides formed a protective barrier for both the 
inward and outward diffusion of oxygen, which eventually slowed down 
oxidation (Fig. 6a). This is evidenced in Figs. 3a and 5a, where no pores 
and cracks were observed. This allowed the growth of the oxides and 
oxide scale to be slower due to controlled oxygen diffusion, as compared 
to the rapid growth and thickening of the oxides after 15 h (Fig. 3d) 
[58]. Furthermore, the EDS analysis of the substrate shows a lower trend 
in oxygen dissolution (Fig. S7). It was also evident that the substrate 
retained the same dendritic structure (Fig. 5). The dendrite region are 
more W and Ta concentrated, while interdendrite region are more Ti and 
V concentrated. A small amount of oxygen was dissolved in both the 
dendrite and interdendrite regions after 5 h of oxidation, indicating 
slight oxidation in the substrate that was insufficient to cause cracking 
(Fig. S6). Significant oxygen diffusion into the substrate could initiate 
intergranular oxidation [78]. If oxygen reaches the grain boundary 
migration zone and a non-compact oxide form, cracks may develop in 
the highly oxidised region [78,79]. TiO2 is a thermodynamically stable 
oxide that forms an adherent layer, providing good oxidation resistance 
and resulting in lower mass gains [48,77,80]. TiO2 protects alloy 

surfaces by preventing continuous oxygen diffusion into the alloy matrix 
[24]. Hence, the oxide scales at 850 ◦C after 5 h are well protected and 
adhered to the alloy matrix.

Cracks and spalled surface oxide layer were observed in TiNbTaVW 
at 1050 ◦C after 5 h as shown in Figs. 4a, 5c and 6b. The compactness of 
oxide layers decreases during oxidation due to partial peeling, exposing 
the alloy surface to further oxidation [24]. Oxide growth during 
oxidation and different thermal expansions between the oxides and the 
metal during cooling contribute to cracking, pores, and voids 
[17,58,81,82]. In cyclic oxidation, the oxide scale grows via diffusion 
during heating, spalls during cooling, and regrows upon reheating 
[83,84]. Cooling creates compressive stresses and shear cracks as the 
metal substrate contracts faster than the oxide layer [72]. The Pilling- 
Bedworth ratio (PBR) defines the volume difference between the oxide 
and the metal forming the oxide of the identified oxides [82]. The 
identified PBR for simple oxides of TiO2, VO2, V2O3, WO3 and NbO2 
were 1.77, 2.17, 1.84, 3.39 and 1.95. The PBRs for VO2 and WO3 are 
greater than 2, indicating high stress between oxides and the matrix, 
which easily leads to the formation of cracks observed in TiNbTaVW at 
1050 ◦C after 5 h (Fig. 6b).

The high stress between oxides and the matrix due to high PBRs of 
VO2 and WO3 has also been observed in TiNbTaVW at 1050◦C after 15 h 
[58]. Also, the growth of the oxides and oxide scale is thicker due to fast 
oxygen diffusion at 1050◦C after 5 h (Figs. 4c and 5c), as compared to 
the slow growth and thinness of the oxide scale at 850 ◦C after 5 h 
(Figs. 3c and 5a). Although the PBRs for VO2 and WO3 are greater than 

Fig. 4. SEM-BSE images of surface oxide layer of TiNbTaVW RHEA at 1050 ◦C. (a) Spalled surface, spalled Ti-rich oxides and cracks after 5 h; (b) Cracks and spalled 
Ti-rich oxides after 15 h (Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.); (c) Rod-shaped oxides after 5 h; (d) Granular 
and rod-shaped oxides after 15 h (Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.).
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2, defect formation was not observed at 850◦C after 5 h because volume 
expansion between the metal and the oxide layer interface was well 
controlled during heating and cooling. The high thermal oxidation 
resistance of a metallic material is provided by a protective TiO2 scale 
[85,86]. However, this scale becomes unstable at temperatures above 
900◦C due to the formation of volatile or non-protective oxides [85,86].

At 1050◦C, TiO2 reacts with NbO2 to form TiNbO4 and could be 
ineffective at providing protection, as evidenced by cracks at the oxide 

layers. The volatile nature of WO3 due to its low sublimation tempera
ture leads to its reaction with Ta2O5 [87] and Nb2O5 to form complex 
oxides such as Ta8W9O47 and Nb8W9O47 [48], which are ineffective in 
protecting the substrate [48]. The Ta8W8O44 was found at 5 and 15 h at 
1050 ◦C in the TiNbTaVW RHEA. The formed Ta8W8O44 oxide at 
1050 ◦C after 5 h was ineffective in protecting the TiNbTaVW RHEA. 
VO2 and V2O5 oxides hinder the formation of protective scales and 
facilitate crack nucleation, significantly impacting oxidation resistance 

Fig. 5. SEM-BSE images of cross-sectional morphology of TiNbTaVW RHEA at 850◦C after 5 h (a) and (b) after 15 h (b) (Reproduced with permission. [58] Copyright 
2024, The Authors, published by Elsevier B.V.); SEM-BSE images of the TiNbTaVW RHEA's cross-sectional morphology at 1050 ◦C after 5 h (c) and (d) after 15 h 
(Reproduced with permission. [58] Copyright 2024, The Authors, published by Elsevier B.V.).

Fig. 6. Schematic of the TiNbTaVW RHEA oxidation mechanism at 850◦C after 5 h (a) and 1050◦C after 5 h (b).
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[70,73,88]. VO2 was observed at 850◦C and 1050◦C after 5 h, which 
could hinder the formation of protective oxides and facilitate the 
nucleation of cracks in TiNbTaVW at 1050◦C.

The EDS analysis of the substrate indicates a lower trend in oxygen 
dissolution (Fig. S8), similar to that observed in the substrate at 850◦C. 
Furthermore, the substrate retained its dendritic structure (Fig. 5), with 
the dendrite regions enriched in W and Ta, while the interdendrite re
gions are enriched in Ti and V. Similar to oxygen diffusion at 850◦C, only 
a small amount of oxygen was detected in both the dendrite and inter
dendrite regions, suggesting minimal oxidation within the substrate, 
insufficient to induce intergranular oxidation that could lead to cracking 
(Fig. S7). This indicates that the observed cracks and spallation in the 
surface oxide layer developed during air cooling to room temperature 
due to thermal stresses i.e., the mismatch in coefficient of thermal 
expansion between the surface oxides and the substrate 
[17,24,58,81,82]. Oxygen enrichment on an alloy's oxide layer is closely 
related to oxide cracking, as oxygen dissolution increases lattice con
stants and, consequently, the oxides' volumetric expansion [53]. It was 
also observed that the cracks did not penetrate the substrate but 
remained confined to the cross-sectional oxide layer (Fig. 5c). This 
suggests that the cracks in the cross-sectional oxide layer developed 
during air cooling to room temperature due to thermal stresses, specif
ically the mismatch in the coefficient of thermal expansion between the 
oxygen enriched cross-sectional oxide layer and the substrate 
[8,44,49,59,66,67].

5. Conclusions

The surface and cross-sectional oxide layers of TiNbTaVW RHEA 
after five hours of oxidation was investigated and compared to its pre
viously reported oxide layers after 15 h. The key findings from this study 
are as follows: 

• At 850◦C, simple oxides (TiO2, V2O3, WO3, VO2, NbO2) formed after 
5 h, while both simple and complex oxides (TiVO4, TiTaO4, 
Nb2O5WO3) appeared after 15 h. At 1050◦C, complex oxides like 
TiNbO4 and Ta8W8O44 were observed were observed alongside 
simple oxides after 5 and 15 h.

• At 850◦C after 5 h of oxidation, the surface oxide layer remained free 
of cracks and pores, whereas after 15 h, cracks and pores were 
observed. In contrast, at 1050◦C, cracks were present in the surface 
oxide layers after both 5 and 15 h of oxidation.

• The surface oxide structure after 5 h comprises rod-shaped oxides 
when compared with rod-shaped and granular-shaped oxides after 
15 h at 850◦C. Rod-shaped oxides were still found at 1050◦C after 5 h 
as compared with rod-shaped and granular-shaped oxides after 15 h.

• At 850◦C, the TiNbTaVW RHEA cross-sectional oxide layer is 139 ±
2.4 μm thick after 5 h without cracks as compared to the 368 ± 1.1 
μm with cracks after 15 h. At 1050◦C, the cross-sectional oxide layer 
is 227 ± 2.1 μm thick with cracks after 5 h as compared to 375 ± 3.7 
μm after 15 h.

• At 850◦C after 5 h, crack-free oxide layers slow oxidation by pre
venting oxygen diffusion, while cracks in the oxide layer at 1050◦C 
developed during cooling due to volume expansion between the 
substrate and the oxide layer.
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