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A B S T R A C T

The surface performances of TiZrHfNbFe refractory high-entropy alloys (RHEAs) were improved by a facile 
oxidation treatment at 1000 ◦C. Results indicated that the anomalous retarded oxidation behavior of the RHEA 
enabled the formation of a dense and robust oxide layer, demonstrating superior wear and corrosion resistance. 
The oxidation resistance of the RHEA was related to the development of Ti2ZrO6 on the surface and acicular HfO2 
in the inner oxide layer. Additionally, the oxidation mechanism of the RHEA was elucidated, based on principles 
of oxidation thermodynamics and kinetics, providing foundations for applications as implant materials.

1. Introduction

Owing to their favorable mechanical properties, excellent resistance 
to corrosion, and biocompatibility, Ti-based alloys have been exten
sively utilized in clinical fields as biomaterials [1–7], including appli
cations in artificial hip joints, knee joints, bone plates, vascular 
scaffolds, and dental implants, etc. [8–11]. Despite their numerous ad
vantages in clinical practice, Ti-based alloys still face a number of un
resolved challenges as artificial joint materials. These factors include the 
"stress shielding effect" resulting from the disparity of Young’s moduli 
between implants and bones in humans [12–15], the biotoxic allergic 
reactions triggered by the emission of noxious ions [16–18], and the 
"particle disease" caused by the insufficient resistance to wear of 
Ti-based alloys [19–21].

Given the enduring mechanical stresses to which artificial joints are 
subjected, it is imperative for the materials to exhibit superior wear 
resistance, thereby ensuring the long-term stability and durability of the 
joint prostheses [19–21]. In pursuit of the enhanced wear resistance in 
Ti-based alloys, extensive research efforts have been directed towards 
surface-modification strategies for these materials, encompassing 

thermal oxidation, nitridation, physical vapor deposition, chemical 
vapor deposition, and laser cladding, etc. [22–27]. Of these methodol
ogies, surface-thermal oxidation has emerged as a particularly appealing 
option due to its simplicity, cost-effectiveness, and precise control over 
coating thickness positioning it as a highly promising technique with 
significant potential for practical applications.

Investigations into the thermal oxidation of various Ti-based alloys 
have been conducted [28–32]. For instance, Kumar et al. reported a 
nearly sixfold increase in the hardness of CP Ti samples after oxidation at 
800 ◦C, accompanied by a decrease in the passivation current density by 
approximately 500-fold [33]. Wang et al. examined the wear behavior of 
β-Ti samples subjected to an oxygen-filled heat treatment at 1000 ◦C and 
observed a threefold reduction in the wear rate of the thermally oxidized 
β-Ti samples, compared to their unoxidized counterparts, indicating a 
marked enhancement in wear resistance [34]. Additionally, the effect of 
oxidation treatment on the Ti6Al4V alloy at 600 ◦C was investigated, 
which showed a significant increase in the hardness and a 25-fold 
improvement in the wear resistance of the treated samples relative to 
as-cast specimens [35].

The control of oxidation processes of alloy surfaces takes a critical 
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influence in determining the properties of Ti-based alloys. For instance, 
Latief et al. observed a decrease in the hardness on the surface of the 
pure Ti and the appearance of cracks in the surface oxide film after being 
oxidized at 900 ◦C [28]. Meanwhile, Zhong et al. reported that the 
notable disparity in thermal-expansion coefficients between the matrix 
and oxide in the near-α Ti-based alloys caused the development of cracks 
in the oxide layer [29]. In addition, Wang et al. discovered that during 
the oxidation process of the Ti6Al4V alloy, the adhesion between the 
matrix and oxide film was diminished, while cracks appeared in the 
oxide layer [36]. Furthermore, the studies on the properties of the 
Ti-based alloys at elevated oxidation temperatures showed that [30,31]
the wear rates of Ti6Al4V and Ti6Al7Nb alloys were increased at 700 ◦C, 
and the tensile performances of Ti6Al7Nb samples were deteriorated at 
800 ◦C [37]. Similarly, López et al. reported multiple pores and cracks at 
the interface between the metal and oxide after the prolonged oxidation 
treatment of the TiZrNb alloy at 750 ◦C, which resulted in the spallation 
of the oxide layer and a decrease in anticorrosion performance [32]. 
Overall, these findings suggest that an inappropriate thermal-oxidation 
treatment process can result in the formation of unstable oxide films on 
Ti-based alloy surfaces, characterized by delamination, porosity, and 
cracking, ultimately turning into a decrease in their mechanical, anti
wear, and anticorrosion properties.

In recent years, high-entropy alloys (HEAs), consisting of elements in 
ratios ranging from 5 to 35 at. percent (at%), have garnered significant 
attention due to their exceptional comprehensive properties, including 
high strength, great ductility, superior elevated-temperature perfor
mance, and excellent wear and corrosion resistance [38–54]. Among 
these alloys, refractory high-entropy alloys (RHEAs) primarily 
comprised of refractory elements, such as Ti, Zr, Nb, Hf, Ta, W, and 
others, have been successfully developed [55]. The high-entropy and 
hysteretic diffusion effects of HEAs may mitigate or resolve oxide-film 
delamination. Presently, the thermal-oxidation behaviors of various 
RHEAs have been extensively investigated. Li et al. discovered that 
TiZrHfNb RHEAs with varying Al contents exhibited equiaxed grain 
structures and a continuous and dense surface-oxide layer by heat 
treatment, significantly improving their yield strengths together with 
the wear resistance of the alloy [56]. Jin et al. observed that a compact 
glazing surficial-oxide layer developed on the TiZrNbMo0.6 RHEA at 
500 ◦C, which could protect the matrix and decrease the wear rate [57]. 
Xu et al. found that the antiwear and anticorrosion performance of the 
TiZrNbTaMo RHEA were notably enhanced, following the 
thermal-oxidation treatment in air [58].

In our previous study, we found that the TiZrHfNbFe0.5 RHEA 
exhibited superior mechanical properties (with a higher strength 
compared to the Ti6Al4V and an elastic modulus of approximately 50 
GPa, a value comparable to that of human bone) and wear resistance 
[59]. The objective of the present investigation is to develop an artificial 
joint material intended for use in biomedical implants. In this paper, we 
discovered that the TiZrHfNbFe0.5 RHEA exhibited “abnormal” oxida
tion behavior under the heating condition at 1000 ◦C for 6 h. As a result, 
a dense and stable surface protective layer through oxidation, demon
strating excellent wear resistance, high corrosion resistance, and good 
biocompatibility. Subsequently, we investigated its oxidation mecha
nisms. A salient feature of this research is the substantial enhancement 
in wear resistance accomplished by the formation of a ceramic oxide 
layer on the surface of high-entropy alloys via surface oxidation heat 
treatment. This treatment ensures that the underlying metal matrix 
preserves the inherent advantages of metallic materials, providing both 
theoretical and experimental foundations for its potential application as 
artificial joint material.

2. Experimental

2.1. Sample preparation

The Ti, Hf, Nb, Zr, Ta, and Fe raw materials with a high-purity above 

99.9 wt percent (wt%) were mixed in accordance with the nominal 
composition of the TiZrHfNbTa (equal molar ratios) and TiZrHfNbFex (x 
= 0, 0.5, 1, 1.5, and 2, molar ratio), where TiZrHfNbFe0.5 was denoted as 
TZHNF0.5 for the abbreviation. To achieve chemical homogeneity, the 
samples underwent arc-melting at least five times in a water-cooled 
copper crucible under an argon environment. The Ti6Al4V alloy was 
employed as a reference material. Using wire electrical discharge 
machining (WEDM), specimens with dimensions of (10 × 10 × 2 mm3) 
and (3 × 3 × 2 mm3) were sliced from the innermost part of the alloy 
ingot. The samples are ground with SiC sandpaper and then polished 
with a polishing machine (UNIPOL-830). Finally, the alloy samples were 
ultrasonically cleaned, using ethanol and deionized water, followed by 
air drying for subsequent performance testing.

2.2. Structural characterization

The crystal structures of the RHEAs were investigated, using a 
Bruker-AXS-D8 X-ray diffractometer (XRD). X-ray diffraction analysis 
was conducted at 40 kV and 40 mA, employing a scan rate of 6◦/min., a 
scan range of 2θ from 20◦ to 80◦, and a step size of 0.02◦. The surface 
morphology of the RHEAs was characterized, using both the Nova Nano 
SEM 450 field emission scanning electron microscope and the S-3400 N 
scanning electron microscope (SEM), while component evaluation was 
performed, utilizing an accompanying energy-dispersion spectrometer 
(EDS). The phase and composition analysis of the as-cast TZHNF0.5 
RHEA and the oxide region layer following oxidation at 1000 ◦C for 6 h 
were conducted utilizing the FEI Helios NanoLab 600i focused ion beam 
(FIB) and Talos F200X transmission electron microscope (TEM) attached 
with the EDS.

2.3. Oxidation experiments

The as-cast alloy samples were subjected to thermal-oxidation ex
periments in a high-temperature furnace. The oxidation tests of the al
loys were performed at 300 ◦C, 400 ◦C, 600 ◦C, 800 ◦C, 1000 ◦C, 
1100 ◦C, and 1200 ◦C for 6 h, with a heating rate of 10 ◦C/min. Prior to 
the experiment, weights of individual alloy blocks and the combined 
weight of the blocks and crucible were measured, by an electronic bal
ance with (deploying a precise electronic scale with) a precision of 0.1 
mg. The sample was immediately placed in the heating furnace when the 
set temperature was reached, and it was removed and cooled after every 
hour, measuring the weight of the individual block and the total weight. 
It was then immediately returned to the furnace for further oxidation, 
consistent with the methods described in relevant literature [60]. To 
evaluate the modification in the microstructure within the TZHNF0.5 
RHEA oxide layer after 6 h of oxidation at 1000 ◦C, grinding and pol
ishing were performed in different depth regions. The microstructures 
and morphologies of the different depth regions were characterized 
using XRD, SEM, and EDS, for the observation of the microstructural 
evolution with depth within the oxide layer and transition layer.

2.4. Mechanical properties

The as-cast and oxidized TZHNF0.5 RHEA specimens were subjected 
to micro-Vickers hardness testing using a THVP-10 micro-Vickers 
hardness tester. The test load was set at 3 kgf, and the holding time was 
15 s. To ensure reproducibility, at least five measurements were made on 
each specimen.

2.5. Wear behaviors

In this study, we employed the HSR-2 T reciprocating-sliding friction 
and wear-testing machine, using a 6-mm-diameter Si3N4 ball as the 
counter face, to investigate the tribological parameters of the alloys. The 
friction and wear tests were divided into dry and wet-friction experi
ments. The dry-friction test was conducted in a room-temperature air 
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environment, while the wet-friction experiment was conducted in a 
phosphate-buffered saline (PBS) solution at room temperature. The 
experimental environments were chosen as follows: a normal load of 20 
N, a sliding duration of 30 min, a rotational speed of 200 rpm, and a 
friction stroke of 5 mm. The coefficient of friction (COF) was evaluated 
throughout the sliding process. A MT-500 probe-type material-surface 
profilometer was introduced to identify the wear-scar volume. Addi
tionally, we observed the wear-scar morphology on the worn surface 
using SEM and analyzed the surface composition by EDS.

2.6. Corrosion behaviors

The electrochemical characteristics of the RHEA samples in a PBS 
solution were tested using an AutoLab electrochemical workstation. A 
three-electrode system, consisting of a platinum sheet counter electrode, 
a saturated calomel reference electrode (SCE), and a sample working 
electrode, was employed to test the dynamic-potentiodynamic- 
polarization curves of the samples. The corrosion morphology of the 
polarized samples was examined through SEM.

To further investigate the corrosion mechanism of the alloy in the 
PBS solution, the surface-chemical characteristics of the passivation film 
on the cast alloy surface and on the alloy surface after being submerged 
in the PBS for a period of 24 h were measured through an ESCALab250 
X-ray photoelectron spectrometer (XPS). The narrow scan spectra of 
elements, such as Ti 2p, Hf 4 f, Fe 3d, Zr 3d, Nb 3d, and O 1 s, in the alloy 
were measured.

2.7. Surface-bioactivity experiment

The bioactivity of the as-cast and 1000 ◦C-oxidized TZHNF0.5 RHEA 
specimens was evaluated through immersion experiments. The samples 
were maintained at 37 ◦C in a simulated body fluid (SBF) solution for 14 
days. Following the experiment, the immersed samples underwent 
cleaning and drying, using deionized water. The morphology of the alloy 
surface after immersion was examined through SEM, and the elemental 

composition was determined using EDS. The formation of hydroxyapa
tite on the alloy surface with an emphasis on the distribution of Ca and P 
elements. The SBF-solution composition was described as follows: NaCl 
8.035 g, KCl 0.225 g, CaCl2 0.292 g, NaHCO3 0.355 g, Na2SO4 0.072 g, 
K2HPO4⋅3 H2O 0.231 g, MgCl2⋅6 H2O 0.311 g, NH2C(CH2OH)3 6.118 g, 
and HCl (1 M) 39 ml.

3. Results

3.1. Macroscopic-surface morphology of RHEAs after oxidation

Fig. 1 displays the macroscopic-surface characteristics of RHEAs with 
different compositions as well as the Ti6Al4V alloy after oxidation at 
temperatures ranging from 400 ◦C to 1100 ◦C for 6 h. The Ti6Al4V alloy, 
when oxidized at 400 ◦C and 600 ◦C, presents a light yellow and light 
purple color on the surface. When the oxidation temperature reaches 
800 ◦C, the surface layer of the Ti6Al4V becomes darker, and the 
delamination of the oxide layer occurs. At temperatures beyond 
1000 ◦C, the surface oxide layer of the Ti6Al4V becomes looser, and the 
delamination phenomenon is more serious. The surface-oxide layers of 
the TiZrHfNb and TiZrHfNbTa RHEAs being oxidized at 400 ◦C and 
600 ◦C are dark gray, accompanied by the delamination of the oxide 
layer. When the oxidation temperature reaches 800 ◦C, both alloys un
dergo intense oxidation, and the entire alloy sample turns into white 
powders after oxidation for 6 h. At temperatures above 1000 ◦C, the 
oxidation resistance of the TiZrHfNb and TiZrHfNbTa RHEAs is rela
tively improved, but the surface oxide layer is white, and the delami
nation of the surface layer is still serious.

At 400 ◦C, the surface-oxide layer of the TiZrHfNbFe RHEAs exhibits 
a dark gray hue. When heating at 600 ◦C and 800 ◦C, the surface-oxide 
layer transitions to a reddish-brown coloration, accompanied by the 
delamination of the oxide layer. Interestingly, upon reaching 1000 ◦C, 
the surface-oxide layer of the TiZrHfNbFe RHEAs transforms to a dark 
gray hue, manifesting superior surface integrity. In particular, the 
TZHNF0.5 RHEA demonstrates no delamination of the oxide layer, and 

Fig. 1. The macroscopic-surface characteristics of RHEAs with different compositions as well as the Ti6Al4V alloy after oxidation at temperatures ranging from 
400 ◦C to 1100 ◦C for 6 h.
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the oxide-layer surface remains smooth and flat. Upon further elevation 
of the temperature to 1100 ◦C, the surface-oxide layer of the TiZrHfNbFe 
RHEAs displays a certain degree of delamination. Overall, 800 ◦C rep
resents the intense oxidation stage for all alloys, and their oxidation 
resistance is at the lowest for this temperature. The oxide layer formed 
by the TZHNF0.5 RHEA at 1000 ◦C possesses remarkable stability.

3.2. Oxidation kinetics of RHEAs

Fig. 2(a) depicts the unit-area weight gain of the TZHNF0.5 RHEA 
oxidized at various temperatures and durations, with fitted curves of the 
oxidation weight-gain data points. Overall, the weight gain of the 
TZHNF0.5 RHEA increases with elevating the oxidation temperature and 
prolonging the oxidation duration, especially at 1200 ◦C, where the 
oxidation weight gain exhibits an approximately linear increase trend 
with the extended oxidation time. Interestingly, the weight-gain kinetics 
curve of the RHEA at 1000 ◦C significantly differs in shape from those at 
other temperatures. At an elevation of 1000 ◦C, the RHEA has a sharp 
rise in the oxidation-weight elevation during the initial 15 min, which is 
afterwards followed by a progressive decline in the rate of the oxidation- 
weight gain, and when the oxidation duration exceeds 3 h, the 
oxidation-weight gain remains virtually unchanged, which is notably 
smaller than that at 800 ◦C. This trend indicates that the TZHNF0.5 
RHEA demonstrates a stable oxidation-kinetics phenomenon at the 
heating temperature of 1000 ◦C.

In Fig. 1, we can observe the phenomenon of oxide-scale spalling in 
the TZHNF0.5 RHEA under certain temperature conditions. Fig. 2(b) 
presents the plot of the oxidation-weight loss per unit area of the 
TZHNF0.5 RHEA vs. the oxidation duration at various temperatures. The 
oxidation-weight loss is defined as the change in the weight of the alloy 
specimen after removing the oxidized spalling powder. Initially, at 
1200 ◦C, the TZHNF0.5 RHEA exhibits a significant increase in the 
oxidation weight, but when the oxidation time exceeds 2 h, a noticeable 
weight loss is observed, indicating that the intense oxidation and oxide- 
layer spalling at this temperature. Similarly, slight weight losses are also 
observed in the later stages of oxidation at 600 ◦C and 800 ◦C. In 
contrast, no significant weight loss is observed during the oxidation 
process at 400 ◦C and 1000 ◦C, suggesting that the surface oxide layer 
remains relatively intact and stable at these temperatures.

The weight-gain curve of the alloy during oxidation is fitted using the 
commonly employed oxidation law Eq. (1) [61]: 

Δm
S

= ktn (1) 

where Δm represents the oxidation-weight gain, S denotes the entire 
area of the surface of the alloy, k acts as the constant that controls the 
oxidation-growth rate (a smaller k value indicates a slower oxide-scale 
growth), t represents the oxidation period, and n is the time exponent. 
When n = 0.5, the alloy-oxidation is said to be in accordance with a 
parabolic law, while n = 1 points to a linear law.

The oxidation-time exponent of the TZHNF0.5 RHEA approaches 0.5 
when heated at 400 ◦C, 600 ◦C, and 800 ◦C, which results in a parabolic- 
like oxidation-growth curve. This trend exhibits the capability of the 
RHEA to generate a defensive-surface layer, thereby isolating the oxygen 
from directly interacting with the metal substrate. Thus, oxygen should 
diffuse inward through the oxide layer and react with the metallic 
substrate. However, as heated at 1200 ◦C, the oxidation-time exponent 
of the RHEA approaches 1, which refers to a linear-like oxidation- 
growth curve. This feature indicates that the surface-oxide layer is 
relatively porous and renders inadequate protection to the alloy sub
strate, which results in the direct interaction between oxygen with the 
metallic substrate [62].

As heated at 1000 ◦C, the oxidation-time exponent of the RHEA is 
0.123, which implies that the oxidation mechanism of the alloy expe
riences a sudden change and then remains consistent during the balance 
of the oxidation period [63]. This trend corresponds to the stable 
response illustrated and exhibited in Fig. 1. Prior studies have found that 
the Ti6Al4V alloy displays reduced resistance to oxidation at 1000 ◦C 
during oxidation experiments, with an oxidation time exponent 
approaching 1 and an oxidation-growth curve that closely follows a 
linear fit [64]. The surface of the oxide layer becomes porous and rough, 
making it susceptible to flaking, which highlights its lower antioxidant 
properties.

3.3. Oxidation products and microstructures of RHEAs

Fig. 3(a-c) present the XRD patterns of the as-cast TZHNF0.5 RHEA 
and the corresponding alloy oxidized under different temperatures. The 
oxidized bulk sample denotes the bulk sample, while the powder sample 
represents the oxidation-spalling product. In Fig. 3(a), it can be observed 
that the as-cast TZHNF0.5 RHEA is comprised of body-centered-cubic 
(BCC) and Laves phases. With enhancing the heating temperature, the 
fractions of the BCC and Laves phases decrease, accompanied by the 
formation of new phases, which is likely linked to the formation of ox
ides. Upon reaching an oxidation temperature of 400 ◦C, a modest 
amount of Fe2O3 oxide begins to emerge on the alloy surface. Fig. 3(b) 
shows that when the oxidation temperature rises to 600 ◦C and 800 ◦C, a 
substantial amount of Fe2O3 and Nb2O5 oxides are identified.

Fig. 2. Oxidation-kinetics curves of the TZHNF0.5 RHEA vs. the oxidation duration at various temperatures: (a) oxidation-unit area weight gain and fitting curve, and 
(b) oxidation-weight loss per unit area.
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The strong expansivity of Nb2O5 can lead to cracks in the oxide layer, 
which creates pathways for the rapid oxygen penetration, resulting in 
the spalling and delamination of the surface-oxide layer [65]. The XRD 
analysis of the oxidized products spalled from the alloy surface after 
oxidation shows that they are primarily Nb2O5 and Fe2O3. In Fig. 3(c), 
after oxidizing the alloy at 1000 ◦C, the primary oxides formed are 
Ti2ZrO6 and Fe2O3, and a new composite oxide of (TiZrHfNb)O2 appears 
on the surface [66]. Among them, the Ti2ZrO6 oxide facilitates the for
mation of a more complete oxide layer, thus slowing the oxidation rate 
[67]. After the oxidation temperature reaches 1200 ◦C, the alloy surface 
experiences severe spalling, and the exposed surface after spalling is 
composed of oxides, such as HfO2 and ZrO2. The spalled oxides are 
primarily Ti2ZrO6, Fe2O3, and the composite oxide (TiZrHfNb)O2.

Fig. 4(a-g) show the SEM-surface morphology of the as-cast 
TZHNF0.5 RHEA, and the corresponding alloy oxidized at different 
temperatures. Fig. S1 presents the EDS-analysis results corresponding to 
the characteristic regions in Fig. 4. As exhibited in Fig. 4(a), the as-cast 
alloy forms a typical dual-phase dendritic microstructure with a bright 
contrast dendritic phase and a dark contrast interdendritic phase. The 
EDS-analysis results reveal that both the dendritic phase and the inter
dendritic region incorporate Ti, Zr, Hf, Nb, and Fe elements. The 
composition of the light contrast dendritic phase shows a depletion of Fe 
and an enrichment of Nb, while the composition of the dark-contrast 
interdendritic region is converse, as a result of the preferential precipi
tation of the high-melting point Nb element during solidification, which 
accumulates in the dendritic region, and low-melting point Fe element, 
which aggregates in the interdendritic region due to the compositional 

segregation. In conjunction with the XRD analysis, it can be concluded 
that the dendritic region is primarily a BCC phase, and the interdendritic 
region is primarily a Laves phase, which is identified as an Fe2(TiZrHf) 
intermetallic compound.

Figs. 4(b) and 4(c) illustrate the surface-SEM morphology of the 
oxidized alloy heating at 300 ◦C and 400 ◦C. Despite the elevated tem
perature, the surface maintains a bimodal dendritic microstructure with 
relatively brief and coarse dendritic arms. As presented in Fig. S1, the 
surface composition consists of Ti, Nb, Hf, Zr, Fe, and O elements. The 
dendritic region is characterized by a depletion of Fe and an enrichment 
of Nb, while the interdendritic region is marked by a surplus of Fe. It is 
noteworthy that the fraction of the O element on the oxidized alloy 
surface heating at 400 ◦C is larger than that after oxidation at 300 ◦C, 
which corresponds to the oxidation-kinetic analysis.

Following oxidation at 600 ◦C, 800 ◦C, and 1000 ◦C, the alloy sur
face undergoes a transition from short and coarse dendritic structures to 
long and slender dendritic structures, as depicted in Fig. 4(d-f). With 
increasing temperature, the dendritic arms become increasingly finer 
and longer, and the volume fraction of interdendritic structures in
creases. Noteworthily, the surface morphology of the oxidized RHEA 
heating at 800 ◦C is comparable to that oxidized at 300 ◦C and 400 ◦C, 
which is primarily attributed to the peeling-off of the outermost oxide 
layer, exposing the region adjacent to the alloy substrate. This finding 
suggests that oxidation can give rise to modifications in the micro
structural morphology of the alloy surface, culminating in the formation 
of long and slender dendritic structures. With elevating the oxidation 
temperature, the fractions of the Fe and O in the interdendritic region 

Fig. 3. (a-c) XRD patterns of the as-cast TZHNF0.5 RHEA and the corresponding alloy oxidized under different temperatures.
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progressively rise, while the contents of the other elements progressively 
decrease. Consequently, the degree of oxidation intensifies being heated 
at 600 ◦C and 800 ◦C, as evidenced by the severe exfoliation and 
delamination of the oxide layer observed in the macroscopic 
morphology depicted in Fig. 1, signifying inferior antioxidant 
performance.

At the elevated temperature of 1000 ◦C during oxidation, the alloy 
surface demonstrates a relatively elevated concentration of the Ti 
element. In conjunction with the XRD and EDS analyses, it is ascertained 
that the Ti2ZrO6 oxide forms within the dendritic region on the alloy 
surface, contributing to the stabilization of the surface-oxide layer for 
the RHEA. As a result, a relatively smooth oxidation weight-gain curve is 
observed, as exemplified in Fig. 2.

Fig. 4(g) illustrates that the surface-oxide layer of the RHEA un
dergoes spalling being heated at 1200 ◦C. In contrast to the situation 
heating at 1000 ◦C, the bulk-alloy surface displays substantial alter
ations, consisting of elongated needle-like structures (G1 region), as well 
as the original dendritic structures (G3 region) and interdendritic 
structures (G2 region). The results of the EDS analysis reveal that the G1 
needle-like structure region is enriched in Zr and Hf elements, suggest
ing the formation of oxides, such as HfO2 and ZrO2, whereas the 
composition of the interdendritic region indicates a tendency towards 
the enrichment in Ti and Nb elements. Furthermore, the fraction of Fe is 
relatively reduced on the alloy surface. Moreover, the occurrence of the 
oxidation layer spalling on the alloy surface, characterized by dense 
laminations, cracks, and voids, further accelerates the oxidation process 
of the alloy, manifesting vigorous oxidative behavior. Previously re
ported investigations have proposed that these minute irregular pores, 
and numerous voids might be attributable to volumetric changes 

resulting from the formation of the fine needle-like HfO2 and rapid 
segregation of Hf [68].

Fig. 5(a-f) present the cross-sectional SEM images of the TZHNF0.5 
RHEA after oxidation for 6 h at various temperatures. It can be noted 
that the surface-oxide layer exhibits a thickness of approximately 
0.09 µm at 300 ◦C and 1 µm at 400 ◦C, respectively. As heated at 600 ◦C 
and 800 ◦C, the surface-oxide layer’s thickness is approximately 26 µm 
and 168 µm, respectively. After oxidation at 800 ◦C, the surface layer 
exhibits visible fractures and holes, indicating the occurrence of spalling 
of the oxide layer. At 1000 ◦C oxidation, the thickness of the surface 
layer reaches 182 µm, and no obvious pores and cracks are present on 
the alloy surface, suggesting good densification.

The results presented in Fig. 5(g) provide insights into the cross- 
sectional microstructure of the TZHNF0.5 RHEA and the elemental dis
tribution within the oxide layer. The analysis reveals the presence of Nb- 
rich dendritic phases and Fe, Ti-rich interdendritic phases in the alloy, 
which aligns with earlier research on comparable alloys. Additionally, 
the oxygen content within the oxide layer is found to decrease gradually 
from the outer towards the inner regions, which suggests a gradient in 
the oxidation behavior of the alloy. Fig. 5(f) demonstrates the effect of 
elevated-temperature oxidation on the alloy-surface layer. After expo
sure to 1200 ◦C for 6 h, the surface layer is observed to have undergone 
spalling, with a residual portion remaining on the alloy surface. The 
residual-oxide layer shows a thickness of approximately 47 µm. From 
the cross-sectional perspective, the oxide layer consists of fine needle- 
like and small-particle regions. Moreover, numerous holes are 
observed in the surface layer, which results from the volumetric 
expansion of oxides during the heat treatment.

The oxide spalling in Fig. 5(f) merely occurred within the fine needle- 

Fig. 4. SEM-surface morphology of the as-cast TZHNF0.5 RHEA and the corresponding alloy oxidized at different temperatures. (a) as-cast state and oxidized states at 
(b) 300 ◦C, (c) 400 ◦C, (d) 600 ◦C, (e) 800 ◦C, (f) 1000 ◦C, and (g) 1200 ◦C.
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Fig. 5. Cross-sectional SEM images of the TZHNF0.5 RHEA after oxidation for 6 h at various temperatures: (a) 300 ◦C, (b) 400 ◦C, (c) 600 ◦C, (d) 800 ◦C, (e) 1000 ◦C, 
and (f) 1200 ◦C. (g) insights into the cross-sectional microstructure of the TZHNF0.5 RHEA and the elemental distribution within the oxide layer.

Fig. 6. Surface hardness, average friction coefficients, and wear rates of the TZHNF0.5 RHEA in both the as-cast and oxidized states with various heating 
temperatures.
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like region. It can be inferred that the formation of numerous fine 
needle-like HfO2 phases reduces the bonding strength between the oxide 
film and the metallic matrix. Nevertheless, the surface layer undergoes 
oxide spalling, and the underlying metallic surface is thus exposed. 
These findings are consistent with previous studies on the oxidation 
characteristics of Hf-based alloys, which have reported a similar ten
dency of oxide-layer spalling due to the formation of fine needle-like 
HfO2 particles [68].

3.4. Properties of RHEAs

3.4.1. Friction and wear resistance
Fig. 6 presents the surface hardness, average friction coefficients, and 

wear rates of the TZHNF0.5 RHEA in both the as-cast and oxidized states 
with various heating temperatures. The results indicate a general trend 
of increasing the surface hardness with increasing oxidation tempera
ture, with the highest hardness value of 1146.6 Hv observed for the alloy 
being heated at 1000 ◦C. However, upon oxidation at 1200 ◦C, the 
surface of the RHEA exhibited spalling, exposing a lower degree of 
oxidation on the underlying alloy surface, which led to a decrease in 
hardness to 954.6 Hv.

In Fig. 6, the square data points represent the dry friction-wear rate 
(black-data points) and friction coefficient (red-data points) for different 
samples, while the circular data points represent the wet friction-wear 
rate (black-data points) and friction coefficient (red-data points) in the 
PBS solution. The results show that the oxidized RHEA has a greater dry- 
friction coefficient than the as-cast alloy due to the increased surface 

roughness caused by protruding oxides present on the oxidized alloy. 
Conversely, the wet-friction coefficient of the alloy significantly de
creases, mainly resulting from the lubrication by the aqueous solution. 
The presence of the aqueous solution not only reduces the direct contact 
between the contacting surfaces but also facilitates the removal of the 
wear debris from the wear-track area, thereby reducing the frictional 
resistance and wear rate.

According to the wear rate, Eq. (2), the wear rate, WS, of the alloy 
was determined: 

WS =
ΔW
S⋅N

(2) 

where ΔW represents the wear volume, S denotes the total distance of 
friction, and N is the normal load.

As shown in the results presented in Fig. 6, when submitted to dry 
friction, the RHEA exhibits a wear rate of 3.23 × 10−9 mm3⋅mm−1⋅N−1 

after oxidation at 1000 ◦C. This wear rate is significantly lower, by two 
orders of magnitude, contrasted with the wear rate of the as-cast alloy. It 
has been reported that the wear rate of the Ti6Al4V alloy under dry 
friction is 2.4 × 10− 7 mm3⋅mm− 1⋅N − 1 [67], which is two orders of 
magnitude larger than that of the 1000 ◦C-oxidized RHEA. The wear 
resistance of the oxidized TZHNF0.5 RHEA is significantly higher than 
that of the other traditional wear-resistant biomedical implant mate
rials, such as 4.4 × 10− 8 mm3⋅mm− 1⋅N − 1 for the 316 L stainless steel, 
and 2.34 × 10− 8 mm3⋅mm− 1⋅N − 1 for the CoCrMo alloys [67], which 
implies that the oxidized RHEA is promising in the application of high 
wear-resistant implantation instruments.

Fig. 7. Wear-scar morphologies under the dry-friction condition of the as-cast and oxidized TZHNF0.5 RHEA: (a) as-cast state and oxidized states at (b) 300 ◦C, (c) 
400 ◦C, (d) 600 ◦C, (e) 800 ◦C, (f) 1000 ◦C, and (g) 1200 ◦C.
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Wet friction wear rates for different alloy samples are all lower than 
their corresponding dry-friction wear rates, with the lowest wet friction 
wear rate being recorded for the oxidized alloy being heated at 1000 ◦C, 
which is 1.54 × 10−9 mm3⋅mm−1⋅N−1. Regardless of whether the sliding 
occurs under dry or wet conditions, the wear rate of the RHEA after 
oxidation at 1000 ◦C is consistently the lowest, which is attributed to its 
highest hardness.

Fig. 7 illustrates the wear-scar morphologies under the dry-friction 
condition of the as-cast and oxidized TZHNF0.5 RHEA. Fig. S2 illus
trates the EDS-composition distributions of representative regions (A1- 
G2) corresponding to Fig. 7. In Fig. 7, it can be observed that there are 
distinct dark-black and light-gray contrast zones within the wear scars 
on the alloy surface. In Fig. 7(a-c), it can be noted that there are parallel 
grooves aligned with the direction of sliding within the wear-scar sur
faces of the as-cast alloy and samples oxidized at 300 ◦C and 400 ◦C, 
suggesting that the wear mechanism of the alloy under the corre
sponding conditions is primarily abrasive wear. Fig. S2 demonstrate that 
the dark-contrast region within the wear scar of the as-cast, 300 ◦C-, and 
400 ◦C-heated alloys exhibits a higher concentration of O elements, and 
the O content increases with increasing the oxidation temperature, 
revealing the oxidative-wear mechanism. In the light-gray contrast re
gion of the alloy-wear-scar surface after oxidation at 300 ◦C, 400 ◦C, and 
600 ◦C, the O content is comparatively small, implying that the oxide 
film on the alloy is thinner at the corresponding temperatures, and the 
oxide film is damaged and peeled off during friction, contributing to a 
decline in the O content.

In Fig. 7(e), severe damage in the wear scar is detected for the RHEA 
heated at 800 ◦C. The oxidized cross-sectional observation in Fig. 5(d) 

shows that the oxide layer has many fractures and crevices. The elevated 
surface O content indicates the presence of oxidative-wear mechanisms. 
In Fig. 7(f), the wear-scar of the RHEA after oxidation at 1000 ◦C ex
hibits a combination of dark and white contrast regions, with a notably 
high O content. Based on the EDS-analysis results, the dark-contrast 
region is identified as the Fe2O3 oxide, while the white contrast region 
is the Ti2ZrO6 oxide. Moreover, in Fig. 7(g), irregular pits can be 
observed on the alloy wear-scar surface following oxidation at 1200 ◦C, 
which progressively extend parallel to the surface with ongoing wear 
and eventually flake off, constituting typical morphologies of fatigue 
wear.

Fig. 8 displays the SEM morphologies of the wear scars of the as-cast 
and oxidized TZHNF0.5 RHEAs following a wet-sliding test. Fig. S3
provides the composition distributions of the representative areas (Al- 
G2) corresponding to Fig. 8. Fig. 8(a-c) show that plough grooves exist 
on the TZHNF0.5 RHEA surface for as-cast, 300 ◦C- and 400 ◦C-oxidized 
samples, although their widths are reduced when compared to the dry- 
friction condition. As the wet sliding processes, the RHEA undergoes 
reactions with the component of PBS, leading to a corrosive-wear 
phenomenon.

In the EDS spectra of the RHEAs under the as-cast state and oxidized 
conditions heating at 300 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C, it can be 
inferred that the O content in the wear scars increases with the elevating 
heating temperature, which is consistent with EDS-analysis results 
under dry-friction conditions. Additionally, the spalling phenomenon of 
partial oxide films occurs on the wet-friction-wear scar of the RHEA 
oxidized at 600 ◦C, while a large area of the oxide film peeling off is 
found for the 800 ◦C-oxidized alloy, leading to a higher wear rate under 

Fig. 8. SEM morphologies of the wear scar of the as-cast and oxidized TZHNF0.5 RHEAs following a wet-sliding test: (a) as-cast state and oxidized states at (b) 300 ◦C, 
(c) 400 ◦C, (d) 600 ◦C, (e) 800 ◦C, (f) 1000 ◦C, and (g) 1200 ◦C.
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wet-friction conditions than that under dry-friction conditions.
The TZHNF0.5 RHEA maintains a smooth and flat surface-oxide layer 

after oxidation at 1000 ◦C, with a relatively lower O content in the alloy 
and no obvious corrosion-wear behavior. Additionally, for the alloy 
oxidized at 1200 ◦C, the original microstructure of the oxide layer re
mains on the surface after wet friction, with a relatively flat wear-scar 
surface and a lower wear rate under wet-friction conditions than that 
under dry-friction conditions.

3.4.2. Corrosion resistance
Fig. 9(a) presents the potentiodynamic-polarization curves of the as- 

cast and oxidized TZHNF0.5 RHEA at 300 ◦C, 400 ◦C, and 1000 ◦C, 
together with the Ti6Al4V alloy, with the associated electrochemical 
parameters tested in the PBS solution summarized in Table 1. Due to the 
delamination and unevenness of the surface-oxide layer, 
electrochemical-polarization experiments were not conducted for the 
TZHNF0.5 RHEA oxidized at 600 ◦C, 800 ◦C, and 1200 ◦C. The TZHNF0.5 
RHEA exhibits a superior corrosion potential relative to the Ti6Al4V 
alloy, signifying that the passivation film developed in the PBS solution 
possesses elevated stability. In particular, the RHEA oxidized at 1000 ◦C 
demonstrates the highest corrosion potential in the PBS solution, 
amounting to - 0.21 V. The corrosion current density of the TZHNF0.5 
RHEA decreases with increasing the oxidation temperature, attaining 
the lowest value of 1.46 × 10−7 A⋅cm−2 after oxidation at 1000 ◦C. This 
value is considerably smaller than that of the Ti6Al4V, denoting a 
reduced corrosion rate in the PBS solution. Furthermore, the 
passivation-current density of the oxidized RHEA is substantially smaller 

than that of the as-cast RHEA and Ti6Al4V, reaching the lowest value of 
1.57 × 10−7 A⋅cm−2 post-oxidation at 1000 ◦C, implying that the 
oxidation heat treatment enhances the passivation film stability.

Fig. 9(b-e) display SEM morphologies of the as-cast TZHNF0.5 RHEA, 
and the corresponding alloy oxidized at 300 ◦C, 400 ◦C, and 1000 ◦C 
subsequent to electrochemical experiments. Through the comparative 
analysis of the images, no evident pits of corrosion can be observed on 
the polarized alloy, thereby suggesting the absence of pitting corrosion 
and the maintenance of sound structural integrity on the alloy surface.

Fig. 10 illustrates the XPS full spectra and narrow scan spectra of 
individual alloying elements for the as-cast and PBS-immersed TZHNF0.5 
RHEA, with the resulting XPS composition analysis results compiled in 
Table 2. As depicted in Fig. 10(a), all alloy samples manifest the pres
ence of C 1 s, Ti 2p, Hf 4 f, Nb 3d, Fe 2p, Zr 3d, and O 1 s peaks in the XPS 
full spectra of the free surfaces. Examining the narrow scan spectra of Ti 
2p, Hf 4 f, Nb 3d, Fe 2p, Zr 3d, and O 1 s in Fig. 10(a-g), it can be 
observed that the structures corresponding to these elements are 
consistent under the four different conditions, and the intensity of the 
alloy-element peaks significantly increases after immersion.

In Fig. 10(c) and (d), a notable decrease in the intensities of Zr 4+ and 
Hf 4+ before and after oxidation can be observed, while a significant 
enrichment of Ti4+, Nb5+, Fe3+, and O2- is evident in the oxidized alloy. 
The pronounced increase in the content of Fe3+ and O2- on the alloy 
surface implies the creation of surface Fe oxides, which corresponds to 
the presence of Fe2O3 as a protruding oxide in the surface morphology 
and composition analysis of the alloy. Furthermore, the relatively 
increased content of Ti4+ and Nb5+ in the outer layer of the alloy-oxide 
layer also contributes to the improvement of the anticorrosion property. 
Particularly, the strong passivation ability of Ti itself enhances the sur
face film by forming a corrosion-resistant TiO2 oxide through the 
adsorption of negative ions, such as OH- or O2- [58,69]. Concurrently, 
the addition of Nb5+ increases the number of O2-, compensating for the 
anionic vacancy in the passivating film, leading to a reduction in film 
defects and ultimately resulting in a more stable passivating film [70].

In Fig. 10(g), the O 1 s spectral peaks observed on the alloy surface 
both in the as-cast state and after immersion can be attributed to oxygen 
present in metal oxides or hydroxides, as well as oxygen in the form of 
bound water (H2O) [71]. As the RHEA is heated at 1000 ◦C, the O on the 
oxidized and immersed alloys predominantly transitions to O2-. Conse
quently, the TZHNF0.5 RHEA demonstrates exceptional corrosion resis
tance after oxidation at 1000 ◦C.

3.4.3. Biological activity
Fig. S4 displays SEM images and EDS mapping of the sample surfaces 

of the TZHNF0.5 RHEA being immersed in SBF for 14 days: (a) as-cast, 
(b) oxidized at 1000 ◦C, and (c) oxidized at 1000 ◦C and then surface 
grinding. As shown in Fig. S4(a), a surface film forms on the alloy surface 
after casting, with some white particles (indicated by red circles) 
distributed on the surface film, which are identified as reaction products 
rich in Ca and P elements through the EDS analysis. Cracks are found on 
the surface film. Fig. S4(a1) shows numerous white needle-like reaction 
products covering the alloy surface, forming a porous surface film, 
which is confirmed to be hydroxyapatite (HAP) through composition 
analysis.

Fig. S4(b) illustrates that there are numerous protrusions with a well- 

Fig. 9. (a) Potentiodynamic-polarization curves of the as-cast and oxidized 
TZHNF0.5 RHEA at 300 ◦C, 400 ◦C, and 1000 ◦C, together with the Ti6Al4V 
alloy in the PBS solution, (b-e) SEM morphologies of the as-cast TZHNF0.5 
RHEA and the corresponding alloy oxidized at 300 ◦C, 400 ◦C, and 1000 ◦C 
subsequent to electrochemical experiments: (b) as-cast state, (c) 300 ◦C, (d) 
400 ◦C, (e) 1000 ◦C.

Table 1 
Electrochemical parameters of the as-cast and oxidized TZHNF0.5 RHEA at 
300 ◦C, 400 ◦C, and 1000 ◦C, together with the Ti6Al4V alloy.

Alloy Condition Ecorr /V icorr /A⋅cm−2 ipass /A⋅cm−2

TZHNF0.5 As-cast - 0.30 2.80 × 10 −7 5.65 × 10 −6

300℃−6 h - 0.28 2.43 × 10 −7 3.11 × 10 −7

400℃−6 h - 0.25 1.68 × 10 −7 1.94 × 10 −7

1000℃−6 h - 0.21 1.46 × 10 −7 1.57 × 10 −7

Ti6Al4V As-cast - 0.47 1.70 × 10 −7 4.97 × 10 −6
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Fig. 10. (a) XPS full spectra and narrow scan spectra of individual alloying elements for the as-cast and PBS-immersed TZHNF0.5 RHEA. (b) Ti, (c) Zr, (d) Hf, (e) Nb, 
(f) Fe, and (g) O.
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defined and dense "glaze-like" surface film present on the alloy surface of 
the 1000 ◦C-heated and SBF-immersed TZHNF0.5 RHEA. Interestingly, 
similar to the previous case, numerous white-particle-reaction products 
(indicated by red circles) could also be observed in the surface film. The 
SEM picture in Fig. S4(b1) clearly shows that numerous white needle- 
like hydroxyapatites (HAP) are "embedded" within the surface-oxide 
film. In contrast to the preceding two situations, as seen in Fig. S4(c), 
grinding removes the protrusive oxide, resulting in a considerable 
reduction in the quantity of white-particle deposits on the surface alloy. 
Notably, as depicted in Fig. S4(c1), no well-defined and dense "glaze- 
like" surface film is formed on the alloy surface, but rather, numerous 
white needle-like HAPs are present, giving rise to a porous surface film.

It is well-known that the Ca and P elements are the primary con
stituents of HAP, and thus, the EDS elemental analysis was conducted on 
the alloy surface, as presented in Figs. S4(a-c). Table S1 exhibits the EDS 
elemental-distribution data for the as-cast and oxidized TZHNF0.5 
RHEAs after immersion in SBF for 14 days. As observed in Figs. S4(a-c), 
the alloy-sample surface after being heated at 1000 ◦C exhibits a Ca/P 
ratio approaching 1.67, which is characteristic of hydroxyapatite, indi
cating good bioactivity. The protrusions removed through surface 
grinding are primarily identified as Fe2O3, resulting in a decrease in the 
Fe content on the alloy surface and a corresponding decline in the 
concentrations of Ca and P elements. This trend demonstrates that the Fe 
element in the RHEA helps make a hydroxyapatite surface layer [72]. 
Moreover, the Fe component has been found to expedite the growth of 
hydroxyapatite on the alloy surface. It is known that Fe is a good carrier 
for the constant dissolution of Fe3+, which can hinder the entry of 
mineral ions, thereby showing significant bioactivity [73].

4. Discussion

In the present work, the effects of various oxidation temperatures on 
the mechanical performance, antiwear and anticorrosion qualities, and 
biological activity of the TZHNF0.5 RHEA was studied. It is illustrated 
that the TZHNF0.5 RHEA exhibits a much slower oxidation velocity at 
1000 ◦C than that found at 800 ◦C and 1200 ◦C. After oxidation at 
1000 ◦C, a dense and stable surface layer form, which exhibits excellent 
comprehensive performance. In order to elucidate the reasons behind 
the outstanding antioxidant properties of the TZHNF0.5 RHEA, we dis
cussed the surface-structural evolution and oxidation mechanism of the 
TZHNF0.5 RHEA heated at 1000 ◦C.

4.1. Composition and oxidation resistance of RHEA’s 1000 ◦C oxide 
layer

The “abnormal” oxidation behavior of the TZHNF0.5 RHEA at 
1000 ◦C is closely associated with the microstructure of the oxide layer 
[74,75]. As shown in the cross-sectional morphologies of the oxidized 
alloy in Fig. 5, the RHEA exhibits four distinct zones with varying 

microstructures from the surface to the core. The oxide layer itself en
compasses two distinct regions with differing microstructures, while 
there are two additional zones with unique microstructures located 
between the oxide layer and the metallic matrix. Through grinding the 
alloy and conducting phase analysis and microstructure observations on 
each layer’s surface, our study provides insights into the oxidation 
process of the TZHNF0.5 RHEA at 1000 ◦C. Fig. 11 depicts the XRD 
patterns of the surface and four different regions of the TZHNF0.5 RHEA 
as heated at 1000 ◦C. Among them, Figs. 12(b-b1), (c-c1), (d-d1), and 
(e-e1) are magnified cross-sections and surface images of Layer I, Layer 
II, Layer III, and Layer IV in Fig. 12(a). Table 3 shows the EDS analysis 
results of the four surface regions corresponding to Fig. 12. From the 
outermost to the innermost regions, this study determines the oxidation 
process of the TZHNF0.5 RHEA heated at 1000 ◦C based on the charac
teristics of phases in each layer.

In the XRD pattern of Layer I, there are Fe2O3, Ti2ZrO6, and 
(TiZrHfNb)O2 oxides present. Compared to the surface XRD, the in
tensity of the Fe2O3 diffraction peak has decreased. From the analysis of 
Figs. 12(b)-(b1) and the EDS analysis of the corresponding region in 
Fig. 12(b1), the white contrast cellular region is identified as the BCC 
phase and the complex oxide (TiZrHfNb)O2, while the fine dendritic 
region is determined to be the Laves phase. The black-contrast region is 
attributed to the Fe2O3 phase, and the dark-contrast region corresponds 
to the Ti2ZrO6 phase. In the XRD pattern of Layer II, there are primarily 
HfO2 oxides present, with lower diffraction peaks for the BCC and the 
Laves phases. From the analysis of Figs. 12(c-c1), numerous fine needle- 
like substances can be detected in the cellular dendrites from the top to 
bottom in the section, with a surface microstructure that is similar to the 
matrix. Due to the presence of these fine needle-like substances in the 
cellular dendrites, there are evident white dot-like areas observed. The 
corresponding EDS analysis identifies the light-colored cellular contrast 
area as the complex oxide (TiZrHfNb)O2, with the white dot-like area 
being attributed to the HfO2 oxide, which is in the form of fine needles 
and is consistent with the previously reported morphology of the HfO2 
phase by Ouyang et al. [68]. The dark-contrast area is identified as the 
Laves phase. The light-contrast cellular dendrites are rich in Nb, while 
the dark-contrast fine dendrites are predominantly composed of Fe.

In the XRD pattern of Layer III, the BCC and Laves phases are pre
dominantly present. As illustrated in Fig. 12(a), Layer-III functions as a 
transitional layer situated between the substrate and the oxide layer. 
Examining Figs. 12(d-d1), it can be observed that the surface 

Table 2 
XPS composition-analysis results of the as-cast and PBS-immersed TZHNF0.5 
RHEA.

Element (at%) Alloy

as-cast 1,000 ◦C-6 h Immersed 
as-cast

Immersed 1,000 ◦C-6 h

Ti 2p Ti4+ 7.49 10.3 5.36 5.91
Zr 3d Zr4+ 7.25 1.53 5.03 0.96
Hf 4 f Hf4+ 6.64 1.17 5.13 0.64

Hf0 0.22 - 0.29 -
Nb 3d Nb5+ 6.82 13.39 5.07 6.19

Nb0 0.28 - 1.13 -
Fe 2p Fe3+ 2.50 17.46 2.83 16.37
O 1 s O2- 38.02 43.97 22.29 53.93

OH- 16.87 12.18 23.15 16.00
H2O 13.12 - 29.71 -

Fig. 11. XRD patterns of the surface and four different regions of the TZHNF0.5 
RHEA as heated at 1000 ◦C.
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microstructure is analogous to the substrate, while the dendritic and 
interdendritic structures of this layer are more homogeneous. In 
particular, through the EDS analysis, the darkly contrasting dendritic 
region is identified as the BCC phase, while the lightly contrasting 
interdendritic region is determined as the Laves phase. Similar to the as- 
cast alloy, the dendrites and interdendritic regions exhibit Nb-rich and 
Fe-rich phenomena, respectively. However, what distinguishes this layer 
is the emergence of Ti-rich and Hf-rich phenomena in the dendrites and 
interdendritic regions. In Fig. 12(a), Layer IV constitutes the substrate 
layer, comprising both the BCC and Laves phases, which aligns with the 
microstructure of the as-cast alloy. Through the examination of Figs. 12
(a) and (e-e1), it can be observed that the microstructure is further 
refined. Combining EDS analysis, the light-contrast dendritic region is 
the BCC phase, while the dark-contrast interdendritic region is the Laves 

phase.
In order to further explore the microstructural evolution of the sur

face oxide layer after oxidation, TEM samples of as-cast and oxidized 
TZHNF0.5 RHEA at 1000 ◦C for 6 h were prepared using focused ion 
beam (FIB) technology. Fig. 13(a) shows the FIB sampling position of the 
as-cast TZHNF0.5 refractory high entropy alloy, which is located at the 
boundary region between dendrites and interdendritic regions. Fig. 13
(a1) and (a2) are SEM images of the FIB-prepared samples of the as-cast 
TZHNF0.5 RHEA. Fig. 13(b) illustrates the HAADF image and the cor
responding elemental composition distribution of the enlarged area in 
the red box in Fig. 13(a2). From Fig. 13(b), it can be observed that the 
region 1 corresponds to the position of the interdendritic Laves phase, 
where Fe element enrichment occurs, while the region 2 corresponds to 
the position of the dendritic BCC phase, where Nb element enrichment 
takes place. In addition, it can also be found that a small amount of BCC 
phase crystals are distributed in the Laves phase.

Fig. 13(c) displays the bright-field TEM image of the as-cast 
TZHNF0.5 RHEA in the enlarged area of the red box in Fig. 13(a2), as 
well as the HRTEM and selected area electron diffraction (SAED) images 
corresponding to different regions. Through the analysis of region A in 
Fig. 13(c), it can be found that the lattice spacing in the yellow box area 
of Fig. 13(A1) is 0.2247 nm, which is basically consistent with the 
(1013) crystal plane of the hexagonal Laves phase. Meanwhile, the SAED 
image in Fig. 13(A2) further confirms that there is the Laves phase along 
the [1213] crystal zone axis in this region. In addition, the lattice spacing 
in the blue box area of Fig. 13(A1) is 0.1778 nm, which is basically 
consistent with the (112) crystal plane of the orthorhombic BCC phase. 
The SAED image in Fig. 13(A3) further confirms that this region is the 
BCC phase along the [001] crystal zone axis. The analysis results of re
gion B in Fig. 13(c) demonstrate that the BCC phase structure is 

Fig. 12. (a) Cross-sectional morphology of the TZHNF0.5 RHEA as heated at 1000 ◦C. (b-b1), (c-c1), (d-d1), and (e-e1) are magnified cross-sections and surface 
images of Layer I, Layer II, Layer III, and Layer IV in Fig. 12(a).

Table 3 
EDS analysis results of the four surface regions corresponding to Fig. 12.

Position Element (at%)

Ti Zr Hf Nb Fe O

Layer I 1 12.50 16.09 11.92 15.51 3.24 40.73
2 17.86 7.78 3.48 17.42 6.97 46.48
3 3.88 1.60 0.28 0.47 29.85 65.32

Layer II 4 17.87 15.73 12.29 5.70 16.18 32.22
5 12.55 16.37 11.91 29.76 0.23 29.17
6 19.61 16.86 7.48 18.18 12.54 25.35

Layer III 7 18.30 18.57 26.45 4.69 31.99 -
8 26.17 26.50 17.43 27.45 2.45 -

Layer IV 9 23.04 27.60 25.78 21.04 2.53 -
10 23.82 17.12 16.63 13.22 29.22 -
11 16.75 17.92 28.71 4.30 32.32 -
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Fig. 13. (a-a1) The SEM images of the sampling location and morphologies during the preparation process for the as-cast TZHNF0.5 RHEA TEM sample prepared by 
focused ion beam (FIB) technology. (b) HAADF image of the enlarged area in the red frame of Fig. 13(a2) and the elemental mapping images of Ti, Zr, Hf, Nb, and Fe 
corresponding to Fig. 13(b); (c) TEM bright field image of the red area in Fig. 13(a2), as well as the HRTEM and SAED images corresponding to different regions.
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Fig. 14. (a-a3) The preparation of a TEM sample of the TZHNF0.5 RHEA oxidized at 1000 ◦C for 6 h using FIB technology. (b) HAADF image of the magnified area 
within the red box in Fig. 14(a3), along with the corresponding elemental mapping images of Ti, Zr, Hf, Nb, Fe, and O elements. (c) TEM bright-field image of the 
yellow area in Fig. 14(a3), accompanied by HRTEM and SAED images corresponding to different regions.
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consistent with that in region A.
Fig. 14(a) illustrates the SEM image of the surface morphology of the 

TZHNF0.5 RHEA after oxidation treatment at 1000 ◦C for 6 h. From the 
figure, it can be seen that the surface of the oxidized TZHNF0.5 RHEA 
exhibits two different contrast regions, which consist of the dark- 
contrast island-like protruding region and the gray-white-contrast flat 
region. The EDS analysis results of the flat region are also listed in Fig. 14
(a). Fig. 14(a1) displasys the FIB sampling area located in the flat region 
with gray-white contrast, which corresponds to the position of the BCC 
phase in the as-cast sample. After oxidation heat treatment, the surface is 
densely packed with nanoparticles, which are mainly composed of 
Ti2ZrO6. Fig. 14(a2) demonstrates the SEM image of the TEM sample 
preparation process using the FIB technique. Fig. 14(a3) shows the SEM 
image of the TEM thin film specimen prepared using the FIB sampling 
process. Fig. 14(b) presents the HAADF image of the red box area of the 
TEM sample referring to Fig. 14(a3) and the distribution of Ti, Zr, Hf, 
Nb, Fe, and O elements in the corresponding area. From Fig. 14(b), it can 
be observed that the outermost surface of the oxide layer is covered with 
a layer of nanoparticles, and the interior of the oxide layer exhibits two 
regions with dark and bright contrasts, with the dark-contrast region 
distributed in a layered manner within the bright-contrast matrix. 
Combining the elemental distribution in Fig. 14 (b), it can be seen that Ti 
and Fe elements are enriched in the dark-contrast region, while Zr and 
Hf elements are enriched in the bright-contrast region, and Nb and O 
element oxides are uniformly distributed throughout the oxide layer. 
Based on the EDS analysis results and the analysis of the microstructure 
morphology of the cross-section of the as-cast TZHNF0.5 RHEA in Fig. 13, 
it is known that in the cross-sectional area of the as-cast alloy, the BCC 
phase and Laves phase are interlaced in a layered manner. Therefore, in 
the microstructure morphology of the cross-section of the oxidized 
TZHNF0.5 RHEA in Fig. 14 (b), the dark-contrast region and bright- 
contrast region are oxides formed by the Laves phase BCC phase in the 
as-cast alloy through O diffusion reaction, respectively.

Fig. 14(c) presents the TEM bright-field image of the surface oxide 
layer of the TZHNF0.5 RHEA after oxidation at 1000 ◦C for 6 h, along 
with HRTEM and SAED images corresponding to different regions. The 
bright-field image corresponds to the magnified area within the yellow 
box in Fig. 14(a3). From the HRTEM image in Fig. 14(A2), the lattice 
spacing of this crystalline phase is determined to be 0.2892 nm, which 
corresponds to the interplanar spacing of the orthorhombic oxide 
Ti2ZrO6 (111) plane, consistent with the results from literature analysis 
[76]. The SAED pattern in Fig. 14(A3) further confirms that this region 
exhibits the electron diffraction pattern of Ti2ZrO6 along the [113] zone 
axis. In Fig. 14(B1), the HRTEM images of the regions within the yellow 
and blue boxes reveal lattice spacings of 0.2634 nm and 0.3330 nm, 
respectively, which correspond to the orthorhombic oxide ZrO2 (002) 
and TiO2 (110) planes. The corresponding SAED patterns in Fig. 14(B3) 
and (B4) further validate the presence of ZrO2 along the [110] zone axis 
and TiO2 along the [212] zone axis in this region. Analysis of the cor
responding region C in Fig. 14(c) also yields the orthorhombic oxide 
ZrO2. In summary, ZrO2 and TiO2 possess similar crystal structures 
(orthorhombic system, simple lattice) and have comparable ionic radii 
of Zr4+ (0.72 × 10−10 m) and Ti4+ (0.68 × 10−10 m) [77], facilitating 
their reaction to form the Ti2ZrO6 oxide. The nanoscale particles of 
Ti2ZrO6 formed on the surface of the oxide layer are intact and stable, 
effectively inhibiting oxygen ingress and reducing the oxidation rate. 
The formation of ZrO2 and TiO2 oxides within the internal structure of 
the oxide layer enhances its hardness, thereby improving wear resis
tance. Additionally, the Ti2ZrO6, ZrO2, and TiO2 oxides formed on the 
alloy surface exhibit excellent chemical stability, significantly 
enhancing the corrosion resistance of the alloy.

Developing a dense and stable oxide layer is essential for HEAs to 
possess good oxidation resistance. However, the formation of stable 
oxide layers in HEAs is influenced by numerous factors, with the internal 
stress being a critical factor. In Fig. 4(e-g), the oxidation layers of the 

TZHNF0.5 RHEA experience destructive spalling due to the action of 
internal stresses at 800 ◦C and 1200 ◦C, whereas a dense and stable 
oxide layers form at 1000 ◦C. To clarify the oxidization behavior, the 
Pilling-Bedworth Ratio (PBR) is introduced to evaluate the influence of 
each oxide on internal stresses [78,79], and the volume expansion 
caused by oxidation is deduced through Eq. (3) [80–82]: 

PBR =
Voxide

Vally
=

ρaMo

xρoAa
(3) 

where ρo is the density of the oxide, ρa is the density of the alloy at room 
temperature, Mo represents the molar mass of the oxide, Aa stands for the 
effective molar mass of the alloy, and x is the number of metal atoms of 
corresponding oxides.

The PBR is used to evaluate the antioxidation performance of an 
oxide layer. The value of PBR below 1 represents a low protective 
property with the oxide layer that cannot fully cover the metal surface. 
When the PBR is between 1 and 2, the oxide layer can completely cover 
the alloy surface, offering optimal protective properties [83]. However, 
when the PBR exceeds 2, the oxide layer may develop excessive 
compressive stresses, leading to its rupture or decomposition, thereby 
reducing the protective effectiveness of the oxide film [84,85].

According to Eq. (3), the TZHNF0.5 RHEA has an Aa value of 94.97 g, 
and the PBR values of the primary oxides in the oxide layer are listed in 
Table 4. Notably, the PBR value of Nb2O5 reaches 2.60, despite the fact 
that Fe2O3 has a lower PBR. Even so, the oxide film on the alloy surface 
still experiences significant stress and peeling at 800 ◦C. Furthermore, 
employing the methodology described in Reference [86], the PBR value 
of the composite oxide, Ti2ZrO6, is calculated to be 1.71, suggesting that 
it is more likely to form an oxide film with superior protective proper
ties. Overall, the analysis based on the PBR values of various oxides is 
consistent with the experimental observations.

Interestingly, the PBR value of HfO2 is below 2, which would nor
mally facilitate the formation of protective films. However, substantial 
amounts of HfO2 were observed to detach from the alloy surface at 
1200 ◦C. To account for this discrepancy, this study delves deeper into 
the mechanism behind the development of voids and fractures in the 
surface layer. The primary cause of void formation in the TZHNF0.5 
RHEA after oxidation at 1200 ◦C lies in the clustering and segregation of 
HfO2 at the interface between the oxide and metallic matrix. The volu
metric expansion incurred during the growth of HfO2 generates stresses 
at the oxide/metal interface [87]. The heterogeneous distribution of 
HfO2 in the (TiZrHfNb)O2 results in stress concentration. Moreover, the 
presence of stress also impacts the spalling of the oxide layer, as indi
cated in Fig. 5(d) and (f).

Ouyang et al. discovered that the dense surface layer exhibits large- 
scale elemental segregation, where the Hf element in the form of HfO2 is 
found to exist separately in certain regions of the oxide layer, disrupting 
the original overall structure of the composite oxide, leading to the 
precipitation of various types of oxides and a sharp increase in the ox
ygen diffusivity [68]. Sheikh et al. observed that the HfO2-oxide distri
bution in the sub-oxide layer is chaotic, and interlaces with each other, 
resulting in an extremely non-dense alloy oxide layer, which is prone to 
cracking and peeling off the oxide layer [66]. Therefore, the dispersion 
of HfO2 in the surface is a pivotal factor, exerting a profound impact on 
the antioxidant property.

In order to obviate the influence of HfO2 on the cracking of the oxide 
layer, we have developed a Hf-free Ti-Zr-Nb-Fe titanium alloy in sub
sequent endeavors. Employing an appropriate thermal oxidation pro
cess, we have achieved a complete, compact, and crack-free oxide layer. 

Table 4 
PBR values of the primary oxides in the oxide layer of the TZHNF0.5 RHEA.

Nb2O5 Fe2O3 Ti2ZrO6 HfO2 TiO2 ZrO2

PBR 2.60 1.33 1.71 1.90 1.64 1.84
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The pertinent findings will be documented in a separate publication.

4.2. Oxidation mechanism of RHEAs at 1000 ◦C

Based on the aforementioned findings, the TZHNF0.5 RHEA un
dergoes oxidation at 1000 ◦C, resulting in the formation of four distinct 
structural layers and an oxide layer with outstanding antioxidant 
properties. A further investigation into the oxidation mechanism reveals 
that the development of the oxide is dependent on the initial chemical 
absorption and reactions during the oxidation process, with its compo
sition determined by the diffusion of solutes from the grain boundaries 
to the alloy surface [88,89]. In the growth stage of the oxide film, oxygen 
and metal ions further oxidize through the internal and external 
migration. However, a slight increase in the alloy-oxidation weight 
during the later process of oxidation may be associated with the dense 
surface-oxide film.

According to the thermodynamic theory, the standard Gibbs free 
energy (ΔG0) is an essential thermodynamic parameter. Under specific 
conditions, the more negative ΔG0 value of a metal oxide, the greater the 
possibility and tendency of oxidation reactions, the stronger the metal’s 
ability to bond with oxygen, and the higher the stability of the formed 
oxide. The oxidation-reaction equations of the primary elements of the 
TZHNF0.5 RHEA and the corresponding ΔG0 values are illustrated in 
Fig. 15. In this study, under standard conditions and using the con
sumption of 1 mol. of oxygen as a reference, the ΔG0 values of various 
oxides are calculated. At 1000 ◦C, the ΔG0 values of various oxides are 
described as follows: 

ΔG0Fe2O3 > ΔG0Nb2O5 > ΔG0TiO2 > ΔG0ZrO2 > ΔG0HfO2                 

Therefore, at 1000 ◦C, the HfO2 oxide has a higher tendency to form 
than other metal oxides, followed by ZrO2, TiO2, Nb2O5, and Fe2O3 
oxides. However, in this study, the corresponding oxides did not form in 
the oxide layer, with mainly Fe2O3 and Ti2ZrO6 oxides present, among 
which the HfO2 oxide is located between the oxide layer and the sub
strate. This is primarily due to kinetic considerations, based on the 
Arrhenius Equation [90]. 

D = D0e−
Q
RT (4) 

where D denotes the diffusion coefficient, D0 represents the pre- 
expansion component, Q defines the diffusion-activation energy, and T 
embodies the diffusion temperature. In this equation, D0 and Q are 
constants that refer to the alloy composition. R is a gas constant, which is 
8.314 J/ (mol⋅K).

According to the diffusion theory reported in Reference [91], 

high-melting-point elements exhibit strong atomic-bonding forces and 
large diffusion-activation energies, which results in smaller diffusion 
coefficients. Conversely, the low density of BCC structure enhances the 
diffusion coefficient of these elements. Consequently, Zr, Ti, and Fe el
ements exhibit significantly faster diffusion rates than Nb and Hf ele
ments during oxidation processes. Moreover, on the surface, preferential 
oxidation occurs for Zr and Ti elements in their BCC phase. As demon
strated in Fig. 15, thermodynamically, TiO2 and ZrO2 are more stable 
than Fe2O3 during the earliest phases of heating at 1000 ◦C, and are 
therefore, expected to form preferentially. In this study, TiO2 and ZrO2 
share similar crystal structures and cation radii, leading to the formation 
of the Ti2ZrO6 (2TiO2-ZrO2) compound. During the formation of 
continuous Ti2ZrO6 oxide films, metal and oxygen ions undergo oxida
tion via diffusion within the oxide layer, and their respective diffusion 
coefficients represent one of the primary factors governing the oxidation 
rate.

Wagner et. al reported that the parabolic oxidation rate constant, KW, 
is directly associated with the oxidation rate rather than the thermo
dynamic stability of metal-oxide phases [92]. As demonstrated in 
Reference [93], although TiO2 has better thermodynamic stability than 
Fe2O3, its KW value is an order of magnitude lower. Consequently, the 
Fe2O3 oxide exhibits a notably higher oxidation rate in comparison with 
the Ti2ZrO6 oxide. Fe ions are able to rapidly diffuse towards the alloy 
surface through the Laves phase, forming the protruding oxide Fe2O3 by 
combining with O ions. As a result, the rapid formation of Ti2ZrO6 and 
Fe2O3 oxides during the initial stages of oxidation leads to a rapid in
crease in the weight. Once a complete surface-oxide layer is developed, 
the oxidation reaction shifts from being directly between the metal and 
oxygen to being controlled by the metal cation outward diffusion and 
oxygen ions inward diffusion through the oxide layer, leading to a little 
weight gain.

The results presented in Fig. 5(g) and Table 3 suggest a gradual 
decrease in the concentration of the O element from the outer to the 
inner regions of the oxidized layer, while the Nb element is primarily 
present in the form of (TiZrHfNb)O2 composite oxides, with no evidence 
of Nb2O5 oxides in the XRD pattern shown in Fig. 11. This observation 
coincides with the low diffusion coefficient of Nb, which results in a 
depletion of O ions in Layer I due to their consumption by Ti, Zr, and Fe 
ions, leading to the formation of a dense and continuous Ti2ZrO6 oxide 
film. A limited amount of O ions diffuses into Layer II, where they 
combine with Hf ions to form acicular HfO2, thus rendering it signifi
cantly more difficult for Nb to form oxides.

In light of the above results and discussions, the oxidation mecha
nism of the TZHNF0.5 RHEA heated at 1000 ◦C is schematically depicted 
in Fig. 16. During the early process of oxidation, a (TiZrHfNb)O2 com
posite oxide forms on the alloy surface, with the simple oxides TiO2 and 
ZrO2 rapidly formed because of the higher stability of the Ti and Zr 
element oxides, which share similar crystal structures and cation radii, 
leading to the formation of the composite oxide, Ti2ZrO6. However, Fe 
elements possess the highest diffusion coefficient, and rapidly diffuse 
through the Laves phase to the surface to react with oxygen, forming the 
protruding oxides of Fe2O3, which results in a rapid oxidation-weight 
gain and the generation of an outer oxide film.

With the increased heating duration and the development of a 
complete surface-oxide film, the oxidation-weight gain tends to plateau. 
During this period, Fe ions rapidly diffuse outward, leading to the gen
eration of a Fe-depleted layer between the outer oxide film and the inner 
diffusion layer. Simultaneously, Nb has the slowest diffusion rate within 
the surface layer. At this point, the O ions have been consumed in the 
initial stage, and then react with Hf ions within the oxide layer to form 
acicular HfO2 oxides, which precipitate between the oxide film and the 
inner metal, forming the inner oxide layer. Under long-term high-tem
perature environments, the internal microstructure of the alloy gradu
ally refines, and concurrently, intermetallic compounds precipitate at 
the phase boundaries, giving rise to the formation of the matrix- 
transition layer and the original matrix layer.

Fig. 15. Oxidation-reaction equations of the primary elements of the TZHNF0.5 
RHEA and the corresponding ΔG0 values.
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5. Conclusion

The present work studies the oxidation behavior of the TZHNF0.5 
RHEA under different temperatures, as well as the impact of thermal 
oxidation on the hardness, sliding behavior, electrochemical charac
teristics, and surface bioactivity of the alloy. By analyzing the evolution 
of the oxidation layer’s morphology and structure, the oxidation 
mechanisms were explored. The primary conclusions can be summa
rized as follows:

1. The TZHNF0.5 RHEA exhibits “abnormal” oxidation behavior at 
1000 ◦C, with an oxidation rate smaller than that at 800 ◦C and 
1200 ◦C. At 1000 ◦C, the oxidation rate of the RHEA rapidly in
creases within the first 15 min, but notably decreases with increasing 
heating duration, resulting in the formation of a complete and dense 
surface oxide film.

2. Under different oxidation-temperature conditions, the TZHNF0.5 
RHEA exhibits the highest micro-Vickers hardness of 1146.64 Hv 
after oxidation at 1000 ◦C. It also demonstrates the lowest dry and 
wet friction wear rates, which are 3.23 × 10−9 mm3⋅mm−1⋅N−1 and 
1.54 × 10−9 mm3⋅mm−1⋅N−1, respectively, representing a decrease 
of about two orders of magnitude, compared to the as-cast HEA, and 
indicating excellent wear resistance.

3. Under different oxidation-temperature conditions, the TZHNF0.5 
RHEA presents excellent corrosion resistance after oxidation at 
1000 ◦C, with the highest corrosion potential, the lowest corrosion 
current density, the lowest passivation-current density, and good 
biocompatibility.

4. In the early oxidation stage of the TZHNF0.5 RHEA, a Ti2ZrO6 com
posite oxide with a PBR value of 1.71 is formed, making the surface- 
oxide film more protective. Based on the principles of oxidation 
thermodynamics and kinetics, the dense oxide film inhibits the 

inward diffusion of oxygen ions and outward diffusion of metal 
cations in the oxide layer, thereby improving the oxidation resistance 
of the alloy.
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[32] López MF, Jiménez JA, Gutiérrez A. Corrosion study of surface-modified 
vanadium-free titanium alloys. Electrochim Acta 2003;48:1395–401. https://doi. 
org/10.1016/S0013-4686(03)00006-9.

[33] Kumar S, Narayanan TSNS, Raman SGS, Seshadri SK. Thermal oxidation of CP Ti: 
an electrochemical and structural characterization. Mater Charact 2010;61: 
589–97. https://doi.org/10.1016/j.matchar.2010.03.002.

[34] Wang XQ, Zhang YS, Han WZ. Design of high strength and wear-resistance β-Ti 
alloy via oxygen-charging. Acta Mater 2022;227:117686. https://doi.org/ 
10.1016/j.actamat.2022.117686.
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