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MICROSTRUCTURE AND ELECTROCHEMICAL BEHAVIORS OF EQUIATOMIC TiMoVCrZr
AND Ti-RICH TiMoVCrZr HIGH-ENTROPY ALLOYS FOR METALLIC BIOMATERIALS

The present study investigated various thermodynamic parameters, microstructures and electrochemical behaviors of
TiMoVCrZr and Ti-rich TiMoVCrZr high-entropy alloys (HEAs) prepared by vacuum arc remelting. The microstructures of the
alloys were analyzed using X-ray diffraction (XRD) analysis, field emission scanning electron microscopy (FE-SEM), and potentiodynamic polarization tests. The determined thermodynamic values of the Ω-parameter and the atomic size difference (δ) for the
HEAs were determined to be in the range of Ω ≥ 1.1, and δ ≤ 6.6% with valance electron configuration (VEC) ≤ 5.0, suggesting the
HEAs were effective at forming solid solutions. XRD patterns of the equiatomic Ti20Mo20V20Cr20Zr20 HEA revealed four phases
consisting of the body centered cubic1 (BCC1), BCC2, hexagonal close-packed (HCP), and intermetallic compound Cr2Zr phases.
Three phases were observed in the XRD patterns of Ti-rich Ti40Mo15V15Cr15Zr15 (BCC, HCP, and Cr2Zr) and a single BCC phase was
observed in Ti-rich Ti60Mo10V10Cr10Zr10 HEAs. The backscattered-electron (BSE) images on the equiatomic Ti20Mo20V20Cr20Zr20
HEA revealed BCC and HCP phases with Cr2Zr precipitates, suggesting precipitation from the HCP solid solution during the
cooling. The micro-segregation of Ti-rich Ti60Mo10V10Cr10Zr10 HEAs appeared to decrease remarkably. The alloying elements
in the HEAs were locally present and no phase changes occurred even after additional HIP treatment. The lowest current density
obtained in the polarization potential test of Ti-rich Ti40Mo15V15Cr15Zr15 HEA was 7.12×10–4 mA/cm2 was obtained. The studied
TiMoVCrZr HEAs showed improved corrosion characteristics as compared to currently available joint replacement material such
as ASTM F75 alloy.
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1. Introduction
HEAs, alloys with five or more principal elements, with
equiatomic or near equiatomic compositions provide unique
properties in comparison to conventional alloys because of
their high configurational entropy [1,2]. HEAs may favor the
formation of single-phase solid solutions, such as face-centered
cubic (FCC), BCC, or HCP; in other cases, they form two or
more phases in other cases. Yeh et al proposed that the four core
HEA effects, including high-entropy, sluggish diffusion, severe
lattice distortion, and cocktail effects, all play a major role in
improving physical and mechanical properties [3].
Most refractory HEAs based on the metallic elements of
Group IV (Ti, Zr, and Hf), Group V (V, Nb, and Ta), and Group
VI (Cr, Mo, and W) have exhibited a single BCC phase with
high hardness and strength but insufficient ductility at room
temperatures. Willmann suggested that the ideal materials for
joint replacement should exhibit a biocompatibility, high hard1

ness and stiffness, and an excellent corrosion resistance [4].
Co-28wt.%Cr-6wt.%Mo alloys (ASTM F75 in the cast version
and ASTM F799 is the wrought version) are more wear-resistant,
and are clinically used as femoral head surfaces of the joint
prostheses. HEAs, being capable of the formation of single- or
two-phase solid solutions, have the potential to improve performance of the joint prostheses. In addition, Ti-rich HEAs have
the potential to prevent adverse fibrous tissue encapsulation
reactions. A few studies on the electrochemical behaviors of
TiZrTaHfNb [5], TiZrNbTaMo [6], and TiZr0.5NbCr0.5VxMoy
[7] HEAs showed remarkably high polarization resistance and
superior pitting resistance when compared to CoCrMo alloys
and 316L stainless steel.
The purpose of this study was to investigate various thermodynamic parameters, microstructures, and electrochemical
behaviors of equiatomic and Ti-rich TiMoVCrZr HEAs as
prepared by vacuum arc remelting.
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2. Experimental
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The Ti20Mo20V20Cr20Zr20 HEA and the Ti-rich Ti40Mo15V15
Cr15Zr15 and Ti60Mo10V10Cr10Zr10 HEAs were fabricated by
vacuum arc remelting (VAR, ACE VACUUM, AVA-1500, Korea). Commercially pure Ti chips (ASTM CP Grade II), Mo bars
(99.8 wt.%), V sheets (99.9 wt.%), Cr chips (99.9 wt.%) and Zr
sheets (99.9 wt.%) were arc melted in a water-cooled copper
hearth with a tungsten electrode. The ingots were subsequently
flipped and re-melted five times in an argon atmosphere. All
the cast ingots were then homogenized at 1000 and 1200°C for
4 h in a vacuum atmosphere with a pressure of 1.5 × 10−3 Pa.
The actual chemical compositions (at%) of TiMoVCrZr HEAs
analyzed using EDS attached FE-SEM are given in Table 1. Special heat treatment was applied with hot isostatic pressing (HIP,
AIP10-30H, American Isostatic Presses, U.S.A.) at a temperature
of 1300°C for 4 h with a pressure of 150 MPa.
TABLE 1
Actual chemical compositions (at%) of TiMoVCrZr HEAs analyzed
using EDS attached FE-SEM
Alloy

Ti

Mo

V

Cr

Zr

Total

Ti20Mo20V20Cr20Zr20 16.73 23.90 20.37 16.96 22.03 100.00
Ti40Mo15V15Cr15Zr15 41.05 16.21 14.88 13.62 14.24 100.00
Ti60Mo10V10Cr10Zr10 58.89 10.61 9.27 10.05 11.18 100.00

The phase constitutions of the HEAs were examined by
X-ray diffraction (XRD, PANalytical, X’ Pert pro, Netherland)
analysis using Cu-Kα radiation over a 2θ range of 20-90° at an
acceleration voltage of 40 kV. Field emission scanning electron
microscopy (FE-SEM, Gemini 500, ZEISS, Germany) in conjunction with energy dispersive X-ray spectroscopy (EDS) were
used to characterize the microstructures of the HEAs.
Electrochemical experiments were performed on a flat
cell corrosion tester (PARSTAT 2273, USA) at a temperature
of 37±1℃. A three-electrode cell was used for potentiodynamic polarization tests, where the reference electrode was
a silver/silver chloride electrode, the counter electrode was
made of a platinum plate, and the working electrode was the
specimen. All experiments were conducted at a constant scan
rate of 0.25 mV/s, initiated at −250 mV below the open-circuit
potential. The working electrolyte was an aqueous Ringer’s
physiological solution (NaCl = 9.00 g L–1; CaCl2 = 0.24 g L–1;
KCl = 0.43 g L–1; NaHCO3 = 0.2 g L–1).

3. Results and discussion
Thermodynamic parameters, including the enthalpy of mixing (∆Hmix), the entropy of mixing (∆Smix), and the Ω-parameter
[8], the (δ) [9], and the VEC [10], were used to predict the
formation of solid solution of HEAs. Equations for these terms
were expressed as:
'H mix
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was the regular solution interaction path
rameter between the i and jth elements, ci or cj were the atomic
AB
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was the enthalpy
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was the average atomic radius, ri was the atomic
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radius, and VECi was the VEC for the ith element.
Table 2 shows various thermodynamic parameters calculated using Eqs. (1), (2), (3), (4), and (5) for predicting the formation
of solid solution phases in the TiMoVCrZr HEAs. The values of
δ, Ω-parameter, and VEC were 6.8%, 5.73, and 5, respectively,
for Ti20Mo20V20Cr20Zr20; 5.9%, 6.32, and 4.75, respectively,
for Ti40Mo15V15Cr15Zr15; 4.3%, 7.39, and 4.5, respectively, for
Ti60Mo10V10Cr10Zr10. The obtained values of the Ω-parameter
and the δ, were found in the range of Ω ≥ 1.1, and δ ≤ 6.6% [8],
suggesting an effective formation of solid solutions. A slightly
high value of δ (6.8%) was obtained for Ti20Mo20V20Cr20Zr20
HEA. Additionally, all VEC values were less than 6.87 [10],
indicating HEAs with BCC solid solutions.
TABLE 2
Thermodynamic parameters (δ, ∆Hmix, ∆Smix, Ω, and VEC)
used for predicting the formation of solid solution phases
of TiMoVCrZr HEAs
Alloy

δ (%)

∆Hmix
(kJ/mol)

∆Smix
(J/K∙mol)

Ω

VEC

Ti20Mo20V20Cr20Zr20
Ti40Mo15V15Cr15Zr15
Ti60Mo10V10Cr10Zr10

6.8
5.9
4.3

– 5.28
– 4.32
– 3.12

13.327
12.51
10.97

5.73
6.32
7.39

5.00
4.75
4.50

Fig. 1 shows XRD pattern of Ti20Mo20V20Cr20Zr20, which
was as-cast and heat-treated at 1000 and 1200°C for 4 h, and
XRD patterns of Ti40Mo15V15Cr15Zr15, and Ti60Mo10V10Cr10Zr10,
which were as-cast and heat-treated at 1300°C for 4 h and additional HIP treated at a temperature of 1300°C for 4 h with
a pressure of 150 MPa after heat treatment at 1200°C for 4 h,
respectively. Fig. 1(a) shows that four main X-ray peaks on the
planes, (110), (200), (211), and (220), correspond to the BCC1
phase. The BCC2 solid solution phase with a peak at around 59
degrees in as-cast Ti20Mo20V20Cr20Zr20 HEA divided into more
stable BCC1 and BCC2 phases because of sufficient heat treatment effects at high temperatures. An occurrence in the phase
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Fig. 1. XRD patterns of (a) the equiatomic Ti20Mo20V20Cr20Zr20 HEA and (b) the Ti-rich Ti40Mo15V15Cr15Zr15 and (c) Ti60Mo10V10Cr10Zr10 HEAs

separation of the equiatomic Ti20Mo20V20Cr20Zr20 can be attributed to the sluggish diffusion, regarded as one of the core effects
of HEAs. In contrast, no BCC2 phase for the HEAs with low
alloying elements is observed in Figs. 1(b) and (c). X-ray peaks
on the planes, (100), (002), and (200), are identified with the HCP
phase. As shown in Fig 1(c), Ti60Mo10V10Cr10Zr10 preserved
its original BCC phase even after additional HIP processing.
The Laves phase formation was expected when the atomic size
ratio of the largest and smallest elements in the composition
exceeds 1.225 [11]. The atomic size ratio of RZr /RCr was 1.242,
wherease that of RTi / RCr was 1.131. Thus, the formation of the
Cr2Zr phase was expected in Ti20Mo20V20Cr20Zr20 HEA. Li et
al. [7] also suggested that the most negative enthalpy of mixing
(–12 kJ/mol) between Cr and Zr may be favorable to form an
intermetallic compound Cr2Zr phase.
Fig. 2 shows the BSE SEM images and a series of EDS mapping of the alloying elements Ti, Mo, V, Cr, and Zr for the equiatomic Ti20Mo20V20Cr20Zr20 and the Ti-rich Ti40Mo15V15Cr15Zr15
and Ti60Mo10V10Cr10Zr10 HEAs. As shown in the BSE images
of Figs. 2(a) and (b), two mixed microstructures were observed
because of the α-(HCP) or β-Ti (BCC) phase stabilizing elements.
The alloying elements Mo and V associated with the formation

of the BCC solid solutions were enriched together with Ti. The
alloying elements Cr and Zr associated with the formation of the
HCP solid solution were found in the same regions. The Laves
phase of the Cr2Zr phase could be precipitated from the HCP
solid solution during the cooling. Some precipitates (white spots)
can be seen in the BSE image of Fig. 2(a). In contrast, Fig. 2(c)
reveals that micro-segregation of Ti60Mo10V10Cr10Zr10 appeared
to decrease remarkably.
Fig. 3 shows the BSE SEM image and EDS mapping
of the alloying elements Ti, Mo, V, Cr, and Zr for the Ti-rich
Ti40Mo15V15Cr15Zr15 after the HIP treatment at a temperature
of 1300°C with a pressure of 150 MPa. Additional HIP treatment after heat-treatment at 1200°C was applied to remove the
constitutional micro-segregation of HEAs. However, as shown
in Fig. 2(b), the two different microstructures (BCC + HCP) in
HEAs were not significantly changed; the alloying elements
remained locally even after additional HIP processing.
Fig. 4 shows the potentiodynamic polarization curves of
the equiatomic Ti20Mo20V20Cr20Zr20, the Ti-rich Ti40Mo15V15
Cr15Zr15 and Ti60Mo10V10Cr10Zr10 HEAs. Corrosion behaviors
relating to biocompatibility are the main factors involved in
biomedical application. In general, Ecorr and icorr represent the
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Fig. 2. BSE SEM images and EDS mapping of the alloying elements Ti, Mo, V, Cr, and Zr for TiMoVCrZr HEAs: (a) Ti20Mo20V20Cr20Zr20,
(b) Ti40Mo15V15Cr15Zr15, and (c) Ti60Mo10V10Cr10Zr10

corrosion potential and corrosion current density, respectively.
As shown in the polarization graph in Fig. 4(a), no sign of
oxygen evolution also was not observed in the cathodic branch.
The passivation of the Ti20Mo20V20Cr20Zr20 HEA occurred at
a much higher current density than 10 uA and the breakdown
potential was rather low at 1.2 V above the corrosion potential.
In addition, it is worth noting that the slight increase in current
density before the passivated film breakdown showed that the

passivated film was not sufficiently strong. In contrast, Fig. 4(b)
revealed a continuous passive plateau up to 1100 mVAg/AgCl
without breakdown potential, suggesting the high polarization
resistance on the surface of the Ti-rich Ti40Mo15V15Cr15Zr15
HEA without localized pitting corrosion because of a high
electronegative element of Ti. A slight increase from the passive current without a rapid increase in the current density
could maintain the consistency of the passivated layer. Fig. 4(c)
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Fig. 3. BSE SEM images and EDS mapping of the alloying elements Ti, Mo, V, Cr, and Zr for Ti40Mo15V15Cr15Zr15 HEA after HIP treatment at
a temperature of 1300°C with a pressure of 150 MPa

(a)

(c)

(b)

(d)

Fig. 4. Potentiodynamic polarization curves of (a) Ti20Mo20V20Cr20Zr20, (b) Ti40Mo15V15Cr15Zr15, (c) Ti60Mo10V10Cr10Zr10 HEAs, and (d) ASTM
F75 alloy

showed the passivated layer formed at a rather high current
density (more than 1 mA) that was still comparable with
Ti40Mo15V15Cr15Zr15 HEA, even without any sign of breakdown
at high potential.
The values of Ecorr and icorr obtained at potentiodynamic
polarization curves of Fig. 4 are listed in Table 3. The lowest
corrosion current density (7.12×10–4 mA/cm2) was observed in
the Ti-rich Ti40Mo15V15Cr15Zr15 HEA, whereas the Ti20Mo20V20

Cr20Zr20 HEA showed the highest corrosion current density of
3.08×10–3 mA/cm2. The values of Ecorr for the HEAs increased
from – 422 to – 356 mV with an increased amount of Ti; the
Ti-rich HEAs showed better corrosion resistance than the equiatomic HEA. The present values of Ecorr and icorr were comparable
with the other HEAs obtained in phosphate buffer solution electrolyte; Ecorr and icorr for TiZrTaHfNb [5] corresponded to – 391
mV and 0.072 μA/cm2, similarly the values for TiZrTaMo [6]
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were – 607 mV and 0.89 μA/cm2, respectively. In comparison
with currently available joint replacement material of ASTM
F75 alloy, the corrosion resistance of Ti20Mo20V20Cr20Zr20,
Ti40Mo15V15Cr15Zr15 and Ti60Mo10V10Cr10Zr10 HEAs appeared
superior.
TABLE 3
Ecorr and icorr values obtained at potentiodynamic
polarization curves of Fig. 4
HEAs

Ecorr (mV)
Icorr (mA/cm2)
Control
Ecorr (mV)
Icorr (mA/cm2)

Ti20Mo20
V20Cr20Zr20

Ti40Mo15
V15Cr15Zr15

Ti60Mo10
V10Cr10Zr10

– 422
– 393
– 356
3.08×10–3
7.12×10–4
1.02×10–3
ASTM F75 (Co-28Cr-6Mo) (wt.%)
– 447
7.34×10–3

the cooling. The micro-segregation of Ti60Mo10V10Cr10Zr10
appeared to decrease remarkably.
4. The alloying elements in the HEAs were locally present
and no phase changes occurred even after the additional
HIP treatment.
The lowest corrosion current density obtained in the polarization potential test of Ti-rich Ti40Mo15V15Cr15Zr15 HEA was
7.12×10–4 mA/cm2. The Ti-rich HEAs showed better corrosion
resistance than the equiatomic HEA. The studied TiMoVCrZr
HEAs showed improved corrosion characteristics in comparison
to currently available joint replacement material of ASTM F75
alloy.
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4. Conclusion
In this study, various thermodynamic parameters, microstructures and electrochemical behaviors of the equiatomic
TiMoVCrZr and Ti-rich TiMoVCrZr HEAs were investigated.
The following results were derived from this study.
1. The thermodynamic values of the Ω-parameter and the δ for
the HEAs were determined to be in the range of Ω ≥ 1.1,
and δ ≤ 6.6% with VEC ≤ 5.0, suggesting the HEAs were
effective at forming solid solutions.
2. XRD patterns of the equiatomic Ti20Mo20V20Cr20Zr20 HEA
revealed four phases consisting of BCC1, BCC2, HCP, and
intermetallic compound Cr2Zr phase. An occurrence in
the phase separation of the HEA could be explained by the
sluggish diffusion of HEA. Three phases were observed in
the XRD patterns of Ti-rich Ti40Mo15V15Cr15Zr15 (BCC,
HCP, and Cr2Zr) and a single BCC phase was observed in
Ti-rich Ti60Mo10V10Cr10Zr10, preserving its original BCC
phase even after HIP treatment at 1300 °C with a pressure
of 150 MPa.
3. The BSE images on the equiatomic Ti20Mo20V20Cr20Zr20
HEA revealed BCC and HCP phases with Cr2Zr precipitates,
suggesting precipitation from the HCP solid solution during
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