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MICROSTRUCTURE AND MECHANICAL PROPERTIES OF EQUIATOMIC AND NON-EQUIATOMIC TiMoTaNbV 
HIGH ENTROPY ALLOYS PREPARED USING VACUUM ARC REMELTING

This study investigates the microstructures and the mechanical properties of equiatomic Ti20Mo20Ta20Nb20V20 and non-
equiatomic Ti40Mo15Ta15Nb15V15 and Ti60Mo10Ta10Nb10V10 HEAs using X-ray diffraction (XRD) analysis, field emission scanning 
electron microscope (FE-SEM), and micro-Vickers hardness test. The specimens were fabricated using the vacuum arc remelting 
(VAR) process and homogenized at a temperature of 1300°C for 4 h in a vacuum atmosphere. The determined thermodynamic 
parameters, Ω ≥ 1.1, δ ≤ 6.6%, and VEC < 6.87, suggested that the HEAs consisted of BCC solid solutions. XRD patterns of all 
the HEAs displayed single BCC phases. The difference in the solidification rate led to the micro-segregation associated with the 
elements Ta and Mo enriched in the dendrite arms and the elements V and Ti in the inter-dendritic regions. The HEA specimens 
showed a decrease in hardness with higher concentration of Ti element because the intrinsic hardness of Ti is lower as compared 
to the intrinsic hardness of Nb and Mo.
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1. Introduction

High entropy alloys (HEAs) with equiatomic or near 
equiatomic compositions (five or more principal elements) 
have attracted significant attention because of their high con-
figurational entropy [1,2]. Yeh et al. proposed that the four core 
effects, namely the high entropy effect, the sluggish diffusion 
effect, the severe lattice distortion effect, and the cocktail ef-
fect, provide superior physical and mechanical properties [2]. 
The HEAs consisting of elements from Group IV (Ti, Zr, and 
Hf), Group V (V, Nb, and Ta), and Group VI (Cr, Mo, and W) 
could be the potential candidates as the metallic biomaterials 
in the cardiovascular stents. It is known that these elements are 
remarkably biocompatible with the human body.

L605 (ASTM F90) and MP35N (ASTM F562) alloys are 
the representative cardiovascular stents, because of their low 
profiles, high expandability ratio, and high radial hoop strength 
[3]. A balance between strength and ductility is essential in 
the materials being used in the stents to achieve smaller strut 
sizes and sufficient strength. HEAs are the suitable candidates 
to achieve the requisite strength-ductility balance in the stents 
owing to the formation of single phase solid solutions.

The refractory HEAs were focused on improving the high 
temperature strength in addition to solving the issue of lack of 

ductility at low temperatures [4-6]. Senkov et al. [7] researched 
high temperature structural materials to replace the Ni-based 
superalloys, and proposed the refractory HEAs. Recently, Yao 
et al. [8] reported improved mechanical properties of refractory 
MoNbTaTiV HEA with CALPHAD modeling.

The constituent elements of the refractory HEAs are similar 
to the constituent elements of the HEAs used in biomedical appli-
cations. Increasing an amount of Ti element up to non-equiatomic 
composition of HEA can give us an opportunity in obtaining 
unique strength-ductility balance for metallic biomaterials. 
Therefore, in this study, the various thermodynamic parameters, 
the microstructures, and the mechanical properties of equiatomic 
and non-equiatomic TiMoTaNbV HEAs were investigated by 
using the vacuum arc remelting (VAR) process. 

2. Experimental

In this study, Ti20Mo20Ta20Nb20V20, Ti40Mo15Ta15Nb15V15 
and Ti60Mo10Ta10Nb10V10 HEAs were fabricated using the 
vacuum arc remelting (VAR, ACE VACUUM, AVA-1500, 
Korea). Commercially pure Ti chips (ASTM CP Grade II), Mo 
bars (99.8 wt.%), Ta chips (99.9 wt.%), Nb chips (99.9 wt.%), 
and V sheets (99.9 wt.%) were arc melted in a water-cooled 
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copper hearth containing a tungsten electrode. The ingots were 
flipped subsequently and re-melted five times in an argon rich 
atmosphere to ensure chemical homogeneity. All the cast ingots 
were then homogenized at 1300°C for 4 h. The actual chemical 
compositions (at%) of TiMoTaNbV HEAs analyzed using EDS 
attached FE-SEM are given in Table 1.

TABLE 1

Actual chemical compositions (at%) of TiMoTaNbV HEAs analyzed 
using EDS attached FE-SEM

Alloy Ti Mo Ta Nb V Total
Ti20Mo20Ta20Nb20V20 21.5 19.7 20.6 16.5 21.7 100.00
Ti40Mo15Ta15Nb15V15 44.6 15.9 12.5 11.5 15.4 100.00
Ti60Mo10Ta10Nb10V15 62.8 8.6 10.7 8.3 9.6 100.00

The phase constitutions of the alloys were examined using 
X-ray diffraction (XRD, PANalytical, X’ Pert pro, Netherland) 
analysis. It used the Cu-Kα radiation over a 2θ range from 
 10°-90° at an accelerating voltage of 40 kV, a current of 250 mA, 
and a scanning speed of 2°/min. Field emission scanning electron 
microscope (FE-SEM, Gemini 500, ZEISS, Germany) in con-
junction with energy dispersive X-ray spectroscopy (EDS) were 
used to characterize the microstructures of HEAs. The hardness 
of HEAs was measured using a micro-Vickers hardness tester 
(Innovatst Nova 130, Europe) with a load of approximately 
10 N load for a holding time of 15 s. Ten random measurements 
were made on the polished surface of each sample to obtain an 
average value.

3. Results and discussion

Thermodynamic criteria were proposed to predict the 
stable phases of the multi-principal element alloys (MPEAs). 
The parameters include the enthalpy of mixing (ΔHmix), the 
entropy of mixing (ΔSmix ), and the Ω-parameter [9]. In addition, 
the atomic size difference (δ) [10] and the valance electron 
concentration (VEC) [11] were used to predict the formation 
of a solid solution in the MPEAs. Equations for these terms are 
expressed as:

 mix ij i j
i i j
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where, AB
ij mixH  is the regular solution interaction param-

eter between the ith and the jth elements, ci and cj are the atomic 
percentages of the ith and the jth components, respectively, and 
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is the melting point of the ith component of the alloy. 

 
n

i
i

i

r
c

r
 (4)

ci is the atomic percentage of the ith component, 
n

i i
i

r c r  is the 

average atomic radius, and ri is the atomic radius.
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where ci is the atomic percentage of the ith component and VECi  
is the VEC for the ith element. 

Table 2 shows the various thermodynamic parameters cal-
culated using Eqs. (1), (2), (3), (4), and (5) to predict the forma-
tion of the solid solution phase in the TiMoTaNbV HEA alloys. 
The values of Ω-parameter, the δ, and the VEC for equiatomic 
HEA Ti20Mo20Ta20Nb20V20 were 13.6, 4.03%, and 5, for non-
equiatomic HEA Ti40Mo15Ta15Nb15V15 were 16.18, 3.57%, and 
4.75, and for non-equiatomic HEA Ti60Mo10Ta10Nb10V10 were 
20.13, 2.81%, and 4.5, respectively. The obtained values of the 
Ω-parameter and the δ for the HEAs were found to be Ω ≥ 1.1 
and δ ≤ 6.6% [9], suggesting an effective formation of solid 
solutions. All the VEC values were located at VEC < 6.87 [11], 
indicating the formation of BCC solid solutions. 

TABLE 2

Thermodynamic parameters (δ, ∆Hmix, ∆Smix, Ω, and VEC) 
used to predict the formation of solid solution phase 

in the TiMoTaNbV HEA alloys 

Alloy δ (%) ∆Hmix 
(kJ/mol)

∆Smix 
(J/K∙mol) Ω VEC

Ti20Mo20Ta20Nb20V20 4.03 –2.56 13.36 13.6 5
Ti40Mo15Ta15Nb15V15 3.57 –1.89 12.51 16.18 4.75
Ti60Mo10Ta10Nb10V10 2.81 –1.24 10.97 20.13 4.5

Fig. 1. XRD patterns of the equiatomic Ti20Mo20Ta20Nb20V20 and the 
non-equiatomic Ti40Mo15Ta15Nb15V15 and Ti60Mo10Ta10Nb10V10 HEAs
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Fig. 1 shows the XRD patterns of the equiatomic HEA 
Ti20Mo20Ta20Nb20V20 and the non-equiatomic Ti40Mo15Ta15 
Nb15V15 and Ti60Mo10Ta10Nb10V10 HEAs. All the samples 
showed that the four main X-ray peaks on the planes (110), 
(200), (211), and (220) corresponded to a single BCC phase. 
In addition, the XRD patterns were shifted slightly to the right 
because the high alloying elements led to a crystal lattice strain. 
The lattice parameter (amix) of the alloy can be estimated using 
the rule of mixtures, the Vegard’s law [12]. The amix parameter 
is expressed as: 

 mix i ia c a  (6)

where, ci is the atomic percentage of the ith component and ai is 
the lattice parameter of the ith element.

In the (110), (200), and (211) planes, the calculated lattice 
parameters corresponded to 3.211, 3.228, and 3.244 Å, and the 
experimental lattice parameters corresponded to 3.214, 3.225, 
and 3.241 Å for the Ti20Mo20Ta20Nb20V20, Ti40Mo15Ta15Nb15V15, 
and Ti60Mo10Ta10Nb10V10 HEAs, respectively. The lattice pa-
rameters of the HEAs calculated using the rule of mixtures were 
reasonably similar to those calculated using the XRD analysis. 

Fig. 2 shows the backscattered-electron (BSE) SEM images 
and a series of EDS mapping of elements Ti, Mo, Ta, Nb, and V, 
which are the alloying elements for the Ti20Mo20Ta20Nb20V20, 
Ti40Mo15Ta15Nb15V15, and Ti60Mo10Ta10Nb10V10 HEAs. As 
shown in the BSE images in Figs. 2(a) and (b), representative 
dendritic microstructures were formed because of the constitu-
tional micro-segregation during the non-equilibrium solidifica-

Fig. 2. Backscattered-electron (BSE) SEM images and the EDS mapping of the alloying elements Ti, Mo, Ta, Nb, and V for the TiMoTaNbV 
HEAs: (a) Ti20Mo20Ta20Nb20V20 HEA, (b) Ti40Mo15Ta15Nb15V15 HEA, (c) Ti60Mo10Ta10Nb10V10 HEA
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tion. The dendrite arms exhibiting a light contrast were rich in the 
element Ta because of its much heavier atomic weight (180.95) 
compared to the others, whereas the elements Mo, Nb, V and 
Ti were not distinguishable in the EDS mapping. In contrast, 
Fig. 2(c) revealed that micro-segregation of the non-equiatomic 
Ti60Mo10Ta10Nb10V10 HEAs appeared to decrease remarkably, 
because small amount with high melting points of refractory 
elements such as Mo, Ta, and Nb could cause to decrease the 
formation of dendrite and inter-dendrite regions during non-
equilibrium solidification.

The average elemental composition in the dendrite arms 
(Cdr) and the inter-dendrite regions (Cidr) for the HEAs through 
the EDS analyses is listed in Table 3. Generally the partition 
coefficient (k = Cdr / Cidr) [7] is usually used to quantitatively 
estimate the micro-segregation of the alloying elements. The val-
ues of k for elements Ta and Mo in the equiatomic Ti20Mo20Ta20 
Nb20V20 HEA were higher than the values of k for elements 
Ti and V in the other HEAs. The elemental distribution can be 
observed in the values of k for elements between the dendrite 
and the inter-dendrite regions in the Table 3. The dendrite arms 
were rich in the elements Ta and Mo, whereas the inter-dendritic 
regions were rich in the elements V and Ti. Elements Ta and Mo 
were first solidified in the dendrite arm owing to their higher 
melting temperature in the HEAs. Elements Ti and V solidified 
later and appeared to be in the inter-dendrite regions owing to 
their lower melting temperature [7]. Nb at approximately k = 1 
was commonly found in the dendrite arm and the inter-dendrite 
regions of theses HEAs. The partition coefficient of each alloying 
element in the non-equiatomic Ti60Mo10Ta10Nb10V10 HEA was 
consistent with the uniform elemental distribution as discussed 
in Fig. 2(c).

TABLE 3

Average composition of dendrite arms (Cdr) and inter-dendrite 
regions (Cidr) and the partition coefficient of k for the equiatomic 
Ti20Mo20Ta20Nb20V20 HEA and the non-equiatomic Ti40Mo15Ta15 

Nb15V15 and Ti60Mo10Ta10Nb10V10 HEAs

Alloy Concentra-
tions (at%) Ti Mo Ta Nb V

Ti20Mo20Ta20Nb20V20

Cdr 17.9 22.4 24.6 16.7 18.2
Cidr 24.9 17.6 16.9 16.2 24.3

k = Cdr / Cidr 0.72 1.27 1.46 1.03 0.75

Ti40Mo15Ta15Nb15V15

Cdr 42.3 17.6 14.9 11.8 13.3
Cidr 48.2 18.9 10.3 11.3 16.2

k = Cdr / Cidr 0.88 0.93 1.45 1.04 0.82

Ti60Mo10Ta10Nb10V15

Cdr 60.8 9.1 11.9 8.5 9.7
Cidr 63.8 8.2 10.1 8.3 9.7

 k = Cdr / Cidr 0.95 1.11 1.18 1.02 1.01

Fig. 3 shows Vickers hardness for all the HEA specimens. 
For equiatomic Ti20Mo20Ta20Nb20V20, and non-equiatomic 
Ti40Mo15Ta15Nb15V15 and Ti60Mo10Ta10Nb10V10 HEAs, the 
average hardness values were 446.2 Hv, 423.4 Hv, and 398.2 
Hv, respectively. The non-equiatomic HEAs with higher con-
centration of element Ti displayed a decrease in the hardness 

because the intrinsic hardness of Ti is lower as compared to the 
intrinsic hardness of Nb and Mo. In addition, the micro-Vickers 
hardness values for the other refractory HEAs were referred for 
comparison [8,13-17].

Fig. 3. Micro-Vickers hardness for TiMoTaNbV alloys homogenized at 
1300°C for 4 h. Vickers hardness values of the other refractory HEAs 
were referred for comparison

4. Conclusions

The following results were derived from this study.
1. The determined thermodynamic values of Ω-parameter 

and δ for the present HEAs were found to be Ω ≥ 1.1 and 
δ ≤ 6.6% with VEC < 6.87, favoring the HEAs with BCC 
solid solutions.

2. XRD patterns of the equiatomic Ti20Mo20Ta20Nb20V20, and 
the non-equiatomic Ti40Mo15Ta15Nb15V15 and Ti60Mo10 
Ta10Nb10V10 HEAs showed single BCC phases, shifting 
slightly to the right because of lattice distortion. The lattice 
parameters of the HEAs estimated using the rule of mixtures 
were reasonably similar to those of HEAs measured using 
the XRD analysis.

3. The different solidification rate as a function of melting 
temperature resulted in the micro-segregation associated 
with the elements Ta and Mo enriched in the dendrite arms 
and for the elements V and Ti in the inter-dendritic regions. 
The micro-segregation in the HEAs was confirmed with 
the partition coefficient of each alloying element analyzed 
with the EDS.

4. The HEA specimens showed a decrease in hardness with 
higher concentration of element Ti because the intrinsic 
hardness of Ti is lower as compared to the intrinsic hardness 
of Nb and Mo.
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