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Abstract: Guided by CALPHAD (Calculation of Phase Diagrams) modeling, the refractory
medium-entropy alloy MoNbTaV was synthesized by vacuum arc melting under a high-purity
argon atmosphere. A body-centered cubic solid solution phase was experimentally confirmed in
the as-cast ingot using X-ray diffraction and scanning electron microscopy. The measured lattice
parameter of the alloy (3.208 A) obeys the rule of mixtures (ROM), but the Vickers microhardness
(4.95 GPa) and the yield strength (1.5 GPa) are about 4.5 and 4.6 times those estimated from the
ROM, respectively. Using a simple model on solid solution strengthening predicts a yield strength of
approximately 1.5 GPa. Thermodynamic analysis shows that the total entropy of the alloy is more
than three times the configurational entropy at room temperature, and the entropy of mixing exhibits
a small negative departure from ideal mixing.

Keywords: medium-entropy alloy; high-entropy alloy; enthalpy; entropy; lattice parameter; rule of
mixture; mechanical properties; hardness; yield strength; solid solution strengthening

1. Introduction

Materials development is closely related to the civilization of human society. Most transportation
and energy applications call for structural materials that have high strength, good fracture toughness,
and great thermal stability. To date, four major commercial alloy families have been commonly
used to meet the operational requirements of these applications. They are iron alloys, aluminum
alloys, titanium alloys, and nickel-based superalloys, and they are based on one major element with
additional alloying elements used to achieve the optimal balanced properties [1]. One common
weakness among these traditional single-principal-element alloys is that their properties are limited
by the inherent characteristics of the principal element. For instance, Ni-based superalloys have been
adopted for load-bearing applications at high temperatures (aircraft, power-generation turbines, rocket
engines, efc.), whereas their operational temperatures have reached their theoretical limits, no more
than 1200 °C, which is approximately 90% of the melting point of the material [2]. Therefore, other
advanced structural materials need to be discovered with superior temperature capability to Ni-based
alloys for ultra-high temperature applications.

More recently, the concept of high-entropy alloys (HEAs), also known as multi-principal element
alloys (MPEAs), was proposed with equi-atomic or near equi-atomic compositions to increase the
configurational entropy so as to stabilize the solid solution structures [3,4]. In contrast to traditional
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alloy design that focuses on alloy compositions at the corners of phase diagrams, the focus of HEAs
has been moved to the central region of the phase diagrams. Thus, HEA design has opened up a door
to explore new alloy families with unique compositions [3-5]. The HEAs reported in the literature
generally form with face-centered cubic (FCC) [6], body-centered cubic (BCC) [7], or hexagonal
close-packed (HCP) structures [8-10]. Reference [11] provides a list of single-phase HEAs in these
structures that have been experimentally verified or computationally predicted. Moreover, a number
of these compositions have demonstrated favorable combinations of high strength, high ductility,
oxidation resistance, and thermal stability [12-14], especially at high temperatures [15,16]. Since 2010,
a series of HEAs with refractory elements were investigated for high temperature applications,
including alloys based on the following element combinations: MoNbTaW, HfNbTaTiZr, MoNbTiZrVy,
and NbTaTiVAly [7,17-21]. The MoNDbTaW alloy exhibits a high-yield strength of 405 MPa at 1600 °C.
Unfortunately, other properties are still problematical, including higher than desired density and lower
than expected room-temperature ductility. These issues still need to be resolved [7,22]. In fact, it is
well known that most refractory metals lack good ductility at low temperatures [23,24].

The present study focuses on a medium-entropy alloy MoNbTaV with the objective of achieving
a single BCC structure with lower density and higher ductility than MoNbTaW. Vanadium has a
significantly lower density (6.11 g/cm?) than tungsten (19.25 g/cm?), while the former has a much
higher Poisson’s ratio (0.365) than the latter (0.28) [7,25]. Poisson’s ratio is commonly used to gauge
the ductility of metals and alloys, and alloys with higher Poisson’s ratio often exhibit higher intrinsic
ductility [23,24]. The MoNbTaV alloy is fabricated using arc-melting technique, and its microstructure
and mechanical properties at room temperature (RT) were investigated. The Calculation of Phase
Diagrams (CALPHAD) method is used to predict phase formation during solidification, and solid
solution strengthening is analyzed using a simple model based on traditional elastic theory.

2. Computational Methodologies and Experimental Procedures

The TCNI8 thermodynamic database supplied by ThermoCalc™ (version 2015b, Thermo-Calc
Software, Stockholm, Sweden) [26] was used for all CALPHAD calculations, and it covers the
complete binaries pertaining to the nine refractory metals of interest (i.e., Hf, Cr, Mo, Nb, Ta, Ti, V, W,
and Zr). Previous CALPHAD modeling using this database has demonstrated good agreement with
experimental observations for various refractory BCC HEAs [20,21,27-30]. Recent publications [29-33]
offer guidance on CALPHAD modeling of HEAs.

An alloy ingot with nominal composition of MoNbTaV (at.%) was synthesized by arc melting the
corresponding metals (elemental purity of metal constituents better than 99.9 wt.%) in a Ti-gettered,
high-purity argon atmosphere on a water-cooled copper hearth. To achieve a homogeneous distribution
of elements, the ingot was remelted at least seven times. Between melts, the ingot was flipped in an
attempt to better mix the constituent elements. The ingot was about 35 mm in diameter and 15 mm
in height.

The crystal structure was identified using an X-ray diffractomer (DX-2700, Haoyuan Instrument
Co., Ltd., Dandong, China) with Cu K« radiation. The scanning range was from 20° to 80° in 26 at a
scanning rate of 3 °/min. The morphologies and microstructures of the as-cast alloy were characterized
by scanning electron microscopy (SEM, MIRA3 LMH, Tescan, Brno, Czech Republic) with energy
dispersive spectroscopy (EDS, X-Max, Oxford Instruments Plc, Oxfordshire, UK) capability. Vickers
microhardness (MH-600, Everone Enterprises Ltd., Shanghai, China) was performed on the polished
sample surface using a 1 kg load, applied for 20 s. Eight random points were used to obtain an average
Vickers hardness number.

Cylindrical specimens for compression testing were electric-discharged machined from the as-cast
ingot. The samples were 3 mm in diameter and 6 mm in height, giving an aspect ratio of 1:2. The two
end surfaces of the cylindrical compression specimen were polished to ensure planar and parallel
sided surfaces. A MTS 809 (MTS Systems Corporation, Eden Prairie, MN, USA) universal testing
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machine was used to perform the compression tests at room temperature with a nominal strain rate of
5x107*s 1.

3. Results

3.1. Microstructure

Figure 1 shows the X-ray diffraction (XRD) pattern of the as-cast alloy. The XRD peaks of the
alloy are indexed as a single BCC phase. The lattice parameter of the solid solution phase is estimated
to be equal to 3.2036 A. Using the lattice parameters of the pure elements [7] (Table 1) and the bulk
alloy compositions (Table 2), the crystal lattice parameter (a,;;,) of the alloy can be estimated using the
ROM [34]:

apix = Z?:l cia; 1
where ¢; and a; are the atomic fraction and the lattice parameter of the i-th element, respectively,
and 7 is the number of alloy components. The calculated value is consistent with the experimental
value determined from the XRD, and these values are given in Table 1. A prior study [10] also shows

excellent agreement in the lattice parameters of single-phase HEAs estimated from the ROM with
those from experimental measurements.
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Figure 1. X-ray diffraction (XRD) pattern of the as-cast MoNbTaV alloy.

Table 1. The crystal lattice parameter (a), atomic radius (r), melting temperature (T;), Vickers hardness
(Hy), yield strength (o9 2), valence electron concentration (VEC), Pauling electronegativity difference
(Ax), and shear modulus (G) of pure metals are given. The calculated (Calc) and experimental (Exp)
data for MoNbTaV alloy is also listed here.

Metal Mo Nb Ta v MoNbTaV (Calc/Exp)
a(A) 3.1468 3301 3.303 3.039 3.2036/3.208
r (A) 1.4 147 147 135 -
Ty (°C) 2623 2477 3017 1910 2528 /-
H, (MPa) 1530 1320 873 628 1097 /4947
0po (MPa) 438 240 345 310 333/1525
VEC 6 5 5 5 -
Ax 2.16 1.6 15 163 -
G (GPa) 123 595 647 466 73.78/~

The backscattered-electron SEM image of the as-cast alloy (Figure 2) shows a typical dendritic
microstructure, indicating constitutional segregation during the non-equilibrium solidification.
The average bulk composition of the alloys (Caver) Was estimated using energy-dispersive X-ray
spectroscopy (EDX) on large areas, and it slightly deviates from the nominal concentration due
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to evaporation losses of elements during the melting process. Table 2 lists Cuper, the average
composition of the dendritic arms (Cy,), and the average composition of the interdendritic regions
(Cigr). The dendrite arms are enriched with Ta and Mo, while the interdendritic regions are enriched
strongly with V. Overall, the Nb content in both regions deviates little from the bulk concentration and
falls within the uncertainty of EDX measurements.

Figure 2. Backscattered electron SEM micrograph of the polished cross-section of the MoNbTaV alloy.

Table 2. The average bulk composition (Cgeer), the average composition of dendrite arms (Cy,), and the
average composition of interdendrite regions (C;;,) for MoNbTaV alloy.

Alloy Concentrations (at.%) Mo  Nb Ta A\

Caver 249 258 266 227
MoNbTaV Car 276 250 315 159
Cidr 196 275 190 339

To demonstrate the elemental distribution, the EDS mapping was obtained on a small region
of the alloy, as presented in Figure 3. The qualitative elemental mapping agrees with the EDX point
analysis listed in Table 2.

20 pm

Figure 3. Backscattered electron SEM micrograph and EDX mapping of elements Ta, Mo, Nb, and V in
the as-cast MoNbTaV alloy.
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The level of elemental segregation can be described by a linear relationship [7]:

AC = kAT @)

where k is a constant and AT; = (T,); — T/¥*. Here, (Ty); is the melting temperature of the i-th
element [7], and T}'* is the calculated average melting temperature of the alloy. The AC = Cy, — Cager,
reveals the excess concentration inside the dendrite arms. The AC-AT relation is illustrated in Figure 4.
Note that the element Mo apparently deviates from linearity. The reason for this abnormality was
subsequently studied using CALPHAD modeling, which will be discussed in the next subsection.
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Figure 4. The correlation between the partition coefficient AC and AT for MoNbTaV alloy.

3.2. CALPHAD Modeling

Figure 5a shows the evolution of predicted equilibrium phase mole fraction versus temperature
for MoNbTaV. The only crystallization phase is the BCC phase that forms at 2437 °C, and it
is predicted to decompose to a non-equimolar BCC phase and a minor V-rich BCC phase at
456 °C. The non-equilibrium solidification simulation was accomplished using the Scheil-Gulliver
models [35,36], which assume equilibrium mixing in the liquid with no diffusion in the solid.
The simulation also predicts the formation of a single BCC solid solution phase as shown in Figure 5b.
Simulation on the true bulk composition reveals very similar results; that is, only the BCC phase forms

as the primary crystallization phase under both solidification routes, and it is stable over a very wide
temperature range.
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Figure 5. (a) Calculated equilibrium phase mole fraction versus temperature for MoNbTaV; (b) Mole
fraction of solid phase formed during non-equilibrium solidification using Scheil-Gulliver models.
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The simulations also predict likely segregation tendencies for both the nominal and true bulk
compositions due to constitutional cooling effect. The compositional evolution in liquid and BCC
phases for the actual alloy composition is shown in Figure 6a,b, respectively. As the temperature
decreases, the liquid is gradually depleted in Mo followed by Ta, while it is steadily enriched in V.
In contrast, the BCC phase is predicted to be rich in Ta and Mo while depleted in V in the dendrites
that form at earlier stages of solidification. Conversely, the BCC phase is predicted to be depleted in Ta
and Mo while enriched in V in interdendritic regions that form at later stages of solidification. The Nb
content in liquid and BCC phases are predicted to be close to the bulk concentration. The predicted
composition profiles, qualitatively at least, agree with experimental results.
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Figure 6. (a) Liquid and (b) body-centered cubic (BCC) compositions of the actual alloy predicted
using Scheil-Gulliver models; (c) Liquidus and (d) solidus temperatures of MoxNbTaV, MoNb,TaV,
MoNbTasV, and MoNbTaVy alloys as a function of alloying element contents; (e) Liquidus and
(f) solidus temperatures of NbV-My, Nb-M, and V-My systems (M = Mo, Ta) as a function of Mo
and Ta contents.
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The positive deviation from the linear AC = kAT relation (Equation (2) and Figure 4) for Mo
observed in the experiments can be qualitatively understood from the evolution of the liquidus and
solidus temperatures as a function of alloy systems and compositions, as shown in Figure 6¢c—f. Both the
liquidus and solidus temperatures pertaining to Mo (i.e., MoxNbTaV, NbVMoy, and VMoy, except
NbMoy) exhibit a concave shape while for other alloys (i.e., MoNbyxTaV, MoNbTa,V, NbVTa,, and VTay,
except NbTay), they exhibit a convex shape. For example, the liquidus temperature of V-Mo binary
shows a very positive departure from the ROM, while that of V-Ta binary shows a very negative
departure from ROM. Accordingly, the liquidus temperature is significantly higher for V-Mo binary
than V-Ta binary for alloying element contents up to about 72 at.%. The liquidus temperature is also
noticeably higher for NbV-Mo than NbV-Ta pseudo-binary for alloying element contents up to 49 at.%.
The liquidus temperatures of Nb-Mo and Nb-Ta binaries obey the ROM. Similar trends are seen in
the solidus temperatures of V-M binaries and NbV-M pseudo-binaries (M = Mo, Ta). In other words,
addition of Mo to those systems tends to raise the liquidus and solidus temperatures, in contrast
to Nb, Ta and V. This is consistent with common observation that the elements of higher melting
temperature often solidify before elements of lower melting temperature, as reported in [27,29,30].
In short, in analogy to pure elements, alloying with elements that tend to increase the liquidus and
solidus temperatures of the solid solution alloy are expected to solidify first before elements that tend
to decrease those temperatures.

3.3. Mechanical Properties

Figure 7a shows the engineering stress-strain curves (RT, 23 °C) for MoNbTaV alloy. The yield
stress (i.e., 097 is defined as the stress at strain ¢ = 0.2%.) of MoNbTaV is 1.5 GPa, while the maximum
compressive fracture strength is 2.4 GPa. The alloy exhibits about 21% compression strain before
fracture and a large work-hardening capacity. Both the strength and the ductility of MoNbTaV are
significantly greater than MoNbTaW (0p, = 1.0 GPa with compression strain ¢ = 2.1%) [22]. While
the higher ductility of MoNbTaV alloy is expected, its higher yield strength is a surprise. One factor
that may contribute to its higher strength could be its much refined grain sizes in the as-cast state
than the homogenized MoNbTaW alloy [22]. The MoNbTaW sample was annealed at 1400 °C for 19 h,
leading to an average grain size about 200 um [22]. Also, the presence of pores could be seen in both
intergranular and intragranular areas in MoNbTaW [22]. As shown in the Figure 7b, the morphology of
the fractograph exhibits a mixture of cleavage steps, river patterns, and tongue patterns in MoNbTaV.
For a meaningful evaluation on MoNbTaV for high temperature applications, proper homogenization
and subsequent measurement of its yield strength and fracture strength during tensile/compression
tests as a function of temperature are required. This task is beyond the scope of the present study.
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Figure 7. (a) Compressive engineering stress-strain curve for MoNbTaV alloy at room temperature;
(b) The fracture surface of the deformed sample of MoNbTaV.
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The average Vickers microhardness values (H,) for this alloy, and for the pure elements [7],
are listed in Table 1. Generally speaking, materials properties are sensitive to alloying elements
and their concentrations, and thus cannot be reliably predicted using the ROM (at least not always).
The ROM is expressed as follows:

P = 2 CiPi ®

where ¢; is the atomic percentage, and p; is the mechanical property of the i-th constituent element.
The calculated average values of Ggféx and H’V”ix are 333 MPa and 1.1 GPa, respectively, which are much
smaller than the measured values (see Table 1). The results suggest that the mechanical properties
of the alloy do not obey the simple ROM, and aspects of solid solution strengthening (SSS) may
play a more dominant role than expected. As summarized in a prior study [10], significant SSS
effect is also observed in other BCC alloys (e.g., MoNbTaW, MoNbTaVW, HfNbTaTiZr, MoNbTaTiVW,
HfNbTaTiVZr, and CrMoNbTaVW), as well as the FCC CoCrFeNi alloy. However, little SSS is observed

in the HCP GdHoLaTbY alloy [10].
4. Discussion

4.1. Phase Formation

Predicting stable phases of HEAs is a challenging task [32,37] since phase diagrams targeted for
HEAs are often not available. For the HEAs, the ideal configurational entropy (AS,,;,) is expressed as:

n
ASmix = —R Zi:l C; In C; (4)

where R is the gas constant (8.314 J- K~ mol™1), and ¢; is the atomic percent of the i-th component.
AS,,ix reaches its maximum value, RIn(r), when the molar fractions of all components are equal. A high
value of AS,,;, is regarded to be important in stabilizing the solid solution phases, as the Gibbs free
energy is reduced by the entropy term (TAS,,;,). In 2008, Zhang et al. [4] suggested that the criteria for
forming random solid solutions alloys solidified from the melt were —15 kJ/mol < AH,,;, <5 kJ/mol
and 6 < 6.6%, where AH,;;;, and 0 are enthalpy of mixing and atomic size difference, respectively,
and are defined as follow:

2
§ = 100 %\/Zf:l ¢ (1—ri/r> (5)
n
AHyjx = Zizlj#‘k‘]z‘jcicj (6)

where ¢; (r;) is the atomic fraction (the Goldschmidt atomic radius [38]) of the i-th component,

r (=21, ¢;1;) is the arithmetical mean value of atomic radius, and wj; is the enthalpy of mixing
between i-th and j-th elements [39].
In 2012, a new parameter, (), was proposed based on the concept of entropy-enthalpy
competition [40,41]:
Q= TrzlixAsmix

= 7
‘ A}Imix | ( )

where T/ = 3 ¢; (T,,); is the calculated average melting temperature. From available data,
these relations suggest that the solid-solution HEAs are located at (2 > 1.1 and § < 6.6%. The values
of 6, AH,;, and Q) for the current alloy are listed in Table 3.
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Table 3. The parameters atomic size difference (5), enthalpy of mixing (AH,,;, ), ideal configurational
entropy (ASy,y), Q), VEC, and Pauling electronegativity difference (Ax) of MoNbTaV high-entropy

alloys (HEA) are given.
Alloy 5 (%) AH,,i (KJ/mol) ASix J- K~ 1. mol™1) Q VEC Ay
MoNbTaV 3.59 —-3.25 11.53 986 525 0.26

In addition, the valence electron concentration (VEC) and Pauling electronegativity difference
(Ayx) are also used to predict the formation of solid solution versus intermetallic phases in HEAs [42-44].
The VEC and Ay for multi-component alloys can be defined as:

VEC = Zf: L GVEC 8)

AX = @f_l & (-x) ©)

where VEC; (x;) is the VEC (Pauling electronegativity) for the i-th element, and (: S cixi) is
the arithmetical mean value of electronegativity for a multi-component alloy system. It is revealed
that FCC phases are stable at higher VEC (> 8), and conversely, BCC phases are stable at lower
VEC (< 6.87). The coexistence of FCC and BCC phases is observed at VEC values between 6.87 and
8 [42]. The calculated VEC value for MoNbTaV is 5.25, so a BCC structure is expected to form in
MoNbTaV. The calculated Ax value for MoNbTaV is 0.26.

It is intuitively expected that low values of Ax will favor solid solution phase formation, but a
prior study [20] also shows that empirical parameters such as Ax and () are not always effective
in separating single-phase compositions from multi-phase ones. Instead, Gao et al. [9,11,32] have
demonstrated an effect approach that combines phase diagram inspection, CALPHAD modeling,
first-principles density functional theory (DFT) calculations, and ab initio molecular dynamics
simulations. Using this methodology, hundreds of new single-phase HEA compositions have
been suggested [11]. For example, quaternary and higher-order equimolar compositions in the
Dy-Er-Gd-Ho-Lu-Sc-Sm-Tb-Tm-Y, Ba-Ca-Eu-Sr-Yb, Mo-Nb-Ta-Ti-V-W, and Mo-Nb-Re-Ta-Ti-V-W
systems have been suggested.

4.2. Thermodynamic Properties Analyses

The present research demonstrates that these empirical parameters are useful in predicting
phase formation. However, it should be noted that the (Q-parameter is calculated using the ideal
configurational AS,,;, and AH,,;, for the liquid phase, as well as the average melting point, and thus,
this value may vary substantially if the thermodynamic properties of the solid phase and the liquidus
temperature are used, as pointed out by Gao et al. [20]. Accordingly, the thermodynamic properties of
the Mo-Nb-Ta-V system have been further studied using CALPHAD.

Using BCC phase as the reference state, the calculated entropy of mixing and enthalpy of mixing
for BCC phase of MoNbTaV are predicted to be 10.79 J/K/mol and —4.13 k]J/mol, respectively.
The entropy of mixing is slightly less than the ideal configurational entropy, suggesting a negative
excess entropy for the alloy. Using liquid phase as the reference state, the calculated entropy of
mixing and enthalpy of mixing for liquid phase of MoNbTaV are predicted to be 11.31 J/K/mol and
—2.97 kJ/mol, respectively. While the mixing entropies and mixing enthalpies for the BCC and liquid
phases are fairly consistent for MoNbTaV, the contrasting trend in the mixing properties between BCC
and liquid phases are observed in other refractory HEAs [20,30].

Using the default states as the reference (the stable structures at pressure of 1 atm and temperature
of 25.15 °C), the total entropy, enthalpy and Gibbs free energy for MoNbTaV are shown in Figure 8.
The calculated total entropy at 300 K is 45.2 ] /K/mol, which is about 3.9 times the ideal configurational
entropy of 11.53 ] /K/mol. This is mainly due to vibrational entropy, which is usually much larger
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than the configurational entropy as revealed by recent DFT calculations [45]. For example, DFT
calculations [45] show that the vibrational entropies for FCC CoCrFeNi, BCC MoNbTaW, and HCP
CoOsReRu solid solution phases are already more than twice the ideal configurational entropy at
room temperature. Vibrational entropy also scales with increasing temperature. The total enthalpy
is —4.09 kJ/mol at T = 27 °C, but quickly becomes positive with increasing temperature. The Gibbs
energy combines the contributions from both enthalpy and entropy, but apparently the contribution

from entropy overweighs that from enthalpy for this alloy.
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Figure 8. Calculated (a) entropy, (b) enthalpy, and (c) Gibbs free energy of BCC MoNbTaV as a function
of temperature using the default states as the reference.

To analyze the compositional dependence of the thermodynamic properties, the mixing behavior
in entropy, enthalpy and Gibbs free energy for the BCC phase for four pseudo-binaries of MoxNbTaV,
MoNb,TaV, MoNbTa.V, and MoNbTaVy at 1000 °C were calculated as shown in Figure 9. The entropies
of mixing for these systems are fairly comparable and all lie below the ideal configurational entropy,
and thus they exhibit negative excess entropy. The enthalpy of mixing appears to be sensitive to the
alloying elements. The addition of Mo lowers the enthalpy of mixing while the addition of V increases
it. The resulting Gibbs free energy largely follows the trend of the enthalpy of mixing, suggesting

that enthalpy plays a more important role in phase stability than entropy for the BCC phase among
these pseudo-binaries.
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Figure 9. Calculated (a) entropy of mixing, (b) enthalpy of mixing, and (c) Gibbs free energy of mixing
at T = 1000 °C for four pseudo-binaries of MoxNbTaV, MoNbyTaV, MoNbTa,V, and MoNbTaVy using

TCNIS8 database. The reference states used are the BCC phase at T = 1000 °C.

4.3. Solid Solution Strengthening (SSS)

It is widely regarded that large differences in atomic size and shear modulus among solute
and solvent atoms will lead to a more pronounced SSS effect. On the basis of the classical Labush
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approach [46], which has been successfully applied to HEAs [47], the SSS caused by the i-th element
can be expressed as:

1132/

Ao; = AGf;""c; (10)

1

where A is a material-dependent dimensionless constant, which is of the order of 0.04 [17], G is the
shear modulus of the alloy, ¢; is the concentration of the i-th element, and f; is the mismatch parameter.

The f; parameter can be determined by:
fi = A/8G? + o26r? (11)

where 8G; = (%) % is the atomic modulus and ér; = (%) gcr is the atomic size mismatch. The term
1 1

« is a constant that accounts for the difference in the interaction forces between screw and edge
dislocations and the solute atom. Generally, « is 2—4 for screw dislocations and « > 16 for edge
dislocations [17]. In the BCC lattice each solute has eight nearest-neighbor atoms, thus forming a
nine-atom cluster. If the local concentration around the i-th element is assumed to be equal to the
average concentration of the alloy, the i-th element will have N; = 9¢; of j-atom and N; = 9¢; — 1 of
i-atom neighbors (j # 7). Then the lattice distortion §,; and atomic modulus mismatch 6¢; (per atom
pair) in the vicinity of an element i can be estimated as an average of the atomic size difference (3,;})
and the atomic modulus difference (8¢;;) of the element with its neighbors [17], respectively:

9
8ri = g 2,0 (12)
9
e > ¢idaij (13)
where ¢; is the atomic fraction of j-th element in the alloy, and &,; = 2 (ri — i)/ (r;y + r]-),

5(;1‘]‘ =2 (Gi - G]) / (Gi + G])

The calculated §,;; and 8¢;; values are listed in Table 4. Using Equations (12) and (13),
the calculated §,; and 85; values for Mo, Nb, Ta, and V are listed in Table 5, while the parameters of
pure elements [38] are given in Table 1. Note that the absolute values of the estimated §,; for Mo is
lower than Nb, Ta, and V, and this means that by increasing Mo content, the lattice distortion of the
alloy will decrease and thus its contribution for SSS will reduce. By contrast, the 65; of Mo is higher
than any other element. This suggests that the SSS from shear modulus distortion increases with the
addition of Mo.

The Ao; of each component element is listed in Table 5. Since the shear modulus of the alloy
is not available, it is estimated using the rule of mixture to be 73.78 GPa. Considering the real type
of dislocation in alloy is mixed dislocations, an average value of « = 9 for the alloy is assumed as
an intermediate value (« is 2 for screw dislocations and 16 for edge dislocations). The Ac; of Mo
is significantly higher than Aoc; by other elements. Using the Gypen and Deruyttere approach [48],
the SSS effect has been estimated for HEAs [47]. The SSS of the alloy (Ao) by summarizing Ao; of each
constituent is expressed by the following equation:

3/2
Ao = <ZA01»3/2) (14)

Table 4. Relative atomic size difference, 5n~]~, and modulus difference, 5Gz‘jx of the alloying element pairs.

6,,']'/8(;1']' Mo Nb Ta A\Y
Mo 0 —0.049/0.696 —0.049/0.621 0.036/0.901
Nb 0.049/—-0.696 0 0/—-0.084 0.085/0.243
Ta 0.049/-0.621 0/0.084 0 0.085/0.325

\' —0.036/—-0.901 —0.085/—0.243  —0.085/—0.325 0
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Table 5. Calculated atomic lattice distortion §,;, shear modulus distortion §5;, and Ao; near an
individual i-th element in MoNbTaV alloy.

Parameters Mo Nb Ta A%
S, —0.019 0.035 0.035 —0.058
Sai 0.618 —0.158 —0.067 —0.41

Ao; (MPa) 647 302 273 631

Substituting Ao; values (determined via Equation (10) through Equations (11)—(13)) into
Equation (14) yields a Ao value of 1.21 GPa. The calculated yield stress of the alloy can then be
described as:

08‘_121 = GSZ’% Ac (15)

herein, the Ggféx is given using ROM. For clarity, Gggx and Ao are summarized in a column chart

(Figure 10) to compare the calculated and experimental og,. The calculated o§% agrees well with

the experimental O'g?czp. It should be noted that the simple SSS model used in the present study
assumes no other significant strengthening mechanisms that may be found in the as-cast MoNbTaV.
However, the interaction between moving dislocations and the “solute” atoms and their elastic field
in the as-cast dendrite microstructure can be much more complex than in a homogeneous equi-axed

grain microstructure.

1800

1543 1525

I
2
2

1200 -

o
=]
=

Yield strength (MPa)

mix cal ex
Oz Ao Gr:z Gy
Figure 10. The estimated yield strength by the rule of mixtures (ROM) (06’@") and the calculated
solid solution strengthening (SSS) (Ao). The predicted total strength (66'2" + Ao) agrees well with the
experimental data (Ug? ).

5. Conclusions

In conclusion, the refractory MoNbTaV HEA is designed by CALPHAD modeling and synthesized
by vacuum arc melting. The as-cast alloy with a single BCC structure based on XRD and SEM analyses
exhibits a high yield stress of ~1.5 GPa and a large compression fracture strain of ~21% at room
temperature, both of which are significantly greater than what was found for the MoNbTaW alloy.
CALPHAD modeling is useful in predicting phase formation and analyzing the elemental segregation
that occurs during solidification. The total entropy of the alloy is nearly four times that of the
configurational entropy even at room temperature, and the entropy of mixing shows slightly negative
departure from ideal. The Vickers microhardness value (and the yield stress) of the alloy are about 4.5
(and 4.6) times that estimated from the simple ROM. This behavior has been explained by a simple
solid solution strengthening modeling based on traditional elasticity theory. The predicted yield stress
agrees very well with experimental value.
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