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In this work, the effect of Re alloying on the phase com-
position, crystal structure, and mechanical properties of
NbMoTaWRe, (x =0, 0.27, 0.57, 0.92, 1.33) refractory
high-entropy alloys (RHEAs) were systematically investi-
gated by combining the calculation of phase diagram
(CALPHAD), first-principle calculations and experiment.
The theoretical predictions showed good consistency with
the experimental results. As the increase in Re content, the
theoretical results showed that all considered alloys have a
single body-centered cubic (bcc) structure and the lattice
constant and ductility were decreased, while the elastic
moduli and hardness were improved. To avoid extreme
brittleness, a strategic suggestion was given for the design
of Re-containing RHEAs in the future.

Over the past decade, refractory high-entropy alloys
(RHEAs) have drawn extensive attention due to their
superior mechanical properties and potential application in
the aerospace and nuclear industry. Composed of refractory
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elements like Cr, Mo, Nb, V, Ta, W, Hf, Zr, Ti and Re,
RHEASs show the ability to retain exceptional strength at
elevated temperatures. In 2010, Senkov et al. [1, 2] pro-
posed two representative RHEAs, NbMoTaW and NbMo-
TaWV, with impressive yield strength over 400 MPa at
1600 °C, far above the limits of ~ 900 °C for conven-
tional Ni-based superalloys. Since then, many efforts have
been devoted to further improving their performance. To
explore high performance RHEAs, various elements have
been added in NbMoTaW and NbMoTaWV, including
metals such as Al [3], Cr [4], Ti [5-8], Zr [9] and non-
metallic elements such as C [10, 11], Si [12, 13], B [14]
and N [15, 16]. By employing the first-principle method,
Tong et al. [17] and Liu et al. [18] investigated the effects
of alloying on the structure, electronic and mechanical
properties of NbMoTaWX, where X is Cr, V, Ti, Zr, Hf or
Re, respectively.

Among the alloying elements mentioned above, Re is an
effective solid solution strengthener in refractory alloys
[19] and plays a crucial role in Ni-based superalloys
[20-24]. It was reported that the fracture toughness of
W-Re alloys increases with the increasing Re content [19].
Fleischmann et al. [25] compared the influence of the
addition of Re, Mo and W in single-crystal Ni-based
superalloy. All three elements can remarkably reduce the
creep rate at elevated temperature, while Re is more than
two times effective for the strengthening of alloy [25].
Considering the effect of Re in Ni-based superalloys, it is
expected that Re can also serve as an effective strength-
ening element in RHEAs. However, the development of
Re-containing RHEAs is relatively insufficient [26], and
the mechanism of Re alloying is still far from clear. Some
Re-containing RHEAs, including CrMoReVW [27],
Mo;5NbygRe sTazgWag [28], Mo;sNbygRe sTazgWo [29],
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Nb-Mo-Re-Ru-Rh [30], MoNbRe, sTaW [31] and ReMo-
TaW, have been investigated theoretically or experimen-
tally, but a systematic study of Re alloying effect on the
properties of NbMoTaW is still lacking.

CALPHAD [32] and first-principle calculations [33]
have been proven to be powerful tools in the designing of
novel high-entropy alloys [34]. To further explore Re-
containing RHEAs, we investigated the structure and
mechanical properties of NbMoTaWRe, (x = 0, 0.27, 0.57,
0.92, 1.33) RHEAs by combining the CALPHAD, first-
principle calculation and experimental methods. First, the
most possible equilibrium phases of NbMoTaWRe,
RHEAs were predicted by CALPHAD method. Then, the
lattice constant, elastic modulus, hardness, and Pugh ratio
of these RHEAs were calculated by the first-principle
method. Furthermore, the as-cast alloys were prepared and
the structure and mechanical properties were characterized
experimentally, and the results were compared with the
theoretical predictions.

The thermodynamic equilibrium phase diagrams of
NbMoTaWRe, (x =0, 0.27, 0.57, 0.92, 1.33, hereafter
denoted as NbMoTaW, Re0.27, Re0.57, Re0.92 and
Rel.33, respectively) RHEAs were calculated using the
Thermo-Calc software (version 2021a) and the TCHEA
database (version 4.2) [32, 35].

Two widely used first-principle methods were applied in
this work to predict the lattice constant, bulk modulus,
shear modulus, Young’s modulus, hardness, and Pugh
ratio. The first method is the special quasi-random structure
(SQS) method [36] combined with the projector augmented
wave (PAW) method as implemented in the Vienna Ab
initio Simulation Package (VASP) [37]. In this method, the
disordered body-centered cubic (bcc) SQS structures with
128 atoms (4 x 4 x 4) were generated for each compo-
sition. The exchange—correlation functional is described by
the generalized-gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE) [38]. The plane-wave cutoff was
set to 600 eV, with the convergence criteria of energy as
1 x 1077 eV and criteria of force as 0.1 eV-nm~'. The
Brillouin zone was sampled by the Monkhorst—Pack
scheme with a k-point grid of 2 x 2 x 2. The second
method is the coherent potential approximation (CPA)
[39, 40] combined with the Exact Muffin-Tin Orbital
(EMTO) method [41, 42]. In this method, PBE [38] was
chosen as the exchange—correlation functional and the
screened impurity model parameter of CPA was set to
0.602 [43].

To study the elastic properties, the tetragonal shear
modulus (C') and shear modulus (Cy4) are obtained by
using the orthorhombic deformation described as:
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0 0 1/ (1 — 8%)
and monoclinic deformation:
1 ¢, 0
em 1 0 (2)
0 0 1/(1—2)

The strain ¢ and ¢, are from O to 0.025 with step of
0.005. By further combing C' = (C; — Cj2)/2 and bulk
modulus (B) = (Cyy + 2Cy»)/3, we obtained the value of
Cy1 and Cy5. Finally, the polycrystalline shear modulus (G)
was obtained as G = (Gy+Gr)/2, where Gy =
(Cii —Ci2+3C4)/5 and  Gr =5(Ci1 —C12)Cus)/
(3C11 —3Ci2 +4Cs4). The Young’s modulus (E) is
derived as E =9BG/(3B+ G), and hardness (Hy) is

derived as Hy = 2(k2G)*¥ =3, where k = G/B [44]. To
convert GPa to HV, the value of hardness is further divided
by 0.009807.

To predict the equilibrium phases in the investigated
alloys, phase diagrams are calculated using Thermo-calc
software with TCHEA (v5.0) database. Figure la shows
the predicted phase equilibria in the isopleth for the series
of NbMoTaWRe,, where x = 0—1.5 represents the moles of
atoms of the element Re. According to Fig. 1a, the liquidus
temperature of the investigated alloys does not change
much with the increase in Re element. Cooling from the
liquids, the alloys first form a disordered bce solid solutions
structure (bcc #1) and then a second bcc phase (bec #2)
with concentrated W element precipitated from the matrix
phase at ~ 1000 K. Figure 1b, c displays the predicted
relative mole fraction of phase as a function of temperature
for NbMoTaW and Rel.33 HEAs, respectively. As shown
in Fig. 1b, the NbMoTaW HEA in solid-state forms a
single bcc phase at all temperatures, which agrees well
with the experimental results [1]. The liquidus temperature
(Tiq) and solidus temperature (7o) of NbMoTaW are 3136
and 3077 K, respectively. The predicted Tj;q of NbMoTaW
is close to the value (3177 K) estimated by rule-of-mixture
(ROM) method [45]. For Rel.33 alloy, the calculated Ty,
Tso1 and decomposition temperature (Tye.) are 3222, 3060
and 1737 K, respectively (Fig. 1c).

It is important to note that the RHEAs obtained via arc-
melting are usually not thermodynamic equilibrium owing
to the fast cooling rate and thus the actually observed phase
structure of the as-cast alloys will not follow the prediction
of CALPHAD [46]. The cooling rate of arc-melting
is ~ 1 K-s™'. In such condition, there is no enough time to
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Fig. 1 a Equilibrium phase diagram of NbMoTaWRe, (x = 0, 0.27, 0.57, 0.92, 1.33) RHEAs; b phase diagram of NbMoTaW and
¢ Re1.33; d ratios of (Tso1— Tgec) Tsot Of NbOMoTaWRe, (x = 0, 0.27, 0.57, 0.92, 1.33) RHEAs

Table 1 Nominal compositions of NbMoTaWRe, (x = 0, 0.27, 0.57, 0.92, 1.33) RHEAs and calculated 6, AHnix and AS,,x of each

composition
Alloys Composition / at% B AHix ASmix ! (J-K™"-mol™")
/ (kJ-mol~")
Nb Mo Ta W Hf

NbMoTaW 25 25 25 25 - 2.31 — 6.50 11.52

Re0.27 23.4375 23.4375 23.4375 23.4375 6.25 2.27 - 9.29 12.75

Re0.57 21.8750 21.8750 21.8750 21.8750 12.50 2.23 - 11.65 13.22

Re0.92 20.3125 20.3125 20.3125 20.3125 18.75 2.18 — 13.58 13.38

Re1.33 18.7500 18.7500 18.7500 18.7500 25 2.12 — 15.09 13.32

achieve equilibrium state. To predict the non-equilibrium
phases, some empirical criteria are proposed. For example,
it is believed that the phase decomposition at low tem-
perature may be inhibited in as-cast RHEAs when the ratio
(Tso1 — Tgec)/ Tsor 1s larger than 0.30 [47]. As shown in
Fig. 1d, the ratio of (Tso; — Tgec)/Tso1 for NbMoTaW is 1,
because there is no decomposition in this composition.
With Re addition, the ratio gradually decreased to 0.43 in
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Rel.33. Because all the NbMoTaWRe, HEAs considered
in this work have a larger ratio of (T — Tgec)/Tso1 than the
critical ratio of 0.30, it is very likely that the decomposition
at low temperature will be inhibited. Actually, it has been
proven in many studies that the phase decomposition will
be inhibited in many as-cast refractory alloys [46—48]. The
atomic radius difference (), enthalpy of mixing (AH,;,)
and entropy of mixing (AS,;,) were also calculated to
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Fig. 2 Calculated a lattice constant; b elastic modulus including B,

further estimate the phases, which are shown in Table 1.
The calculated 6, AH,,;x and AS,,;. are in the range of
2.12%-2.31%, — 15.09 to — 6.50 kJ-mol™' and 11.52—
1332 J-K "mol™!, respectively. The results meet
the criterion, suggested by Guo and Liu [49] as
0<6<8.5, —22<AH; <7 kI-mol™" and 11 <ASp; <
19.5 J~K71~m0171, for the formation of solid-solution
phase in HEAs. Based on the above results, the as-cast
NbMoTaWRe, RHEAs are expected to have a single bcc
solid-solution structure.

After determining the most likely crystal structure of
NbMoTaWRe, RHEAs, we predict their lattice constant
and mechanical properties, such as elastic modulus, hard-
ness, and Pugh ratios by density functional theory (DFT)
calculations. Figure 2a shows the lattice constants of bcc
NbMoTaWRe, RHEAs calculated by both EMTO and
VASP methods, and the inset figure illustrates the SQS
model of NbMoTaW employed in the VASP calculations.
Our results show that it has a steady decline in lattice
constant with the increase in Re content. It also can be
found that the lattice constants predicted by EMTO are
slightly larger than the values predicted by VASP, with a
difference in value of ~ 0.001 nm (~ 0.3%).
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Figure 2b shows the theoretical elastic modulus,
including bulk modulus (B), Young’s modulus (E) and
shear modulus (G) of NbMoTaWRe, RHEASs from the SQS
and CPA methods. The corresponding values can be found
in Table 2. With the content of Re increasing, all the three
moduli show an increasing trend. The predicted trends in
the elastic moduli from SQS and CPA show good consis-
tency, and the difference in values is less than 8%. For
NbMoTaW, the values of B, G and E calculated using SQS
are 236 GPa (225 GPa in CPA calculation), 86 GPa (95
GPa in CPA calculation), and 230 GPa (251 GPa in CPA
calculation), respectively. The predicted elastic moduli of
NbMoTaW agree well with the results reported by Tong
et al. [17]. With the Re content x increasing from 0 to 1.33,
the SQS predicted an increase of bulk modulus from 236 to
270 GPa (from 225 to 253 GPa in the CPA method),
Young’s modulus increases from 230 to 331 GPa (from
251 to 358 GPa in the CPA method), and shear modulus
increases from 86 to 124 GPa (from 95 to 136 GPa in the
CPA method). The hardness of NbMoTaWRe, RHEASs is
also gradually improved with the increasing of Re content,
as shown in Fig. 2c. With the Re content x increasing from
0 to 1.33, the hardness increases from HV 542 to HV 1071

Rare Met. (2022) 41(10):3343-3350
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in SQS prediction and from HV 770 to HV 1434 in CPA
calculations, respectively. The difference in hardness from
the two methods is larger than that of elastic modulus. This
is because the hardness is estimated from the elastic
modulus. Despite the numerical difference, the calculations
from CPA and SQS show a very similar trend with the
addition of Re.

B/G ratio is often used to study the ductile—brittle
behavior of materials [50-52]. According to the Pugh cri-
terion, a material with a B/G ratio larger than 1.75 often
behaves in a ductile manner, while material with Pugh ratio
smaller than 1.75 shows a brittle behavior [53]. However,
Frantsevich et al. suggested B/G ratio of ~ 2.67 as the
critical value to distinguish the ductile/brittle materials
[54, 55]. To estimate the ductile-brittle behavior of
NbMoTaWRe, RHEAs, the Pugh ratio was calculated by
both CPA and SQS methods, as shown in Fig. 2d. In this
work, B/G ratio of NbMoTaW obtained from SQS and
CPA are 2.749 and 2.358, respectively. Meanwhile, Liu
et al. reported B/G ratio of NbMoTaW predicted by the
SQS method as 2.587 and 2.565, respectively [17, 18].
These results, from both SQS and CPA, are much higher
than the Pugh’s criterion 1.75. However, according to the
report of Senkov et al. [2], NbMoTaW has a plastic strain
about 2.0%. These theoretical results may suggest that the
Pugh’s criterion 1.75 is not large enough to estimate the
ductile-brittle behavior of NbMoTaW-based RHEAs. With
the increase in Re content, B/G ratio obtained by the SQS
method decreased from 2.749 to 2.178, while the ratio
obtained by the CPA method decreased from 2.358 to

1.865. The reduced B/G ratio implies an increased intrinsic
brittleness as the Re content increases. Considering the
limited ductility of NbMoTaW, it is reasonable to expect a
more brittle behavior in NbMoTaWRe, RHEAs.

To verify the DFT results, the NbMoTaWRe, RHEAs
were prepared by vacuum arc-melting method and the
crystal structure and mechanical properties were charac-
terized. Figure 3a displays XRD patterns of the as-cast
NbMoTaWRe, RHEAs. All XRD peaks are identified with
appropriate indices, and it proves that all NbMoTaWRe,
RHEASs have single bcce structures, which agrees with the
prediction of CALPHAD and empirical parameter calcu-
lations. As shown in Fig. 3b, the lattice constant is linearly
decreased with the increasing of Re, which is consistent
with the trend obtained from SQS and CPA methods.
Furthermore, the measured data are very close to the the-
oretical values (Table 2).

The room-temperature engineering compressive stress—
strain curves of NbMoTaWRe, RHEAs are shown in
Fig. 4a. The measured yield strength, maximum strength,
and plastic strain of NbMoTaW are 1163 MPa, 1269 MPa
and 2.01%, respectively. It can be seen clearly that the
plastic strain is decreased with the addition of Re. The inset
in Fig. 4a shows that the slopes of the curves during the
elastic deformation stage increase with the increasing Re
content, suggesting that the Young’s modulus, as the DFT
calculations predicted, is improved after Re alloying.
Moreover, after Re alloying, a series of sudden drops in
stress can be seen at the elastic deformation stage. The
sudden drops are the results of the brittle bursts of the

Table 2 Lattice constant (a), B, G and E, hardness and Pugh ratio of NbMoTaWRe, RHEAs from present theory

Alloys Methods a/nm B/ GPa G/ GPa E / GPa Hardness (HV) BIG
NbMoTaW SQS 0.3231 236 86 230 542 2.749
SQS [56] - 236 92 245 - 2.565
CPA 0.3239 225 95 251 770 2.358
Exp 0.3230 - - 72 543 + 13 -
Re0.27 SQS 0.3221 246 98 259 710 2.523
CPA 0.3231 229 108 280 1008 2.116
Exp 0.3219 - - 86 575 + 16 -
Re0.57 SQS 0.3215 251 104 276 795 2.395
CPA 0.3222 235 119 305 1192 1.981
Exp 0.3210 - - 91 603 + 11 -
Re0.92 SQS 0.3206 263 116 304 957 2.261
CPA 0.3214 241 128 327 1360 1.881
Exp 0.3200 - - 93 607 + 10 -
Re1.33 SQS 0.3197 270 124 323 1071 2.178
CPA 0.3207 253 136 346 1434 1.865
Exp 0.3195 - - 114 634 + 21 -
Rare Met. (2022) 41(10):3343-3350 @ r/_‘
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b hardness of NbMoTaWRe, RHEAs from experiments

samples under compression. Meanwhile, the sudden drops
are more obvious in alloys with high Re contents (Re0.92
and Rel.33). These results suggest that the alloys become
very brittle after Re alloying, which is consistent with the
theoretical prediction. In fact, the content of Re in Ni-based
superalloys is usually not larger than 3 wt% because of the
rareness of Re and the Re-induced brittleness [20, 21]. In
Re0.57 RHEAsS, the content of Re is 8.23 wt% (6.25 at%),
which is much higher than the limit of 3 wt%. Considering
the very limited ductility of NbMoTaW, the traditional
design idea that each component has a concentration of
about 5 at%—35 at% is not suggested when alloying with
Re. In order to maintain reasonable levels of ductility, it is
necessary to limit the content of Re in NbMoTaW or
simultaneously alloying Re with other elements that can
improve the ductility, such as Zr [17].

Figure 4b shows the dependence of the Vickers hardness
on the content of Re. As shown in this figure, the hardness
is gradually increased with the increase in Re content. The

aQ

hardness of NbMoTaW is HV (543 + 13), and in Rel.33
the hardness increases to HV (634 £ 21). The trend of the
hardness with the addition of Re is consistent with the
prediction of SQS and CPA calculations (Fig. 2c).

In summary, the effect of Re alloying on the phase
composition, crystal structure, and mechanical properties
of NbMoTaWRe, (x =0, 0.27, 0.57, 0.92, 1.33) RHEAs
was investigated by combining the CALPHAD, first-prin-
ciple calculations, and experimental methods. All consid-
ered RHEAs were predicted to have single bcc structure
from CALPHAD and empirical criteria, which was verified
by XRD characterizations. As the increase in Re content,
the hardness was gradually improved from HV (543 + 16)
(NbMoTaW) to HV (634 + 21) (Rel.33), and the Young’s
modulus was also gradually increased. However, the
addition of Re leads to an increase in brittleness. Overall,
the predictions from DFT methods are consistent with the
experimental results quantitatively (such as lattice con-
stants) or qualitatively (such as elastic moduli, hardness,

Rare Met. (2022) 41(10):3343-3350
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and brittleness). In order to avoid extreme brittleness, we
suggest that the alloying of Re should be added in a lower
concentration or alloying Re with other ductile elements
simultaneously.
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