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Thermodynamic property was selected for further experimental exploration and the computational results were

compared. The experimental study shows the existence of a single BCC structure of
Mo1sNbyoResTazoWoo The crystal structure, density, lattice parameter, and hardness

predicted computationally are consistent with the experiment data.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
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resistant [7] in comparison with traditional alloys like Inconel
718 and Haynes 230. The extension of HEAs to refractory high
entropy alloys (RHEAs) has been reported by Senkov et al. [3,8].
They found MoNbTaW and MoNbTaVW have higher melting
points with good mechanical properties at high temperature
compared to traditional alloys. Recently, other RHEAs such as
TaNbHfZrTi [9], TiZrNbTaMo [10], AINbTiVZry [11], MONbTaTiw
[12] have been extensively studied. These RHEAs possess a
single body centered cubic (BCC) structure with magnificent
mechanical properties than HEAs with face centered cubic
(FCC) structure. However, some RHEAs like NbCrMoTaTiZr [13],
CrNbTiZr [14] and CrNbTiVZr [15] shows the existence of Laves
phase in BCC matrix because of small atomic size of Crin those
RHEAs. The precipitation of Laves phase affects the mechani-

1. Introduction

Metallic alloys other than traditional nickel-based superalloys
with high hardness, high melting point, desirable ductility is
often required by the aerospace industry and nuclear power
reactor for high temperature applications. High entropy alloys
(HEAS) have been proposed to meet the requirement of high
temperature applications and extensively studied due to their
single-phase microstructures and excellent mechanical prop-
erties. For example, many HEAs are hard [1], ductile [2],
thermally resistant [3,4], fatigue resistant [5,6], and corrosion
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Table 1 - Basic crystal structural properties of the RHEAs at RT.

Alloys ASpix (J/K.mol) AHpiy (kJ/mol) 8 (%) Tm (°C) 2 VEC
MOzoszoRGQQTaz()Wzo 13.38 —-13.92 2.70 2945 2.83 5.8

Mo15NbyoRe15TazgWoo 13.08 —13.13 271 2956 2.94 5.65
MOlSNb20R615T335W20 12.68 —-11.19 2.62 2947 3.33 5.55

cal properties of the RHEAs [16]. Thus, RHEAs with single BCC
phase is essential for better mechanical properties.

The  refractory  high  entropy alloy (RHEA)
MoyoNbyoReyoTaoWye was synthesized and evaluated by
Bei in 2015 [17]. The existence of a BCC crystal structure was
found in the experimental investigation. The reported mod-
ulus of MoygNbygRegTazp Wy was 355+ 15 GPa but the types
of modulus was unknown. Other calculated phase diagram
(CALPHAD) results [18,19] also showed the existence of a BCC
phase in MoNbReTaW. To authors’ knowledge, there were no
any further theoretical or experimental study on mechanical
and thermal properties of this alloy after discovery. For
application purpose detailed study of structural, mechanical,
and thermal properties is needed. Previous study shows that
RHEAs whose composition are different from equimolar ratio
have excellent mechanical properties [20-23].

In this study, equimolar concentration of RHEA MoN-
bReTaW were extended to non-equal molar RHEAs
as MOQONbQQREQOTaQOWQOY M015Nb20R615Ta30W20, and
Mo15NbyoRe15TassWyp to obtain high melting temperature,
cost effective, balanced mechanical, and thermal properties.
It is known that the melting point order of the five elements
in this alloy system is W, Re, Ta, Mo, and Nb, in which Re is
the most expensive element. Although W has the highest
melting point, the concentration of W should be limited to
20% in the Ta contained alloys, according to the Smith group’s
report [24]. Therefore, the increase of the concertation of Ta
is selected to achieve the alloy with a high melting point and
Mo and Re was decreased to make the alloy highly solid by
increasing the enthalpy and atomic radii. The empirical rule
calculation predict that, all the three RHEAs will have single
BCC solid solution as enthalpy of mixing [25] —15 < AHpix
< 5kJ/mol, atomic size difference [26] § < 6.6%, entropy of
mixing [27] 12 < ASy < 17.5]/Kemol, and valence electron
concentration VEC < 6.87 [28,29]. Calculated results are listed
in Table 1.

We studied the mechanical properties of the RHEAs
ie. MOQoszoReonaz()WQO, MO15Nb20Re15T8.30W20, and
Mo1sNbyoRe15Tass Wy by first-principles density functional
theory (DFT). The RHEA with least concentration of Re with
balanced mechanical properties is selected for experimental
verification.

2. Computational methods

The first-principles calculation was based on the DFT [30,31].
The Vienna ab-initio simulation package (VASP) [32] along
with MedeA software [33] was used for the mechanical
and thermal property calculations. The electron-ion inter-
actions were described by the projector augmented wave
(PAW) [34], while electron exchange-correlation interactions
were described by the generalized gradient approximation
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Fig. 1 - The typical 100-atom random unit cell model of
Mo20NbzoRe20Taz0 W0,

(GGA) [35] in the scheme of Perdew-Burke-Ernzerhof (PBE)
[36]. The electronic iterations convergence was 10~* eV. Our
model was spin unpolarized and a plane-wave cutoff energy
of 500eV was used. The requested k-spacing is 0.2 per
Angstrom, which leads to a 4 x 3 x 3 mesh. This corresponds
to actual k-spacings of 0.172 x 0.183 x 0.183 per Angstrom. We
constructed the BCC structure of Mo15NbyoRe15TazgWyo that
consisted of a 100-atom supercell model. The Knuth-Shuffle
model [37] was utilized to distribute the five elements ran-
domly using a Python code. Fig. 1 shows the supercells of
Mo15NbygRe 15 TazgWog. More information about the 100-atom
model can be found in the previous publication [38].

The elastic properties calculation was based on the stress-
strain approach of Le Page and Saxe [39]. The current
implementation in MedeA software is based on stress [40].
The relationship between applied elastic-strain (o1) i=(1,6)
and stress (c;) is given below,

6
oi = Zciﬁ?i 1)
=1

where &; is a tensor.

After finding the three independent elastic constants
for a cubic crystal system i.e., Ci1, Ci2, and Cg4, other
elastic properties like bulk modulus B, shear modulus G,
Young’s modulus E, and Poisson’s ratio v were calculated
using Voight-Reuss-Hill approximation [41] by the following
equations: B = } (C11+2Cy,), G= 3 (GVoight + GReuss), where
Gvoight = # (C11 — C12 + 3Ca4) and Greuss = m, S is
compliance matrix,

E = %%sp.cand v = #-2%ss+0). 2
The thermodynamic properties calculations are based on

the Debye theory. The Griineisen [42] constant y; was initially
set to 2. After this, yg was derived from the pressure-volume
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equation. A convenient approximation that was used to find
out the y¢ parameter [43] is stated below,

5
BVo (VNG [ V 1
E(v) = (7) Iny — +En, (3)
2 -7 \Vo Vo 2-yg *

where Vyis equilibrium volume and B is bulk modulus.
The Debye temperature was obtained by using the formula
of the mean sound velocity as follows:

1
n o[ 6r2q 3
GD—KB(VO> Van, @

where q is the number of atoms in the unit cell, Vj its volume,
h, and Kg are Planks and Boltzmann constant respectively. The
specific heat capacity, Cy, as a function of temperature, T, is
estimated as,

XD

T\3 x*expx
Cv(T) =pq ks (g) /W dx. (5)

0

The linear thermal expansion coefficient « was calculated
using the relation:

1 Cy(T
(1) = 6 ). ©
2.1.  Experimental methods

The Mo1sNbyoRe 5 TazgWyo samples were synthesized using
the arc melting method. To melt the samples, an arc melter
(Edmund Biihler /MAM-1) was used under an argon atmo-
sphere. As metal powders can easily be ejected from the arc
region, Mo, Nb, Re, Ta, and W powders were first mixed and
then pressed in an uniaxial stainless steel die to form disk
shaped blocks. After loading the disk shaped samples into
the arc-melter processing chamber, the arc-melter vacuum
system would pull vacuum and then high purity argon gas
would refill the chamber. Typically, the evacuation/refill pro-
cess was repeated for at least three times to ensure a low
residual oxygen level. With a proper chamber argon pres-
sure (~0.3bar), the arc was initiated to melt the sample. After
melting completed, the arc was kept on for about 10s. Then
the melted sample solidifies to form a button shaped ingot.
This ingot would be flipped over and the arc melting pro-
cess was repeated for three more times. The repeated melting
would ensure the chemical homogeneity within the ingots.
The solid ingots were mounted into epoxy resin to make
easy handling. The crystal structure of the sample was ana-
lyzed using a PANalytical Empyrean X-ray diffraction (XRD)
system with 2 theta scan range from 20 to 120 degree. The
X-ray used for the XRD test was generated from the anode
material copper (Cu), and the used wavelength is K-Alpha 1
(1.54060 A). The ingots were cut using a slow saw to show flat
inner planes for microstructure and hardness examinations.
Prior to the microstructure and hardness tests, the sample
surfaces were mechanically ground using SiC papers with
the grit size 320, 600, 800, 1000, and 1200 mesh sequentially,
then polished with polycrystalline diamond suspension (6 pm,

3wum, and 1pum in sequence). The hardness characterization
was performed with the SUN-TEC CM-802AT(V/K) hardness
testing machine, 10 indents were conducted for each testing
load to ensure the repeatability of the results. And the space
between adjacent indents is over three times the indent diag-
onal length. To obtain the chemical composition, the samples
were sectioned, polished, and cleaned first before loaded into
a scanning electron microscope (SEM). Field emission scan-
ning electron microscope equipped with second electron (SE)
and energy dispersive spectroscopy (EDS) detector was used to
examine the microstructure and the chemical compositions
of the Mo1sNbyoRe15TazgWoo samples. We typically use area
scan feature and multiple regions were measured to provide
the averaged chemical compositions.

3. Results and discussions
3.1. Structural properties

The entropy (AS,x), atomic size differences (§), and enthalpy
of mixing (AH,;x) Were used to predict the solid-solution phase
formation of RHEAs [44]. The calculated basic crystal structure
properties of the RHEAs are shown in Table 1. A new parameter
Q was coined by Zhang et al. [27], that uses ASix, AHyix, and
melting temperature of mixing (Tm) for predicting the solid
solution phase formation in RHEAs. It is observed that £ >
1.10 and § < 6.6 % are needed to form a solid solution [45].
According to the related VEC studies [29,30], the VEC of BCC
phase RHEAs is less than 6.87. It can be seen from Table 1 that
the VEC value of current RHEAs is less than 6.87, indicating
that the RHEAs will have a BCC crystal phase. The calculated
parameters from Table 1 suggest the existence of a stable solid
BCC structure for all three RHEAs.

3.2.  Mechanical properties

The calculated elastic constants and other mechanical prop-
erties of the current RHEAs are listed in Table 2. The DFT
based calculation of elastic constants reveals that current
RHEAS are elastically stable as (C44 > 0, C11 > |C12|, and C11 +
2Cq1 > 0). The ductility and metallic characters of a mate-
rial can be determined by the B/G ratio (Pugh'’s theory) [46]
and the sign of the Cauchy pressure (Ci1 — Caq) [47]. The
conditions for ductility and metallic behavior of polycrys-
talline material are: (1) B/G ratio should be more than 1.75,
and (2) a positive value of Cauchy pressure. Our calcula-
tion shows the B/G ratio is greater than 1.75 and Cauchy
pressure is positive for all three RHEAs. It demonstrates the
current RHEAs are ductile and possess metallic character.
Moreover, Poisson’s ratio of ductile material must be greater
than 0.26 [48]. The value of v is greater than 0.26 for all
three RHEAs which further confirms the ductile nature of
them. We believe future ductility experiment will confirm our
findings. The model proposed by Chen et al. [49] was imple-
mented to find the Vickers hardness of the RHEAs. The Vickers
hardness of Mo2gNbyoReTazg W29, Mo15NbyoRe15TazgWog and
Mo15NbygRe g Taszs Wy are estimated to be 8.88 GPa, 8.85GPa,
and 6.03 GPa, respectively. Our hardness calculation was based
on Chen’s model equation as H,=1.887 (K?G)%°8, where
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Table 2 - CGalculated elastic constants (GPa); C11; C12; Casa,Cauchy pressure C11_Cy4 (GPa), bulk modulus B (GPa), shear

modulus G (GPa), Young’s modulus E (GPa), Poisson’s ratio (v), Pugh’s ratio (B/G), lattice constant a (A), density p (g/cm3)

and hardness H,, (GPa). All calculations are in zero pressure and zero Kelvin temperature.

AHOyS C11 C1o Caa C11-Caa G B v B/G 14 a Hy,
MOzoszoReonaz()Wzo 390 191 111 186 258 111 293 0.31 2.30 14.8 3.22 8.88
Mo15NbyRe1sTasgWoo 381 181 109 183 248 108 285 0.30 2.28 15.04 3.05 8.85
Mo1sNbyoRe1oTassWio 358 181 88 183 238 90 241 0.33 2.62 14.8 3.23 6.03
7
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Fig. 2 - (a) Variations of vibrational heat capacity (Cy) with temperature (K) for Mo2oNbzgRez0Tazo W20 and
Mo;5NbygRe;5TazgWoo; (b) Variations of thermal coefficient of linear expansion («) with temperature for

Mo2oNbygRezoTazoW2o and MoisNbyoRe15TazgWayo,

K=G/B. The addition of alloying element Ta along with the
same amount reduction of Re element, expands the equi-
librium volume of RHEAs: Mo15NbyoRe1pTass Wy (1693.29 A3)
> Mo1sNbyoRe s TazgWyo (1676.88 A3). This results in low-
ering of shear modulus of RHEAs: Mo1sNbyoRe1gTazsWyy <
Mo15NbyoRe15TazoWyp. It is clear from Chen’s model equation
that the calculated hardness of alloy is directly proportional to
the shear modulus. Therefore, Mo15NbygRe o Tass Wy has the
lowest shear modulus as compared with the other two RHEAs
and has a low hardness. Since Re concentration is optimized
with same Vickers hardness as of MoyoNbygResgTarygWyg, we
select Mo1sNbyoRe 5 TazoWoyg for experimental studies.

3.3. Thermodynamics properties

The calculated mean sound velocity, Debye temperature, and
Griineisen parameter of Mo1sNbygRe15Tazg Wy were 3010 m/s,
350.1K, and 1.83 respectively. We did not study the thermal
properties Mo1sNbygRe19TagsWyq as its predicted hardness is
too low. Fig. 2(a) shows a plotted graph between temperature
and the calculated vibrational heat capacity at constant vol-
ume (Cy). The Cy value for both RHEAS rises exponentially at
low temperatures (0-250) K and becomes linear at high tem-
perature above 600K. This linear increment of Cy is mostly
caused by the lattice vibration and will reach the Dulong Petit
limit at high temperatures. The Cy of Moj15sNbygRe15TazoWoo
> Cy of MoyoNbyoReyoTaz Wy, This tendency implies that
the addition of high melting point element Ta increases the
Cy of Mo15NbygRe 5TazgWog. It follows Mo1sNbygRe 5TazgWog
can absorb more heat than MoygNbyoReyTasgWsyo which
may be effective in high temperature application. Fig. 2(b)
shows the thermal coefficient of linear expansion (a) as

a function of temperature for MoyNbyoReyTazpWyo and
Mo15NbygRe 15 TazgWyg. For both cases of current RHEAs, the
value of « increases quickly at a temperature below 300K after
that « increases slowly and becomes linear. Above 300K, there
is a slight increase in « of MojsNbyoRe15TazgWoo compared
to the MoyoNbyoReoTaxWso. The addition of a high atomic
radius element Ta with the reduction of low atomic radius
elements Re and Mo in Mo1sNbyoRe15TazoWoo may increase
atomic strains in the RHEA, causing more lattice distortion,
thus the slight increase of a of Mo15NbyoRe15TazgWog. The dif-
ferent values of « and Cy for current RHEAS are listed in Table 3.
To best of author’s information, there is no any experimen-
tal and theoretical results on thermal properties of current
RHEAs to make comparison. Therefore, the present findings
can supply information for future studies.

3.4. Experimental results

XRD pattern of the studied Mo15NbyoRe15TazgWog is shown in
Fig. 3. It indicates the existence of single-phase BCC phase in
Mo15NbygRe15TazoWyp, which is consistent with our prediction
from empirical parameter calculation. The wavelength of the
X-ray is 1.5406 A. With the diffraction pattern and Bragg’s law
[54], the lattice parameter was determined to be 3.21+0.002 A.
And this lattice parameter is very close to the predicted value
of 3.224A.

The measured density of MojsNbyReisTazoWyo was
15.64 g/cm3. Using the mixture rule

Pmix = ZCiXVZ C}%l ?)
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Table 3 - Calculated vibrational heat capacity at constant volume Cy (J/K/mol) and thermal coefficient of linear expansion

o (1075/K) for MOzoszoReonaZ()Wzo and Mo15Nb20Re15Ta30W20_

Temperature (K) MOzoszo ReypTaznWoo M015Nb20 Rey5TazgWyo
Cv (J/K/mol) 100 70.71 289.7

300 116.27 466.62

1500 124.39 497.66

3000 124.66 498.68
o (108/K) 100 3.37 3.51

300 5.55 5.66

1500 5.94 6.03

3000 5.95 6.04
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Fig. 3 - X-ray diffraction patterns of as-cast
MO15Nb20R615Ta30W20 alloy.

Table 4 - Experimental hardness test of
M015Nb20Re15Ta30W20 RHEA.

Load (gf) Average hardness (GPa) Standard Deviation (GPa)
2000 5.40 0.21
500 6.04 0.30
100 6.45 0.14

where C; is the molar composition of an element, x; is the
atomic weight and p; is the density of the pure element i,
the estimated density is 15.05 g/cm>. The measured density
is slightly higher (0.06%) than the predicted one. This may be
due to the possible minor evaporation of low melting point
elements, like Mo and Nb. Vickers hardness was character-
ized with a digital micro hardness tester (Clark Instrument
Model CM-802AT). Three testing loads were used, namely
2000, 500, and 100 gf, and the dwell time was 15s. The Vick-
ers microhardness (Hy) of MojsNbyoReisTazgWoo was tested
at five different spots on the sample for each testing load
and results are in Table 4. Hv is predicted from shear modu-
lus and bulk modulus using the Chen et al. model [52]. This
model does not consider any slip planes, plastic deforma-
tion, and lattice defects in the model system which results
in an overestimation of the hardness than the corresponding
experiment. Sarker et al. [50] also found a small disagree-
ment of Hv between their prediction and experiment using
Chen’s Model in the RHEA HfNbTaTiVCs. In addition, this value
of hardness is greater than previously measured hardness

Table 5 - EDS composition analysis results.

Elements Composition (at.% )
Average Standard deviation
Mo 14.43 0.17
Nb 22.74 0.38
Re 15.29 0.009
Ta 26.66 0.19
W 20.90 0.19

of other HEAs such as, HfMoTaZr (5.31GPa) [51], HfMoNbTa-
TiZr (4.95 HV) [52], AlCoCrFeNiVx (5.23 GPa) [52], NbMoTaW [3]
(4.46 GPa), and MoNDbTaTiW [8] (4.89 GPa).

The atomic percentages of the entire five scanned
areas with point measurements and standard deviations
are listed in Table 5. The average elemental ratio of the
Mo15NbyoRe15TazgWyo is determined by the EDS scan area.
It shows the sample composition deviates slightly from the
initial composition due to evaporation losses during the arc
melting process. Fig. 4(a) shows the EDS chemical composition
analysis areas of MojsNbyoRei5TazgWyo taken at 5 selected
areas.

The elemental distribution in the sample is shown in the
EDS mapping results, Fig. 5. Fig. 5(b-f) are the EDS mapping
results of W, Re, Nb, Mo, and Ta over the area shown in Fig. 5(a).
The dark regions shown in Fig. 5 are enriched with Nb, Mo,
Ta, but are in deficiency of W and Re. It is noteworthy that,
although two distinguishable parts with differing composition
are observed on the sample surface (Figs. 4 and 5), according
to the XRD patterns we got experimentally in Fig. 3, BCC is
the only phase structure detected. Besides, at each diffraction
angle, only single diffraction peak is observed, which indicates
that despite the different composition, the lattice parameters
of the matrix are quite close, and the variance is negligible.

The present findings of Mo15sNbyoRe15TazgWoo such as high
hardness with stable single BCC structure and high melting
point suggest that it could be a potential candidate for high-
strength structure applications. Based on the first-principles
calculation of the Poisson ratio, and the Pugh criterion, and the
Cauchy pressure, we conclude that the Mo1sNbygRe15TazgWao
is ductile. We hope the future experiment will confirm our
ductility prediction and further emphasize the application of
Mo15NbyoRe15TazoWyo. The experimentally measured lattice
parameter, density, and hardness of Mo1sNbyoRe15TazgWapo
agree with computational prediction. This agreement also
validates the reliability of our random 100-atom supercell.
The computational model introduced in this study can be
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100 um

Fig. 4 - (a) EDS composition analysis areas of Mo;5NbzoRe;5TazoWao; (b) SEM second electron region of

Mo;5NbyoRe15TazoWao,

20 um

20 um

(f) Ta

20 um
i y ——

Fig. 5 - EDS mapping results of Nb, Mo, Ta, W, and Re of Mo;5NbygRe;5Tazo W,

extended in predicting the mechanical properties of future
RHEAs.

4, Conclusions

In this computational and experimental study,
Mo15NbyoRe1sTazoWyo was investigated. The experimen-
tal study showed the existence of a stable single-phase BCC
crystal structure with a lattice constant of 3.21+0.0024, a
density of 15.64 g/cm?® and hardness ranging up to 6.45GPa
with a load of 100 gf for Mo1sNbygRe 5 TazgWyo. These exper-

imentally found properties are in good agreement with the
DFT prediction using 100 atoms supercell. The B/G ratio
of MojsNbygRe 5TazgWyg was 2.28 which shows its ductile
nature according to Pugh’s theory. Based on the analysis of
the graphs of thermal expansion coefficient and vibrational
heat capacity, MoisNbyoRe15sTazoWoo is found to be more
sensitive to temperature below RT and inert to a temperature
change above RT. The first-principles technique employed
in this study offers a promising research approach in pre-
dicting mechanical and thermal properties of future novel
RHEAs.
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