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Abstract: The equiatomic and equimass TiHfMo, TiHfMoNb and TiHfMoNbZr alloys were prepared, and their 
microstructure, mechanical properties and bio-corrosion behaviors were systematically investigated. The results 
demonstrated that all the multi-principal element alloys (MPEAs) had a single BCC phase structure without any 
intermetallic compounds. Moreover, the Young’s moduli and hardness of the MPEAs were respectively within the 
range of 95−126 GPa and 5.5−6.4 GPa, respectively. In simulated body fluids, the MPEAs had excellent resistance to 
chloride ion attack due to the fact that the passive films consisted of multiple oxides and the surface possessed large 
contact angles. Compared with CP-Ti and Ti6Al4V alloy, equiatomic TiHfMo and TiHfMoNb alloys had a desirable 
combination of pitting and corrosion resistance, wettability, and wear resistance, and can be utilized as potential 
candidates for biomedical metallic implants. 
Key words: multi-principal element alloy; BCC Ti-alloy; microstructure; mechanical properties; bio-corrosion behavior; 
passive film 
                                                                                                             
 
 
1 Introduction 
 

With the increase of elderly population around 
the world, the demand for artificial implants is 
dramatically increasing [1−3]. Ti and its alloys have 
developed into a kind of middle-high end surgical 
implant materials due to the high specific strength, 
good biological and mechanical compatibility, and 
easy machining [4,5]. Ti6Al4V alloy is often used 
for the femoral head replacement market [6]. 
However, in vivo animal tests reveal that Ti6Al4V 
alloy releases cytotoxic Al3+ and V5+ ions due to 

long-term corrosion, and excessive release of 
elements Al and V in the human body leads to 
osteomalacia myopathy, neuropathy, and other 
symptoms [7]. Moreover, Young’s modulus of 
Ti6Al4V alloy is much larger than that of the 
cortical bone tissue, resulting in the stress shielding 
phenomenon and implant loosening [8]. Very 
recently, various body-centered cubic (BCC) Ti 
alloys exhibit lower Young’s moduli and better 
biocompatibility compared with Ti6Al4V alloy, 
providing significant advantages in bone healing 
and remodeling [9−13]. Therefore, exploring novel 
Ti-based BCC alloys with excellent properties has 
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been the focus of biomedical research. 

Multi-principal element alloys (MPEAs) 
including high entropy alloys (HEAs) and middle 
entropy alloys (MEAs) have a configuration 
entropy exceeding 0.69R (R is the molar gas 
constant) and are composed of 3 or more elements, 
breaking the traditional metallurgical boundaries 
and being widely used in the design of alloys   
with excellent properties [14,15]. Compared with 
traditional alloys, MPEAs are typically composed 
of multiple principal elements with equal or near- 
equal atomic ratios and are usually a single-phase 
or multi-phase solid solution [16]. The MPEAs with 
a single BCC structure usually exhibit high strength 
and corrosion resistance, which makes them have 
broad application prospects in many fields [17−19]. 
In recent years, refractory multi-principal element 
alloys (RMPEAs) composed of refractory elements 
such as Ti, Hf, Mo, Nb, Zr and Ta have been 
developed, which have a single BCC phase [20,21]. 
Furthermore, owing to the high biocompatibility, 
the RMPEAs have great potentials for development 
in the field of biomedical application. Therefore, a 
series of equimolar and non-equimolar RMPEAs 
including Ti−Nb−Zr [22], Ti−Zr−(Hf,Ta,Nb) [23], 
Ti−Zr−Nb−Mo [24,25], Ti−Zr−Hf−Nb [26,27], 
Ti−Zr−Ta−Hf−Nb [28], Ti−Ta−Nb−Mo−Zr [29] 
and Mo−Nb−Hf−Zr−Ti [30] alloys have been 
investigated as biomaterials. 

In the existing MPEAs systems for biomedical 
field, TiHfMo, TiHfMoNb and TiHfMoNbZr alloys 
with the BCC phase have not been systematically 
investigated. Based on the aforementioned 
considerations, these alloys have suitable Young’s 
modulus and good corrosion resistance, and thus 
are promising as biomedical implants. Therefore, 
investigations on the microstructure, mechanical 
properties, and bio-corrosion behaviors of the BCC 
MPEAs composed of elements Ti, Hf, Mo, Nb  
and Zr were conducted in this work. Firstly, 
equiatomic and equimass TiHfMo, TiHfMoNb and 
TiHfMoNbZr alloys were experimentally prepared 
and their microstructures were characterized by X-ray 
diffraction patterns (XRD), optical microscopy 
(OM), scanning electron microscope (SEM), and 
electron backscatter diffraction (EBSD). Secondly, 
mechanical properties of MPEAs were tested by 
nanoindentation tester to obtain the Young’s moduli 
and hardness. Thirdly, bio-corrosion behaviors of 
MPEAs in simulated body fluids (SBF) were tested 

by electrochemical measurements. Finally, passive 
film and surface wettability of MPEAs were 
observed by using X-ray photoelectron spectroscopy 
(XPS) and sessile drop method, respectively. 
Moreover, CP-Ti and Ti6Al4V alloy were used for 
comparison in the measurements. 
 
2 Experimental 
 
2.1 Material preparation 

The slugs of Ti, Hf, Mo, Nb and Zr with the 
purity above 99.9 wt.% from Zhongnuo Advanced 
Material (Beijing) Technology Co., Ltd., were used 
as raw materials, and the ingots were fabricated by 
arc melting under an Ar atmosphere using a non- 
reactive W electrode (WKDHL−1, Opto-electronics 
Co., Ltd., Beijing, China). The ingots were flipped 
and re-melted at least six times to improve their 
homogeneity. The mass of each ingot was about 
40 g and the mass loss of ingots before and after arc 
melting were less than 0.5 wt.%. The samples with 
the dimension of 10 mm × 10 mm × 3 mm were cut 
from the ingots through wire electrical discharge 
machining. Subsequently, the samples ground by 
using SiC paper were sealed into vacuum quartz 
tubes, and then solid-solution treated at (1273±2) K 
for 2 h. Finally, all samples were ground to 
2000 grit with SiC paper and then mirror-polished 
with an alumina polishing solution. Here, samples 
were denoted as THM1, THM2, THMN1, THMN2, 
THMNZ1, and THMNZ2, respectively, whose 
compositions are listed in Table 1. 

 
2.2 Microstructure characterization 

XRD was performed by an X-ray diffractometer 
(D/max−2500/PC, Rigaku Corporation, Japan) 
equipped with Cu Kα radiation to analyze the phase 
of the investigated alloys. The scanning spectra 
were obtained in the range of 20°−90° with a scan 
rate of 5 (°)/min. OM was used on metallurgical 
microscope (Axiovert 200 MAT, Carl Zeiss Light 
Microscope, Germany) to initially observe the 
microstructural morphology. The samples for OM 
were mechanically polished through standard 
metallographic procedures and chemically etched 
by Kroll’s reagent (80% H2O, 15% HNO3, and 5% 
HF in vol.%). A Schottky field emission scanning 
electron microscope (FE-SEM, JSMIT800, JEOL, 
Japan) equipped with an EBSD unit was carried out 
to investigate grain size, structure and orientation. 

https://www.sciencedirect.com/topics/materials-science/crystal-microstructure
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Table 1 Compositions of MPEAs  

Alloy 
x/%  w/% 

Ti Hf Mo Nb Zr  Ti Hf Mo Nb Zr 

THM1 33.34 33.33 33.33 − −  14.86 55.37 29.77 − − 

THM2 56.59 15.18 28.23 − −  33.34 33.34 33.32 − − 

THMN1 25.00 25.00 25.00 25.00 −  11.53 42.99 23.11 22.37 − 

THMN2 43.81 11.76 21.85 22.58 −  25.00 25.00 25.00 25.00 − 

THMNZ1 20.00 20.00 20.00 20.00 20.00  9.45 35.25 18.95 18.34 18.01 

THMNZ2 35.62 9.55 17.78 18.36 18.69  20.00 20.00 20.00 20.00 20.00 
 
All the samples for EBSD were treated by electro- 
polishing at 30 V and −20 °C for 40 s in a mixed 
solution (64 vol.% CH3OH, 30 vol.% CH3(CH2)3OH, 
and 6 vol.% HClO4). 
 
2.3 Mechanical test 

Nanoindentation tester (Keysight G200, Agilent 
Technology, USA) equipped with diamond indenter 
tip was utilized to obtain the hardness and Young’s 
moduli of samples from the loading and unloading 
curves by using the Oliver-Pharr analysis. 
Indentations were carried out in the depth-control 
mode and the nanoindentation depth was controlled 
at 1000 nm to avoid depth effects. The hardness and 
Young’s moduli with respective standard deviation 
were reported as an average of nine valid 
indentations with the inter-indent distance of 
100 μm. 
 
2.4 Electrochemical test 

Electrochemical measurements were performed 
on a typical three-electrode electrochemical cell 
system, where the sample, platinum electrode and 
saturated calomel electrode (SCE) were used as 
working electrode, opposite electrode, and 
reference electrode, respectively. All the 
electrochemical tests were conducted in an 
electrochemical workstation (CHI 760 E, Shanghai 
Chenhua Instrument Co., Ltd., China) in SBF 
solution at 37 °C. The ion concentrations (mmol/L) 
in SBF solution were 142 Na+, 5.0 K+, 1.5 Mg2+,  
2.5 Ca2+, 4.2 HCO3

−, 1.0 HPO4
2−, 147.8 Cl− and 0.5 

SO4
2−, which were almost equal to the ion 

concentration in human plasma. The samples were 
immersed in SBF solution for 3600 s until the 
open-circuit potential (OCP) was almost stable. 
Potentiodynamic polarization analysis was recorded 

under a scanning rate of 1.0 mV/s from −1 to 1.5 V 
(vs SCE). The samples under the OCP were 
subjected to the electrochemical impedance 
spectroscopy (EIS) and Mott-Schottky (MS) 
analysis. Then, EIS tests were performed with an 
amplitude AC voltage of 10 mV and the frequency 
of 1×10−2−1×105 Hz, while MS tests were 
performed in the voltage range of −1 to 1 V (vs 
SCE) with an applied frequency of 1 kHz. All 
electrochemical tests were repeated at least three 
times to ensure accurate accuracy. 
 
2.5 Surface analysis of passive film 

After being immersed in SBF solution for 24 h, 
the samples were measured by using a spectrometer 
(K-alpha, Thermo Scientific, United Kingdom) for 
XPS to analyze the characteristics of the passive 
films. Here, XPS peaks were calibrated to the 
standard C 1s binding energy (284.8 eV). 
 
2.6 Measurement of surface contact angle 

The surface wettability of samples was carried 
out by the sessile drop method using a contact angle 
goniometer (SDC−100S, Dongguan Zhanding 
precision instrument Co., Ltd., China) at room 
temperature. At least five measurements were 
performed by dropping SBF solution upon the 
surface of each sample. Contact angle represents the 
average value of five or more drops for each 
sample. 
 
3 Results and discussion 
 
3.1 Phase analysis and microstructure 

The XRD patterns of the MPEAs after 
annealing at 1273 K for 2 h are shown in Fig. 1(a). 
The results of XRD patterns confirm that all the 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
https://www.sciencedirect.com/science/article/pii/S096697952100337X#fig1
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Fig. 1 XRD patterns (a) and magnified main diffraction 
peaks (b) of MPEAs 
 
solution-treated samples exhibit four strong 
diffraction peaks of (110), (200), (211) and (220), 
which refer to a typical BCC crystal structure 
without any intermetallic compounds. The enlarged 
figure of the (110) diffraction peak for all the 
MPEAs is displayed in Fig. 1(b). With the addition 
of element Nb, the diffraction peak shifts to the 
right side for the TiHfMo alloy, while the addition 
of element Zr makes the diffraction peak shift to the 
left side. This phenomenon is possibly induced by 
the larger lattice parameter (a) of Hf and Zr 
compared with Ti, Mo and Nb, and the lattice 
distortion intensity will change significantly by the 
composition variations. The lattice parameters of Hf 
and Zr are 355.9 and 358.2 pm, respectively, while 
the lattice parameters of Ti, Nb and Mo range from 
327.6 to 330.3 pm. Besides, the lattice parameters 
of the MPEAs can be calculated by the Vegard’s 
law ( i iα c α=∑ , where ci and αi are the molar 
fraction and lattice parameter of the ith element) 
[31]. The lattice parameters of THM1 to THMNZ2 
alloys are 337.93, 332.66, 335.97, 332.08, 340.42, 
and 336.96 pm. respectively, and THMNZ1 alloy 

gets the largest lattice parameter of 340.42 pm. 
According to the Bragg’s law,  

2sin

2 2 2λ h k lα
θ

+ +
=                        (1) 

 
where λ is the wavelength of X-ray radiation, θ is 
the diffraction angle of the (hkl) plane, the larger 
the lattice parameter, the smaller the diffraction 
angle of (hkl) plane. Therefore, the diffraction peak 
of (110) of THMNZ1 alloy is smaller than that of 
other MPEAs. 

A criterion for the solid-solution phase 
formation based on two parameters of δr and Ω was 
proposed to predict phase formation in MPEAs 
[32,33]. The atomic radius difference δr can be used 
to describe the strength of lattice distortion, which  
is calculated by  

2
r

1
= (1 / ) 100%

n

i i
i

δ c r r
=

− ×∑                 (2)
  

where ci is the atomic fraction of the ith component, 
ri is the atomic radius of the ith atom, and r is the 
average atomic radius) [34].  

Parameter Ω is the combined effect of mixing 
entropy (ΔSmix), mixing enthalpy (ΔHmix), and 
melting temperature (Tm), which can be expressed 
as [33]  

m mix

mix

Δ
Δ

T SΩ
H

=                             (3) 

 
Ω ≥ 1.1 and δr ≤ 6.6% are required to form 

solid-solution phases. The thermodynamic 
parameters and atomic-radius differences of the 
MPEAs are summarized in Table 2. All the MPEAs 
can meet the requirements of Ω ≥1.1 and δr≤6.6%, 
leading to formation of a stable BCC solid-solution 
 
Table 2 Parameters ΔHmix, δr, ΔSmix, Ω, and Tm of 
MPEAs 

Alloy 
ΔHmix/ 

(kJ·mol−1) 
δr/% 

ΔSmix/ 
(J·K−1·mol−1) 

Ω Tm/K 

THM1 −3.56 5.99 1.10R 6.29 2447.6 

THM2 −3.24 4.80 0.97R 5.72 2296.4 

THMN1 −2.00 5.34 1.39R 14.59 2523.3 

THMN2 −1.91 4.26 1.28R 13.37 2398.8 

THMNZ1 −1.60 6.09 1.61R 20.44 2444.2 

THMNZ2 −1.51 5.58 1.52R 19.70 2348.2 
 

https://www.sciencedirect.com/science/article/pii/S0925838821005442#fig0005
https://www.sciencedirect.com/topics/materials-science/lattice-constant
https://www.sciencedirect.com/topics/materials-science/mechanical-strength
https://www.sciencedirect.com/science/article/pii/S0925838822007745#tbl0005
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phase, which is consistent with the XRD result in 
Fig. 1(a). Moreover, compared with THM alloy, the 
addition of Nb decreases the δr but increases the Ω, 
while the addition of Zr increases both δr and Ω. 

The OM and SEM images of the samples are 
displayed in Fig. 2. The single-phase BCC solid 
solution with equiaxed grains is found in the THM1 
alloy. However, the other alloys exhibit a dendritic 
structure, where the typical dendrite (DR) and 
inter-dendrite (ID) structure can be observed. It can 
be seen from Table 3 that Hf, Mo, and Nb are 
partially segregated in the DR region of each 
MPEA, while Zr is partially segregated in the ID 
region, which distribute in the residual liquid phase 
during the solidification of the alloys. Moreover, 
THM2, THMN2, THMNZ1 and THMNZ2 alloys 
exhibit high color contrast between the DR and  
ID regions. These micro-segregations of the 

components may stem from the difference in 
element’s melting point and mixing enthalpy [35]. 

Figure 3 shows the inverse pole figure (IPF), 
grain orientation map, phase map, and grain    
size distribution of the MPEAs by the EBSD 
measurements. In Figs. 3(a−f), the results indicate 
that all the samples have a generally homogeneous 
microstructure with a similar equiaxial grain 
structure and orientation. These refractory alloys 
conform to the Kikuchi line of BCC structure in  
the inorganic crystal structure database, clearly 
confirming the existence of the single BCC phase. 
The average grain sizes of THM2 and THMN2 
alloys are 250−300 μm, and those of the other 
alloys are about less than 250 μm. Compared with 
the equimass MPEAs, equiatomic MPEAs have 
smaller average grain sizes, which is caused by the 
effect of sluggish diffusion [36,37]. 

 

 
Fig. 2 OM (a−f) and SEM (a1−f1) images of THM1 (a, a1), THM2 (b, b1), THMN1 (c, c1), THMN2 (d, d1), THMNZ1  
(e, e1), and THMNZ2 (f, f1) 

https://www.sciencedirect.com/science/article/pii/S0925838821005442#fig0010
https://www.sciencedirect.com/science/article/pii/S0966979522002722#bib23
https://www.sciencedirect.com/science/article/pii/S0925838821005442#fig0015
https://www.sciencedirect.com/topics/materials-science/crystal-microstructure
https://www.sciencedirect.com/topics/materials-science/crystal-microstructure
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Table 3 Composition of MPEAs by EDS (at.%) 

Alloy Ti Hf Mo Nb Zr 

THM1 

Normal 33.34 33.33 33.33 − − 

DR 32.51 34.11 33.38 − − 

ID 34.29 33.28 32.43 − − 

THM2 

Normal 56.59 15.18 28.23 − − 

DR 55.49 14.66 29.85 − − 

ID 56.95 16.34 26.71 − − 

THMN1 

Normal 25.00 25.00 25.00 25.00 − 

DR 23.46 24.10 26.46 25.98 − 

ID 24.28 26.95 24.29 24.48 − 

THMN2 

Normal 43.81 11.76 21.85 22.58 − 

DR 44.39 10.24 22.55 22.82 − 

ID 45.17 13.05 20.82 20.96 − 

THMNZ1 

Normal 20.00 20.00 20.00 20.00 20.00 

DR 18.65 21.13 20.15 20.86 19.21 

ID 19.44 20.92 18.52 18.98 22.14 

THMNZ2 

Normal 35.62 9.55 17.78 18.36 18.69 

DR 35.78 10.02 17.29 18.92 17.99 

ID 36.33 10.44 15.38 15.46 22.39 

 
3.2 Mechanical properties 

Nanoindentation tests were performed on the 
MPEAs to obtain the corresponding Young’s 
moduli and hardness. All the results are listed in 
Table 4. It can be found that the hardness (H) and 
Young’s moduli (E) of the MPEAs are within   
the range of 5.5−6.4 GPa and 95.6−126.2 GPa, 
respectively. Compared with the equiatomic 
MPEAs, equimass MPEAs have lower Young’s 
moduli, indicating that the rich-Ti alloys have lower 
Young’s moduli, and the addition of Nb and Zr can 
also reduce the Young’s moduli of the alloys. 
Moreover, according to the wear theory [38], wear 
resistance can be represented by using the ratios of 
hardness to Young’s modulus including H/E and 
H3/E2, which separately symbol the ability to resist 
elastic strain to failure and the materials’ resistance 
to plastic deformation in loaded contact, 
respectively. In Ref. [9], the values 0.04 and 0.009 
are recommended as the reference data of H/E and 
H3/E2 for comparison, and the Ti alloys with the 
higher H/E and H3/E2 values exhibit good wear 
resistance. In this study, the experimental results 
reveal that the ratios of H/E and H 

3/E 
2 for the 

MPEAs are larger than 0.04 and 0.009, enabling 
better wear resistance. 
 
Table 4 Mechanical properties of MPEAs by nano- 
indentation test 

Alloy H/GPa E/GPa H/E (H3/E2)/GPa 

THM1 6.39±0.09 126.22±3.32 0.051 0.016 

THM2 6.20±0.18 105.83±3.41 0.059 0.021 

THMN1 5.52±0.10 119.98±3.37 0.046 0.012 

THMN2 6.17±0.05 103.29±2.36 0.060 0.022 

THMNZ1 5.53±0.10 99.13±1.89 0.056 0.017 

THMNZ2 5.83±0.28 95.61±2.62 0.061 0.022 

 
3.3 Potentiodynamic polarization behavior in 

SBF 
The potentiodynamic polarization curves of  

all the MPEAs and two reference materials 
including CP-Ti and Ti6Al4V were measured in 
SBF solution at a scanning rate of 1 mV/s, which 
are shown in Fig. 4(a). It can be seen that the 
current density decreases and then increases as   
the potential changes from negative to positive 
values, and the anode curve appears a relatively 
stable and wide passivation zone. In this passivation 
zone, the potential increases but the current density 
remains relatively stable, indicating the self- 
passivation characteristics of all the samples. 
Moreover, the electrochemical parameters such as 
corrosion potential (φcorr), complete passivation 
potential (φcp), corrosion current density (Jcorr), and 
passivation current density (Jpass) can be obtained 
from the Tafel plot, and the results are listed in 
Table 5. 

It is found that the THM1 alloy exhibits the 
highest φcorr of −0.244 V and the lowest Jcorr of 
0.067 μA·cm−2, whereas the THMN2 alloy exhibits 
lower φcorr of −0.365 V and the highest Jcorr of 
0.143 μA·cm−2. This result may be caused by the 
recrystallization of the THM1 alloy after annealing, 
the formation of fine equiaxed grains, and the 
disappearance of the inhomogeneity of the structure. 
Besides, the THM1, THMN1 and THMNZ2 alloys 
have lower Jcorr than CP-Ti, indicating higher 
corrosion resistance. It should be noted that THM2 
and THMN2 alloys have relatively high Jpass, which 
is the coarse grains formed in the alloy significantly 
reduce the nucleation site of the passive film, and 
the passivation first occurs on surface crystalline  

https://www.sciencedirect.com/topics/materials-science/chemical-composition-analysis


Hao-qin LIN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2632−2651 2638 

 

 
Fig. 3 EBSD IPF maps (a−f) and corresponding grain size distributions (a′−f′) of MPEAs: (a, aʹ) THM1; (b, bʹ) THM2;         
(c, cʹ) THMN1; (d, dʹ) THMN2; (e, eʹ) THMNZ1; (f, fʹ) THMNZ2 
 

 
Fig. 4 (a) Potentiodynamic polarization curves of samples tested in SBF solution; (b) Passivation zone of potentio- 
dynamic polarization curve; (c) Current density variations at 400−500 mV in SBF solution 
 
lattice defects of Ti [39]. Therefore, grain 
refinement can improve the corrosion resistance of 
alloys with the thick, dense, and homogeneous 

amorphous film [39,40]. Furthermore, it can be 
found that all the MPEAs have lower Jpass than 
CP-Ti, which may be attributed to the passivation 

https://www.sciencedirect.com/topics/materials-science/amorphous-film
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effect of Nb, Hf and Mo on Ti alloys. Similarly, the 
φcp of CP-Ti is higher than those of MPEAs except 
THM1 alloy, which indicates an easy tendency of 
MPEAs to be passivated. Additionally, it is clearly 
seen from Fig. 4(b) that all the MPEAs exhibit 
extensive passivation on the polarization curve 
without pitting, indicating that the passive film has 
a high resistance to Cl− ions attack. The current 
density is determined for the characterization of the 
corrosion activity of the materials. Thus, the current 
density variations at 400−500 mV in SBF solution, 
corresponding to the ion release of the biomaterial 
in the surrounding tissue under physiological 
conditions [41], are shown in Fig. 4(c). Compared 
with CP-Ti, all the MPEAs have lower current 
density under physiological conditions and lower 
release rate of metal ions, which can reduce the 
occurrence of chronic inflammation around the 
implant. 
 
3.4 Electrochemical behaviors 

Figure 5 illustrates the electrochemical 
impedance spectroscopy (EIS) spectra of the 
samples tested in SBF solution. All of the samples 
have a similar feature of an unfinished semi-arc in 
the Nyquist plots (Fig. 5(a)). The radius of the 

capacitor arc, which represents the polarization 
resistance of the passive film, differed among the 
samples. Accordingly, the corrosion characteristics 
of the samples in the frequency range are given in 
Bode plots (Figs. 5(b, c)). In the high frequency 
range of 103−105 Hz, the impedance of the samples 
is small in the range of 10−100 Ω·cm2, and the 
phase angle remains almost constant around 0°. 
These results indicate that the resistivity of the 
electrolyte is negligible. In the middle and low 
frequency range of 10−2–103 Hz, the slope of the 
Bode impedance spectra of all the samples is close 
to −1, reflecting the superior corrosion resistant 
performance of the passive film formed on the 
samples. Moreover, the relatively stabilized phase 
angles (70°−80°) can be distinguished in the same 
frequency range of 10−2−103 Hz for CP-Ti, Ti6Al4V, 
THM1, THMN1, and THMNZ2 alloys, while 
10−1−103 Hz for THM2, THMN2, and THMNZ1 
alloys, indicating a capacitive response related to 
the presence of passive film. Based on the above 
results, the large phase angle in the Bode plots 
indicates that at least two time constants interact 
with each other. According to Ref. [42], these 
characteristics may be caused by the double-layer 
passive film structure formed on the surface of the  

 
Table 5 Electrochemical parameters of samples after polarization in SBF solution 

Alloy φcorr(vs SCE)/V φcp(vs SCE)/V Jcorr/(μA·cm−2) Jpass/(μA·cm−2) 

CP-Ti −0.265±0.012 0.317±0.011 0.093±0.011 7.586±0.452 

Ti6Al4V −0.404±0.019 0.147±0.008 0.090±0.013 4.227±0.102 

THM1 −0.244±0.018 0.336±0.021 0.067±0.003 3.069±0.251 

THM2 −0.334±0.019 0.302±0.015 0.127±0.007 5.458±0.342 

THMN1 −0.425±0.021 0.254±0.017 0.089±0.005 4.539±0.431 

THMN2 −0.365±0.035 0.265±0.006 0.143±0.015 5.081±0.122 

THMNZ1 −0.369±0.029 0.113±0.023 0.106±0.009 3.954±0.271 

THMNZ2 −0.318±0.031 0.128±0.011 0.091±0.006 3.119±0.167 

 

 

Fig. 5 EIS spectra of samples tested in SBF solution: (a) Nyquist plots; (b) Bode magnitude plot; (c) Bode phase plot 

https://www.sciencedirect.com/science/article/pii/S0010938X20303590?via=ihub#fig0055
https://www.sciencedirect.com/science/article/pii/S0010938X20303590?via=ihub#fig0055
https://www.sciencedirect.com/science/article/pii/S0010938X20303590?via=ihub#fig0055
https://www.sciencedirect.com/topics/materials-science/corrosion-resistance
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samples. In the double-layer passive film structure 
of Ti alloys, the outer layer is composed of a porous 
microstructure in contact with solution, whilst the 
inner layer barrier in contact with the metal surface 
acts as a compact barrier. 

To quantify the difference in physical− 
chemical behaviors of CP-Ti, Ti6Al4V and all the 
MPEAs, the equivalent circuit (Rs[Qp(Rp(QbRb))]) 
with two time constants was employed to fit the EIS 
data in Fig. 5. The circuits consist of electrolyte 
resistance (Rs), porous outer layer resistance (Rp), 
dense inner layer resistance (Rb), and capacitances 
of the outer porous layer and inner compact layer 
(CPEp and CPEb). In this study, a constant phase 
element (CPE) was chosen instead of a capacitor (C) 
as the distribution of relaxation time due to the fact 
that the electrode surface heterogeneity is related to 
the charge transfer capacity and capacitance of the 
metal−electrolyte interface passive film. The 
impedance of CPE (ZCPE) is defined as  
Q=ZCPE=[Y0(jω)n]−1                                     (4) 
 
where Y0 is the scale factor, j is the imaginary unit, 
ω is the angular frequency, and n is the exponent of 
CPE related to surface inhomogeneity, with values 
ranging from −1 to 1. The values of CPE, n, Rp and 
Rb are obtained and shown in Table 6. The 
Chi-squared (χ2) values of all investigated samples 
are in the order of 10−4, which indicates the nice 
agreement between the experimental data and 
fitting results. 

It can be found that each sample has a high Rb, 
and the Rb is about 103 order of magnitude higher 
than the Rp. Therefore, the corrosion resistance of 
the samples mainly depends on the inner dense 
layer, while the outer loose layer makes a small 
contribution to corrosion resistance. The n values of 

the films formed on the surface of the samples are 
in the range of 0.8297−1.000, indicating that the 
CPEs are essentially non-ideal capacitances. The 
effective capacitance (Ceff) can be obtained from the 
fitted CPE [43]:  
Ceff=CPE(fm)n−1                                          (5) 
 
where fm represents the frequency that the 
imaginary part of the impedance (Zimg) reaches its 
maximum value (see Fig. 5(a)). Ceff-p and Ceff-b 
represent the effective capacitance of the outer 
porous layer and inner compact layer, respectively. 
The Rb and Ceff-b reflect the corrosion resistance of 
the samples, respectively. The larger the Rb is, the 
smaller the Ceff-b is, further leading to the sample 
with better corrosion resistance. It can be found that 
THM1 alloy has the largest Rb of 6.945×105 Ω·cm2 
and the smallest Ceff-b of 3.379×10−5 F·cm2, whereas 
THMN2 alloy has the smallest Rb of 1.149×105 
Ω·cm2 and the largest Ceff-b of 14.767×10−5 F·cm2. 
This result for THMN2 alloy may be caused by the 
large BCC phase boundary in the alloy which leads 
to a decrease in the number of oxygen diffusion 
channels, and further results in poor density of the 
passive film. Besides, The Ceff-p is lower than Ceff-b 
of THM2, THMN2, and THMNZ1 alloys, which 
might be attributed to a defective inner layer that 
leads to the development of a thicker, more porous 
outer layer. Furthermore, THM1 and THMN1 
alloys have higher Rb and lower Ceff-b than CP-Ti 
and Ti6Al4V alloy. According to the total 
impedance of the alloys and the results in Table 6, 
the corrosion resistance of the tested samples is 
arranged in order: THM1 > THMN1 > Ti6Al4V > 
THMNZ2 > CP-Ti > THMNZ1 > THM2 > 
THMN2, which is in good agreement with the 
result from potentiodynamic polarization curves. 

 
Table 6 Ceff and fitting data designated from EIS measurements of tested alloys in SBF solution 

Alloy 
Rs/ 

(Ω·cm2) 
CPEP/ 

(10−5 sn·Ω·cm2) 
Ceff-P / 

(10−5 F·cm2) 
n1 
 

RP/ 
(102 Ω·cm2) 

CPEb / 
(10−5 sn·Ω·cm2) 

Ceff-b/ 
(10−5 F·cm2) 

n2 
Rb/ 

(105 Ω·cm2) 
χ2/ 

10−4 

CP-Ti 37.07 6.790 11.664 0.8827 0.423 5.748 10.498 0.8692 3.003 2.62 

Ti6Al4V 37.32 6.021 12.379 0.8435 0.886 3.288 5.804 0.8766 4.201 3.62 

THM1 37.55 4.104 7.112 0.8806 1.279 1.775 3.379 0.8602 6.945 2.17 

THM2 38.62 4.126 6.016 0.9181 0.326 6.448 13.985 0.8319 1.219 4.62 

THMN1 38.07 4.533 8.352 0.8673 1.012 3.238 5.578 0.8819 5.947 8.27 

THMN2 38.47 3.506 5.327 0.9656 0.307 7.746 14.767 0.8599 1.149 2.31 

THMNZ1 39.78 5.406 5.406 1.000 0.348 6.561 11.914 0.8297 1.594 1.98 

THMNZ2 37.91 3.871 6.421 0.8901 0.454 3.413 6.131 0.8728 3.345 1.32 

https://www.sciencedirect.com/science/article/pii/S0010938X20303590?via=ihub#fig0055
https://www.sciencedirect.com/science/article/pii/S1005030221009932#tbl0003
https://www.sciencedirect.com/science/article/pii/S1005030221009932#bib0047
https://www.sciencedirect.com/science/article/pii/S0010938X20303590?via=ihub#fig0055
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3.5 Mott-Schottky analysis 
In general, the compositions and structures of 

the passive films have important effects on the 
corrosion resistance. To further investigate the 
structure of the passive film of samples, MS 
technique was used to measure the semiconducting 
properties of the passive film in SBF solution  
from the φ(vs SCE) value of −1 to 1 V. The 
semiconductor type of the passive film can be 
determined by the MS curve slope. The positive 
slope represents the n-type semiconductor 
characteristics, and the negative slope represents the 
p-type semiconductor characteristics. Figure 6 
illustrates the MS curves of CP-Ti, Ti6Al4V, and 
MPEAs. It is seen from the figure that all the 
characterized samples show positive slopes in SBF 
solution, which conforms to the property of n-type 
semi-conductor. Thus, the dominant defects in the 
oxide layer are donors, such as oxygen vacancies or 
titanium interstitials. For n-type semi-conductor, the 
semiconductor properties of passive films are given 
by the following relation [44]: 
 

FB
0 r D

1 2 ( )kT
C ε ε eN e

ϕ ϕ= − −                (6) 

 
where εr represents the dielectric constant of the 
passive films, ε0 represents the vacuum permittivity 
(8.854×10−14 F/cm), e represents the elementary 
charge (1.602×10−19 C), ND represents the donor 
concentration, φ represents the applied potential, 
φFB represents the flat band potential, k represents 
the Boltzmann constant (1.38×10−23 J/K), and T 
represents the thermodynamic temperature. The 
kT/e term can be ignored because the value is about 
25 mV at room temperature. The approximate εr 
values of Ti, Hf, Mo, Nb and Zr oxides in the 
passive films are 60, 25, 29, 41 and 51, respectively, 
ignoring the difference among various high-priced 
oxides and oxides of Ti, Mo and Nb [45−47]. Thus, 
the values of the dielectric constant of the passive 
films are given by the logarithmic composition and 
mixture rule [48]:  

rln = ln i iε V ε∑                            (7) 
 
where Vi is the volume fraction, and εi is the 
dielectric constant of the component oxide. The   
εr and ND are listed in Table 7. The results show  
that the ND values from the slope by fitting      
the linear part are 0.71×1020, 0.51×1020 and 

(0.51−2.75)×1020 cm−3 for CP-Ti, Ti6Al4V and 
MPEAs, which are within the reasonable range of 
1×1018−1×1023 cm−3. The higher ND values indicate 
higher chemical affinity for chloride ions than 
hydroxyl groups, which is detrimental to the passive 
film and impaired their barrier properties [49]. 
Therefore, THM1 alloy has the lowest ND of 
0.51×1020 cm−3 among all the samples, and the 
THMN1 (0.69 × 1020 cm−3) and THMNZ2 
(0.88×1020 cm−3) alloys also have lower ND 
compared with the other MPEAs, indicating that 
they generate denser passive films with better 
corrosion resistance, which is consistent with the 
potentiodynamic polarization results in Fig. 4. 
 

 
Fig. 6 MS curves of samples tested in SBF solution 
 
Table 7 εr and ND for passive film on CP-Ti, Ti6Al4V 
and MPEAs in SBF solution at 37 °C 

Alloy εr 
Slope/ 

(1010 cm4·F−2·V−1) 
ND/ 

1020 cm−3 

CP-Ti 60 3.34 0.71 

Ti6Al4V 60 4.22 0.56 

THM1 35 7.96 0.51 

THM2 43 1.59 2.06 

THMN1 36 5.67 0.69 

THMN2 42 1.22 2.75 

THMNZ1 41 1.87 1.84 

THMNZ2 45 3.55 0.88 

 
The thickness (Deff) of the passive film can be 

evaluated in combination with the numerical values 
of Ceff in Table 6 by [50]  

r 0
eff

eff
= ε εD

C
                              (8) 

https://www.sciencedirect.com/science/article/pii/S1005030221009932#bib0047
https://www.sciencedirect.com/science/article/pii/S1005030221009932#bib0049
https://www.sciencedirect.com/science/article/pii/S1005030221009932#bib0049
https://www.sciencedirect.com/science/article/pii/S0010938X19309977?ref=pdf_download&fr=RR-2&rr=7e25d3530aa524b2#tbl0015
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Combined with the calculated Ceff, the 
thicknesses of the passive film of CP-Ti, Ti6Al4V, 
THM1, THM2, THMN1, THMN2, THMNZ1 and 
THMNZ2 alloys are estimated to be 0.95, 1.33, 
1.36, 0.90, 0.97, 0.94, 0.98 and 1.27 nm, 
respectively. Thus, the THM1 alloy has the best 
corrosion resistance and the highest passivation 
film stability among the alloys. It should be noted 
that the results are slightly different from those 
obtained by potentiodynamic polarization results, 
which is caused by the oxide composition of the 
double-layer passive film on the surface. 
 
3.6 XPS analysis of passive film 

After biomedical-Ti alloy is implanted into 
human body, the passive film generated on its 
surface plays a key role in the corrosion resistance 
of the implant in the complex environment of 
human body. To investigate the passivation 
behavior of the MPEAs, XPS analysis was 
performed to elucidate the composition of the 
passive film after all the samples were soaked for 
24 h to obtain the stable OCP. Figure 7 illustrates 
the high-resolution XPS spectra of the constituent 
elements. It exhibits the characteristic peaks of     
C 1s, O 1s, Ti 2p, Hf 4f, Mo 3d, Nb 3d and Zr 3d. 
The C 1s peak is attributed to the unavoidable 
contamination of hydrocarbon on the top surface of 
the samples. 
 

 

Fig. 7 Survey XPS spectra of alloys after being 
immersed in SBF solution for 24 h 
 

Figure 8 shows the high-resolution XPS 
spectra of the Ti 2p, Hf 4f, Mo 3d, Nb 3d and Zr 3d 
after the MPEAs are immersed in SBF solution for 
24 h. All the results are fitted against the NIST XPS 

database. For the Ti element, Figs. 8(a1−a3) present 
the high-resolution Ti 2p spectra of the MPEAs. Ti 
2p1/2 and Ti 2p3/2 peaks are found at 464.0−464.2 
and 458.2−458.4 eV for the Ti4+, respectively. For 
Ti3+ and Ti2+, Ti 2p3/2 peaks are respectively 
observed at 456.9−457.4 and 455.3− 455.6 eV, and 
the peaks of Ti0 (located at 453.3− 453.7 eV) are 
also observed. Therefore, Ti oxides formed in the 
passive film of the MPEAs are mainly TiO2, Ti2O3, 
and TiO. For Hf, only Hf4+ and Hf0 are found in the 
passive films, indicating that only HfO2 is generated 
in all the MPEAs, as shown in Figs. 8(b1−b3). For 
the Mo oxide, the formed passive films are 
composed of MoO3 and MoO2, which can be found 
from the high-resolution Mo 3d spectra of the 
MPEAs in Figs. 8(c1−c3). It can be found that the 
relative content of Mo in the MPEAs is relatively 
high, which indicates that Mo has weak oxidation 
capacity at the reaction interface. 

For the THMN1, THMN2, THMNZ1, and 
THMNZ2 alloys, stable Nb oxides will be formed 
from the following sequence of consecutive 
oxidation reactions: 
 
Nb+H2O=NbO+2H++2e                    (9)  
NbO+H2O=NbO2+2H++2e                 (10)  
NbO2+H2O=Nb2O5+2H++2e               (11) 
 

It can be found that there are many forms of 
Nb in the passive film, and the main form of Nb in 
the passive film is Nb2O5. Small amounts of NbO2 
or NbO, and metal Nb are also presented in 
Figs. 9(a, b). In addition, no NbO2 is detected in the 
passive film of THMN2 alloy. A possible reason for 
this phenomenon will be given later in this study. 
Similar to the Hf element, Fig. 9(c) shows the 
coexistence of Zr4+ and Zr0 in the passive film of 
the THMNZ1 and THMNZ2 alloys, and no other 
low valence oxides are found. These results indicate 
that Zr has a high oxidation capacity at the reaction 
interface. 

As shown in Figs. 10(a−c), the O 1s spectra 
have three overlapping peaks, indicating that the 
oxygen is presents at several states, including OM, 
OH−, and H2O. The OM refers to metal oxides in 
the passive film, and the OH− ion is hydroxyl 
oxygen which is related to protons in the passive 
film. Besides, H2O refers to the absorbed water in 
the passive film. It should be noted that the fraction 
of H2O in oxide film is relatively low due to     
the dehydration effect in the air [51]. Moreover, the  

https://www.sciencedirect.com/science/article/pii/S0010938X22001500#fig0045
https://www.sciencedirect.com/science/article/pii/S0925838822007745#fig0045
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Fig. 8 Deconvoluted high-resolution XPS spectra for Ti 2p (a1−a3), Hf 4f (b1−b3), and Mo 3d (c1−c3) of MPEAs after 
being immersed in SBF solution for 24 h 
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Fig. 9 Deconvoluted high-resolution XPS spectra for Nb 3d (a, b) and Zr 3d (c) of MPEAs after being immersed in SBF 
solution for 24 h 
 
content of metal oxides in THM2 (39.81%) and 
THMN2 (38.16%) alloys is relatively low, which is 
unfavorable to the microscopic uniformity and 
pitting resistance of the passive film on the surface 
of titanium alloys in Fig. 10(d). 

To see the relative distribution of the  
oxidation states of Ti, Mo and Nb elements, 
stacking histograms of sub-oxide content in passive 
films are presented in Fig. 11. Compared with 
THM2 alloy, the addition of Nb and Zr reduces the 
content of Ti sub-oxides of THMN1, THMNZ1 and 
THMNZ2 alloys, which may be attributed to the 
growth of the stable passive films of the alloys [52]. 
However, it is worth mentioning that the proportion 
of Ti sub-oxides in THMN2 alloy is relatively high 
on the surface, which may be due to the large grain 
size and the element segregation. For the MPEAs, 
the elemental segregation might promote the 
formation of less stable oxides, and the dendritic 
and inter-dendritic regions with different 
compositions may also create a potential difference, 
resulting in a galvanic reaction between the two 
regions in the MPEAs [53]. In contrast to the high 
valence oxides of Ti and Nb, the surface stable 
MoO2 of MPEAs has a relatively low content. 
Moreover, the addition of Nb and Zr reduces the 
relative content of MoO3 in the passive films, which 
may be attributed to the preferential formation of 
stable oxides of Nb and Zr. 

The multi-element composition of MPEA 
leads to the film formation of multiple elements 
competing on the alloy surface. From the 
perspective of thermodynamic, the driving force for 
the formation of the passive films on the MPEAs 
can be expressed in terms of the Gibbs free energy 
(ΔrGm

Θ) of the reaction of the metal with solution. 
Since the formation of oxides in air and aqueous 
solutions is different, it should be noted that the 
order of preferential oxidation of different metal 
elements does not simply follow the magnitude of 
the ΔrGm

Θ, and the environment also has an impact 
on the formation capacity of oxides. Moreover, 
oxide formation occurs at the oxide−solution (o−s) 
and metal−oxide (m−o) interfaces. The definition of 
ΔrGm

Θ and the reaction conditions in aqueous 
solution are different due to the different 
availability of oxidants. In this sense, it is 
necessarily normalized by real reactants, case by 
case. Taking the preceding consecutive reaction of 
Nb element as an example (Eqs. (9)−(11)), when 
the oxidizing agent is sufficient in supply and the 
oxide formation occurs at the o−s interface, the total 
reaction can be expresses as  
Nb+5/2H2O=1/2Nb2O5+5H++5e            (12)  

In contrast, when the O2− ion is insufficient in 
supply, the total reaction at the m−o interface is 
expressed as 
2/5Nb+H2O=1/5Nb2O5+2H++2e            (13) 

https://www.sciencedirect.com/topics/engineering/metal-oxide
https://www.sciencedirect.com/science/article/pii/S0169433220336473#f0020
https://www.sciencedirect.com/science/article/pii/S1005030221009932#bib0049
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https://www.sciencedirect.com/topics/engineering/gibbs-free-energy
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Fig. 10 Deconvoluted high-resolution XPS spectra for O 1s (a−c) and content of metal oxides in passive film (d) of 
MPEAs after being immered in SBF solution for 24 h 
 

 
Fig. 11 Stacking histograms of sub-oxide content in passive films: (a) Ti 2p; (b) Mo 3d; (c) Nb 3d 
 

The ΔrGm
Θ of Reactions (12) and (13) is 

respectively calculated as −290.05 and −116.02 kJ/mol. 
For the sake of comparison, all relevant data for the 
different elements are listed in Table 8, where 
Δr1Gm

Θ represents Gibbs free energy change of the 

oxide formation occurring at the o−s interface, and 
Δr2Gm

Θ represents Gibbs free energy change of the 
oxide formation occurring at the m−o interfaces. 
Then, the order in which each metal element forms 
the main stable oxides is as follows: HfO2 > ZrO2 > 

https://www.sciencedirect.com/topics/engineering/metal-oxide
https://www.sciencedirect.com/science/article/pii/S0264127523002356#t0025
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TiO2 > Nb2O5 > MoO2. The cationic concentrations 
in the surface films of the MPEAs immersed in SBF 
solution are displayed in Fig. 12, and the contents 
of oxides are listed in Table 9. Comparing the 
nominal composition of the MPEAs, the contents of 
Hf and Zr are higher than those in the substrate, and 
the content of Ti is somewhat higher than that in  
the substrate. On the contrary, the contents of Nb 
and Mo are lower than those in the substrate. 
Therefore, the elements of Hf, Zr, and Ti in the 
MPEAs are more susceptible to oxidation, resulting 
in the formation of stable oxides. The preferred 
oxides dominated by thermodynamic factors are in 
 
Table 8 Standard Gibbs free energy of formation (ΔfGm

Θ) 
of associated oxides, Gibbs free energy change (Δr1Gm

Θ) 
of oxide formation occurring at o−s interfaces and Gibbs 
free energy change (Δr2Gm

Θ) of oxide formation occurring 
at m−o interfaces 

Species 
ΔfGm

Θ/ 
(kJ·mol−1) 

Δr1Gm
Θ/ 

(kJ·mol−1) 
Δr2Gm

Θ/ 
(kJ·mol−1) 

TiO2 −1434.2 −414.52 −207.26 
Ti2O3 

TiO 

−888.8 
−495.0 

−361.39 
−257.86 

−240.93 
−257.86 

HfO2 −1088.2 −613.92 −306.96 

MoO3 −668.1 43.32 14.44 

MoO2 −533.0 −58.77 −29.36 

Nb2O5 −1765.8 −290.05 −116.02 

NbO2 −740.5 −266.22 −133.11 

NbO −392.6 −155.46 −155.46 

ZrO2 −1042.8 −568.52 −284.26 

H2O −237.14 − − 

 

 
Fig. 12 Oxide content of passive films formed on 
MPEAs (ox: Oxidized state) 

agreement with the XPS results except THMNZ1 
and THMNZ2 alloys. Besides, when the O2− ion is 
insufficient in supply obviously, the oxidation state 
of Nb is more likely to be NbO instead of NbO2 
(NbO (Δr2Gm

Θ)<NbO2 (Δr2Gm
Θ)). This may also be 

the reason why NbO is present in the passive film 
without the presence of NbO2 for THMN1 alloy. 

It is noticeable that ZrO2 has a higher 
preferential oxidation degree than HfO2 for 
THMNZ1 and THMNZ2 alloys, and that is contrary 
to the oxide formation sequence dominated      
by thermodynamic parameters (HfO2<ZrO2). This 
result is mainly due to the fact that the migration of 
metallic cations and oxide anions within the passive 
film is the other factor to affect the oxide species in 
passive film on the alloy [54]. The migration rate of 
ions can be defined as the ratio of the current 
density contributed by the metal cation migration in 
the reaction to the total ion current density, which is 
related to the metal−oxygen binding bond energy, 
ionic radius and dielectric constant, and its value 
can be reflected by nM [54,55]. For the THMNZ1 
and THMNZ2 alloys, the nM of Hf and Zr is about 
0.05 and 0.09, respectively, which indicates that Zr 
has the large ion migration rate [56,57]. Moreover, 
it is reported that high contents of Ti and Nb 
dominate the amorphous properties of the oxide 
film, and enhance the movement of Zr4+ ions, 
resulting in a higher content of Zr than that of Hf in 
the passive film [58]. 

 
3.7 Surface wettability 

Typically, the wettability can be reflected by 
the contact angle. Thus, the contact angle is 
recorded by sessile drop through the dropping of 
SBF solution from a syringe onto the surface of the 
samples. Figure 13 shows the photographs taken 
from the samples and the corresponding average 
contact angels. In the figure, CP-Ti has the smallest 
contact angle of (57.5±0.8)° and THM1 alloy has 
the largest contact angle of (74.4±1.0)°. The contact 
angles of MPEAs are within the range of 65°−75°, 
which may be caused by the dense lattice structure 
of BCC structure [59]. Compared with CP-Ti and 
Ti6Al4V alloy, the Ti-based BCC MPEAs   
contain higher volume fraction of BCC phase, and 
the dense lattice structure of BCC Ti alloy increases 
the electron density on the alloy surface, reduces 
the surface energy of the alloy, and thus makes  
the liquid form a larger contact angle on the alloy 

https://www.sciencedirect.com/topics/materials-science/beryllium-ion
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Table 9 Cationic fractions of surface films on MPEAs immersed in SBF solution 

Alloy 
Content/at.% 

Ti4+ 
(TiO2) 

Ti3+ 
(Ti2O3) 

Ti2+ 
(TiO) 

Hf4+ 
(HfO2) 

Mo6+ 
(MoO3) 

Mo4+ 
(MoO2) 

Nb5+ 
(Nb2O5) 

Nb4+ 
(NbO2) 

Nb2+ 
(NbO) 

Zr4+ 
(ZrO2) 

THM1 29.2 3.58 5.4 41.9 4.72 15.2 − − − − 

THM2 43.68 8.75 11.95 17.52 4.02 14.08 − − − − 

THMN1 17.9 9.84 2.74 34.12 5.94 10.48 13.78 3.04 2.16 − 

THMN2 31.57 10.16 8.31 15.12 4.3 12.1 14.72 − 3.72 − 

THMNZ1 19.31 2.02 1.93 24.56 4.1 7.7 8.02 2.04 1.92 28.4 

THMNZ2 26.64 7.67 4.23 10.68 3.76 7.72 9.87 1.44 2.89 25.1 

 

 
Fig. 13 Photographs (a) and average contact angles (b) of samples 
 
surface. In addition, a larger contact angle usually 
means that the surface is more hydrophobic. The 
corrosion resistance of alloy is also closely related 
to hydrophobicity and hydrophilia, and a 
hydrophobic surface generally brings about high 
corrosion resistance in a metal [60]. Therefore, the 
THM1, THMN1, THMNZ1 and THMNZ2 alloys 
present large contact angles in SBF solution, 
exhibiting excellent corrosion resistance. 
Furthermore, the contact angle is an important 
parameter for implant biomaterials, which is 

associated with a series of biological reactions such 
as protein adsorption, activation of blood 
coagulation and bioadhesion [61]. The contact 
angle of the surface is less than 90° for most 
hydrophilic materials. According to the report that 
cells tend to adhere onto surfaces with a water 
contact angle of approximately 70° [62], all MPEAs 
possess surface hydrophilicity intrinsically, and 
their surface contact angles are beneficial to cell 
adhesion and attachment, which have good 
potential for biomedical applications. 

https://www.sciencedirect.com/topics/materials-science/hydrophobic-surface
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4 Conclusions 
 

(1) All MPEAs after the solution annealing 
have a single BCC phase structure without any 
intermetallic compounds. The average grain size of 
equimass TiHfMo and TiHfMoNb alloys is 
250−300 μm, while that of the other MPEAs is less 
than 250 μm. The small average grain size of 
equiatomic refractory alloys indicates that the 
sluggish diffusion occurs in the MPEAs. 

(2) The hardness and Young’s moduli of 
MPEAs are within the range of 5.5−6.4 and 
95.6−126.2 GPa, respectively. The ratios of H/E 
and H3/E2 for MPEAs are respectively larger than 
0.04 and 0.009, enabling better wear resistance. 

(3) The passive films are composed of a 
bi-layered microstructure and the corrosion process 
of Ti substrate is hindered mainly by the inner film. 
According to the potentiodynamic polarization 
curves and EIS analysis, the corrosion resistance of 
MPEAs is as follows: THM1 > THMN1 > 
Ti6Al4V > THMNZ2 > CP-Ti > THMNZ1 > 
THM2 > THMN2. Mott−Schottky analysis presents 
n-type semiconducting characteristics for all the 
passive films formed on the MPEAs. Moreover, 
these passive films have high resistance to Cl− ions 
attack. 

(4) XPS results show that a variety of stable 
oxides such as TiO2, HfO2, MoO2, Nb2O5 and ZrO2 
are formed on the surface of the MPEAs. Moreover, 
the growth rates of ZrO2 and MoO2 are respectively 
the highest and lowest, the rate of HfO2 is lower 
than that of ZrO2, and TiO2 has a higher growth rate 
than Nb2O5. The present results are supported by 
thermodynamic calculations and kinetic analysis. 

(5) The MPEAs possess larger contact angles 
than CP-Ti and Ti6Al4V alloy, exhibiting excellent 
corrosion resistance. 
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摘  要：制备等原子比和等质量比 TiHfMo、TiHfMoNb 和 TiHfMoNbZr 合金，并系统研究它们的显微组织、力     

学性能和生物腐蚀行为。结果表明，所有多主元合金(MPEAs)均为单一的 BCC 相结构，不含有金属间化合物。此

外，多主元合金的杨氏模量和硬度分别在 95~126 GPa 和 5.5~6.4 GPa 范围内。在模拟体液中，由于钝化膜由多种

氧化物组成，且表面具有较大的接触角，多主元合金具有优异的抗氯离子侵蚀能力。与 CP-Ti 和 Ti6Al4V 合金相

比，等原子比 TiHfMo 和 TiHfMoNb 合金具有优良的耐点蚀和耐腐蚀性、润湿性和耐磨性的理想组合，可作为生

物医用金属植入物的潜在候选材料。 

关键词：多主元合金；BCC 相钛合金；显微组织；力学性能；生物腐蚀行为；钝化膜 
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