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Abstract

:

Developing new materials to be applied in extreme environments is an opportunity and a challenge for the future. High entropy alloys are new materials that seem promising approaches to work in nuclear fusion reactors. In this work, FeTaTiVW high entropy alloys were developed and characterized with Molecular Dynamic and Hybrid Molecular Dynamic Monte Carlo simulations. The simulation results show that phase separation originates a lower potential energy per atom and a high level of segregation compared to those of a uniform solid solution. Moreover, the experimental diffractogram of the milled powder shows the formation of a body-centred cubic-type structure and the presence of TiO2. In addition, the microstructure of the consolidated material evidenced three phases: W-rich, Ti-rich, and a phase with all the elements. This phase separation observed in the microstructure agrees with the Hybrid Molecular Dynamic Monte Carlo simulation. Moreover, the consolidated material’s thermal conductivity and specific heat are almost constant from 25 °C to 1000 °C, and linear expansion increases with increasing temperature. On the other hand, specific heat and thermal expansion values are in between CuCrZr and W values (materials chosen for the reactor walls). The FeTaTiVW high entropy alloy evidences a ductile behaviour at 1000 °C. Therefore, the promising thermal properties of this system can be attributed to the multiple phases and systems with different compositions of the same elements, which is exciting for future developments.
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1. Introduction


The necessity of materials to be applied to the nuclear reactor is essential nowadays to produce energy. Therefore, materials that can withstand intense heat flows must collect the generated heat without compromising structural integrity. Until now, W has been chosen as a plasma plasma-facing component (in the divertor) due to its high melting point, low sputter yield, and low tritium retention [1]. However, a harmful issue associated with W is its high ductile-to-brittle transition temperature (DBTT). In addition, a CuCrZr alloy has been selected as a heat sink for the power absorbed by the plasma-facing components [2]. However, this material suffers embrittlement under irradiation [3], and its allowed service temperature is relatively low [4]. Therefore, an intermediate layer is required to guarantee adequate thermal transport between both materials while keeping their temperatures at the proper working intervals.



The development of technology has led to the gradual but obvious conclusion that conventional alloys have nearly reached their performance limits and can no longer meet the demands of present-day applications. In response to this challenge, the development of new materials, such as high entropy alloys (HEAs), that have shown promising characteristics has risen. Unlike conventional alloys, they contain five or more elements and, in most cases, were found to possess single-phase microstructures face-centred-cubic (fcc) [5], body-centred-cubic (bcc) [6], hexagonal-closed-packed (hcp) type-structure [7], emerging as a new research frontier for explorations of novel materials with outstanding properties. The enhanced stability of solid solutions in HEAs can be attributed to the high entropy of mixing, which lowers their relative Gibbs Free Energy and promotes their stability [8,9]. Compared to their conventional alloy counterparts, high entropy alloys have demonstrated superior physical and mechanical properties [10]. High-entropy alloys offer remarkable features, including high strength, even at elevated temperatures such as in NbMoTaW and VNbMoTaW [11] and exceptional thermal stability as found in nickel-based alloys (Ni80Mo6.6Ti6Nb6Ta1.4), (Ni29Fe23Co23Cr23Zr2 and Ni25Fe23Co23Cr23Mo2Nb2Zr2) [12]. Moreover, owing to their impressive blend of mechanical properties, HEAs are considered promising candidates for a wide range of advanced engineering applications, including nuclear reactors, as is the case of (TaTiVZr)X (X = Hf or W) [13] and Ti2ZrHfV0.5Mo0.2 [14].



Molecular Dynamics (MD) is a computational simulation technique used to calculate the properties of a many-body system. In MD, each atom is assumed to be a point mass, and the motion of atoms is determined by Newton’s equation [15]. The Monte Carlo simulation method randomly swaps atom positions to achieve a more stable overall configuration. Hybrid MD-MC simulations, combining Molecular Dynamics and Monte Carlo, have been used for simulating HEAs [16]. The LAMMPS software (64-bit 22Dec2022) can perform MD and MC simulations and simulate X-ray diffraction patterns based on atomistic simulation results [17,18]. The interaction between atoms can be described using an embedded atom method (EAM) potential, which assumes that the energy of a solid is a function of the electron density. The EAM potential correlates well with more precise bonding methods and can be used for metals [15,19,20].



This work presents the simulation by MD and MC together with the development and characterization of a FeTaTiVW high entropy alloy. The structural characterization was performed using scanning electron microscopy and X-ray diffraction on the milled powder and on the consolidated samples. Moreover, the thermal and mechanical properties of consolidated samples were also evaluated and discussed.




2. Experimental Details


An equimolar Fe-Ta-Ti-V-W alloy was simulated using periodic boundary conditions. The software LAMMPS (64-bit 22Dec2022) of Sandia Labs was used for (a) Molecular Dynamics and (b) hybrid Molecular Dynamic/Monte Carlo simulations. The bcc structure was assumed for the simulations (133 cells), and the number of atoms was 4394. The typical simulation sequence involved several steps of energy minimization of the initial configuration, heating to the simulation temperature, and energy minimization for 6 × 106 time steps. The Hybrid Molecular Dynamic/Monte Carlo simulation, hereafter referred to as MC, consisted of the introduction of a Monte Carlo swap attempt every 10 Molecular Dynamic simulation steps (MC 10:1). The temperature used in the Metropolis criterion dictating swap probabilities was the same as that used in the MD simulation. The pressure was maintained at 1 atmosphere. The EAM potential for Fe-Ta-Ti-W was retrieved from NIST [21], referring to the original work of Zhou et al. [22]. The same procedure, using the same date set for the simulation of multicomponent alloys, has already been reported in the literature [21]. As the EAM set potential used [22] does not include vanadium, a hybrid potential (force field) was developed [23] in which the interactions involving vanadium were described by the Mie potential (a central potential related to the Lennard–Jones potential) with the parameters published in [23].



Powders of Fe, Ti, Ta, V (AlfaAesar, 99.9% nominal purity with average particle size 10 µm) and W (AlfaAesar, 99.9% nominal purity with an average particle size 10 µm and 35–55 nm) were mixed in the adequate proportion: FeTaTiVW in a glove box and mechanically alloyed in a high-energy planetary ball mill, PM 400 MA, with WC balls and vials. The balls-to-powder mass ratio was 10:1, and the milling was performed at 350 rpm (rotations per minute) for two hours. No process control agent (PCA) was used. The sample and the respective atomic percentages are shown in Table 1.



The as-milled powders were then consolidated by Spark-Plasma Sintering (SPS) on an FCT Systeme Gmbh sintering machine in a condition shown in Table 2.



After sintering, the apparent density was measured using Archimedes’ method [24] at room temperature in water. The theoretical density of FeTaTiVW high entropy alloy was calculated based on [25] at 11.18 g/cm3.



Metallographic preparation of the samples was performed by grinding with SiC paper and polishing with diamond suspensions (6 µm, 3 µm and 1 µm). Finally, the fine polish was achieved with colloidal silica suspension (0.2 µm). The microstructures were observed by secondary electrons (SE) and backscattered electrons (BSE) using a JEOL JSM-7001F field emission gun SEM equipped with an Oxford EDS spectrometer.



Powder X-ray diffraction (PXRD) was used to investigate the evolution of the powders’ mixtures using a Philips X’Pert diffractometer in a Bragg-Brentano geometry with Cu Ka radiation over a 2θ range from 10° to 100° with a 2q step size of 0.03°.



The high-temperature thermal properties have been investigated using a laser flash analyser (LFA 457, Netzsch, Selb, Germany) from room temperature up to 1000 °C, and the expansion coefficients have been determined in the same temperature range using a Netzsch 402C dilatometer. The LFA equipment allows for direct measurement of the thermal diffusivity, while the specific heat of materials can be determined by a differential method using a reference sample (NIST Mo SRM-781).



Quasi-static three-point bending (TPB) tests were then performed on smooth bars of 0.8 × 1.2 mm2 section cut by electro-discharge machining. A loading span of 10 mm and a constant cross-head travel speed of 100 µm/min were selected for quasistatic testing. To characterise the mechanical behaviour of these novel materials in their expected operating temperature range, TPB tests were performed at 25 °C, 600 °C and 1000 °C under a high vacuum atmosphere (10−6 mbar). The flexural strength was later computed using Euler-Bernoulli equations for slender beams up to failure, and their fracture surfaces were evaluated.



Vickers microhardness was obtained by applying a load of 200 gf for 15 s on an AKASHI MVK-EIII tester. Additionally, nanoindentation to a depth of 1500 nm was performed on the same samples using a standard Berkovich tip, calibrated using fused silica. The hardness measurements were performed on random regions. The average values of hardness and elastic modulus were taken from the unloading curve following the Oliver and Pharr method [26]. The Young Modulus of the HEA sample was obtained from the reduced modulus of the system (Er) (calculated from the unloading contact stiffness), the young modulus of the diamond indenter (Ei), and the poison ratio of both samples (νs), and indenter (νi), as in [27] using the following expression:


    1     E   r     =   1 −   v   s   2       E   s     +   1 −   v   i   2       E   i      



(1)







For the calculations, a poison ratio of 0.3 was used for the HEA sample. Thermodynamics calculations were first performed to determine the possible structures formed in the alloys and to help with the interpretation and discussion of the results. Based on empirical models [28,29] using the enthalpies and entropies of mixing, ΔHmix and ΔSmix, the fractional atomic size differences δ and the valence electron concentrations, VEC, it is possible to predict the formation of solid solutions in the ranges −15 kJ/mol ≤ ΔHmix ≤ 5 kJ/mol, 11 J/(K·mol) ≤ ΔSmix ≤ 19.5 J/(K·mol), and 1 ≤ δ ≤ 6: the stable most phases are predicted to be fcc at VEC ≥ 8 and bcc at VEC < 6.87. Between these values, mixed fcc and bcc type-structures are expected to coexist. In this context, the calculations of the relevant properties of Fe-Ta-Ti-V-W multicomponent alloy are presented in Table 3. Based on the calculated values, the existence of a bcc solid solution is expected for the FeTaTiVW and compositions.




3. Results and Discussion


3.1. Simulation


Molecular Dynamic (MD) simulation was performed similarly to previous research [30,31]. The variation of average potential energy per atom with simulation temperature is shown in Figure 1 for both MD and MC simulations. Hybrid molecular dynamic Monte Carlo (MC) simulation resulted in general phase separation, essentially titanium segregation, corresponding to an average potential energy per atom smaller than that of MD simulations. A difference in potential energy of about 0.15 eV at low temperatures clearly shows that the MC simulation yields the lower potential energy.



Figure 2a shows the MD structure obtained for the simulation at 25 °C. Random distribution of the five elements, similar to that of the starting structure, can be observed. In contrast, Figure 2b shows a segregated structure resulting from MC simulation. In Figure 2c,d, the Pair Distribution Function, g(r), of the different pairs of elements is shown. Regarding a single element, the most evident feature from the analysis of MC simulation (Figure 2d) for the first near neighbours (NN) is titanium segregation (very high probability of a Ti–Ti bond). This effect can be explained since, in MC simulation, there are no diffusion barriers and the formation of a separate Ti phase yielding a lower average potential energy for the ensemble is permitted. However, in MD simulation, the movement is restricted to the physical diffusion of the elements. In both types of simulation, the crystal structure obtained was entirely bcc type-structure. The lattice parameters extracted from the simulation cells were 0.3091 nm for MC and 0.3099 nm for MD at 25 °C. The densities extracted from the simulations were, respectively, 12.08 g/cm3 and 11.98 g/cm3 for MC and MD at 25 °C.



Figure 3 presents the results of chemical segregation for both types of simulations, MC and MD, as a function of temperature. The same procedure was used in [30], i.e., chemical analysis at 27 locations within the simulation cell to reflect the dispersion of chemical compositions. The MD simulation yields a slight standard deviation, approximately constant with temperature, reflecting the random distribution of the elements. In contrast, the MC simulation showed a much higher degree of segregation, increasing at intermediate temperature, consistent with element segregation.




3.2. Powder Analysis of FeTaTiVW


Figure 4 shows the X-ray diffraction together with the SEM images of the milled powder of the FeTaTiVW high entropy alloy. After 2 h of milling, the individual peaks of the elements disappeared, and a bcc-type structure was formed with a lattice parameter of 0.316 nm, very close to pure W, which points to a W not all mixed in the alloy. The formation of a bcc agrees with the thermodynamic calculations and also with MC and MD simulations. The presence of the WC due to the container and the vials was also observed. Furthermore, the presence of TiO2 was also observed. SEM observations were carried out to confirm the presence of pure W not mixed, as shown in Figure 4c,d. The images revealed that FeTaTiVW milled powder comprised small, agglomerated particles, and no W particles were observed. The phase constitution obtained experimentally as-milled, i.e., a single bcc phase with Ti segregated, albeit in the form of oxide, as seen in XRD, agrees with that predicted by the MC simulation. In addition, the loss of titanium towards oxides observed in XRD may explain the slight deviation of the lattice parameter of the MC simulation, 0.3091 nm, from that obtained experimentally, 0.316 nm.




3.3. Consolidated and Annealed FeTaTiVW Material


The microstructure of the consolidated FeTaTiVW high entropy alloy is shown in Figure 5a. The material exhibited a fine microstructure with mixed phases that seem to be a eutectic mixture. In addition, no porosity was observed, which agrees with the 99% calculated apparent density. To understand which phases are present in the microstructure, a heat treatment at 1000 °C for 21 days was performed, as shown in Figure 5b. In fact, comparing the non-treated microstructure with the heat-treated one, it is possible to conclude that annealing induces the globalisation of the phases, and three phases can be distinguished. EDS maps for each element (Figure 5c–g) evidenced the presence of a W-rich phase (indicated by red arrow), a Ti-rich phase (indicated by yellow) and a phase with all elements but with low Ti and W content (indicated by the blue arrow). The observation of W-rich particles on the microstructure may be ascribed to the high melting point of this element, preventing diffusion of this element within the alloy. In fact, the solid solution formed (indicated by the blue arrow) seems to have an atomic percentage of less than 20 for W. Moreover, the enthalpy of mixing elements between constituent atomic pairs ΔHmix AB plays a vital role in phase formation: the more negative ΔHmix, the more significant driving force for forming intermetallic compounds, while the more positive, the more substantial tendency for elemental separation in the alloy. The values of the mixing enthalpy of the atomic pairs are evidenced in Table 4 [32].



Among all the binary atomic pairs presented in Table 4, the enthalpy of mixing between Ti and the other elements as V and Fe is more negative compared to the other binaries, which implies the formation of a Ti-rich phase as probably an intermetallic one. However, in the case of Fe–Ta, the enthalpy is also large and seems to be associated with the Fe-Ta-V phase with low Ti and W content. Therefore, the consolidated microstructure clearly shows the titanium segregation (Ti-rich phase) within the alloy and confirms the segregation prediction of MC simulation. Moreover, the W-rich phase associated with the low diffusion of W was not considered in the MC simulation since this tool uses element swaps that are not governed by diffusion kinetics but rather by the overall potential energy of the final structure and could not be predicted. Therefore, high melting point elements, with high activation energy for diffusion, may yield different results from those predicted by MC simulation. In contrast, the processing by mechanical alloying evolving essentially deformation mechanisms may be more suited to simulation by the MC process, as was observed for the as-milled powder.




3.4. Differential Thermal Analysis (DTA)


Figure 6 shows the differential thermal analysis of the consolidated FeTaTiVW high entropy alloy. The graph shows that no transformation occurred on the material up to 1300 °C, which allows us to say that the microstructure shown in the above section does not correspond to a eutectic mixture. Since no abrupt transformation was observed, no liquid was formed, and it can be concluded that the fine microstructure presented on the consolidated material in Figure 3 corresponds to transformations in the solid state.




3.5. Thermal Properties


The thermal barrier between the W plasma-facing component and the CuCrZr heat sink should have low thermal conductivity (10–15 W/m/K) to ensure a heat flux of approximately 10 MW/m2 [3,33]. Figure 7a shows the thermal conductivity of the FeTiTaVW sample together with the pure W, Cu, and CuCrZr. The results reveal that the FeTiTaVW sample exhibits significantly lower thermal conductivity between 25 °C and 1000 °C than W and CuCrZr, with a value between 15 and 31 (W/(m·K)). In fact, this effect arises from notable alterations in the free paths for electron migration in high entropy alloys and the formation of barriers to electron flow at grain boundaries during heat transfer [34]. In the case of pure W [35] and CuCrZr [35], the high levels of purity lead to unobstructed pathways for electron migration, pointing to higher values of thermal conductivity. Moreover, the values found for the FeTiTaVW high entropy alloy are similar to those found for the case of AlxCoCrFeNi (0 ≤ x ≤ 2) [36]. Taking into account the targeted thermal conductivities for the thermal barriers (15 W/m/K) [3], it can be inferred that the FeTiTaVW high entropy alloy may be suitable for this purpose, although it is at a higher limit. Figure 7b depicts the specific heat of the FeTaTiVW sample alongside CuCrZr [37] and pure W [38]. Based on the results, the specific heat of FeTaTiVW high entropy alloys around 0.3 (J/g/K), falling between those of CuCrZr and tungsten, remaining relatively constant with increasing temperature. The low specific heat exhibited by CuCrZr and (W) implies less energy required for heating or cooling; positioning FeTaTiVW between them will be crucial for its role as a thermal barrier. Furthermore, results on samples with transition and lanthanide elements revealed [39,40] values of specific heat in the same range found for FeTaTiVW. In addition, Figure 7c exhibits the thermal expansion results of FeTaTiVW sample in the range temperature of 0 to 1000 °C. The thermal expansion increases with temperature and can be attributed to unit cell expansion and the distance increase between lattice sites with increasing temperature. Therefore, the lattice vibration is intensified with an increase in temperature, and consequently, the average distance between atoms within the lattice increases, leading to increased coefficients of thermal expansion [41]. However, compared to the values in the same range for W [32] and CuCrZr [41], the values of CuCrZr above 100 °C are higher than those found for FeTaTiVW high entropy alloy.



In comparison, the values of W are lower than those found for the FeTaTiVW material, making this system’s thermal expansion in between W and CuCrZr. In fact, materials with high melting points typically possess strong bonds between their atoms, resulting in lower thermal expansion tendencies. Recent research into the NbTiVZr system [41] reveals thermal expansion rates notably surpassing those of the FeTaTiVW system, falling within the range of [50–200] ∆L/L0 × 10−4. This finding unveils intriguing prospects for the thermal optimisation of FeTaTiVW high entropy alloy through targeted modifications of certain elements or control over elemental concentrations to achieve the desired thermal expansion characteristics.




3.6. Mechanical Properties


Figure 8 shows the results of the three-point bending tests for the FeTiTaVW consolidated high entropy alloy, showing the (a) Stress-strain curves at each temperature (25 °C, 600 °C and 1000 °C) and (b) the ultimate flexural strength in all the temperature range. The alloys tested at 25 °C and 600 °C have a linear elastic behaviour and present a brittle fracture. At higher temperatures, 1000 °C, the material shows a different curve, indicating ductile behaviour as presented by [11,43] on W-based refractory HEAs. But, consequently, lower strength values than at lower temperatures. The high ductile-to-brittle-transition temperature (above 600 °C) seems less favourable for structural purposes than that of other refractory high entropy alloys reported in the literature [11].



Figure 9 shows the surface of the samples after three-point bending tests at 25 °C, 600 °C and 1000 °C, respectively. Brittle facets, i.e., cleavages and river-like structures, can be appreciated at 25 °C and 600 °C, but no agglomerates or visible defects could be identified as crack initiators. However, the micrographs obtained by the three-point bending test at 1000 °C evidence a ductile fracture characterised by micro-void coalescence of varying sizes of about a few microns, as observed in Figure 9c, where macroscopic deformation of the sample section is evident; at higher magnification, no cleavage facets (i.e., river marks, “tongues” or crack-initiation sites) can be appreciated and instead distinct deformed nanograins are observed. These features for ductile fractures are indicative of substantial plastic deformation, as observed in Figure 8, where more than 6% of strain was recorded in all cases.



The indentation hardness of the sample was measured at 14 ± 2 GPa, while the value of the microscopic indentation was found to be HV1100 ± 55 (10.8 ± 0.5 GPa). The exhibited hardness results for this sample are considerably higher than those reported for other HEAs with similar compositions (mostly in general in the 140 HV to 900 HV), which point to strong atomic bonding and hard crystal structures, such as the intermetallics observed in the XRD microstructural analysis. In fact, HEAs are strengthened by significant lattice distortion, which causes a solid-solution hardening [44]. However, the elastic modulus of the alloy obtained via nanoindentation (210 ± 15 MPa) is lower than that of pure tungsten (400 GPa). All other elements used in this system and CuCrZr are between 116 and 200 GPa. For high entropy alloys, similar values have been displayed, ranging from 100 GPa to 600 GPa [45,46,47].





4. Conclusions


This work presents structural, thermal characterisation, and simulations for phase prediction of FeTiTaVW high entropy alloys. The MC simulations were more accurate by predicting significant segregation, particularly with a lower potential energy per atom. This segregation suggested by the MC simulation was corroborated by microstructural analysis of the annealed sample, highlighting the presence of a Ti-rich phase. The thermal conductivity of the FeTiTaVW HEA showed a slight increase with temperature while staying lower than CuCrZr and W, remaining within the range of 15 to 31 (W/m/K). Meanwhile, the specific heat measured values that ranged between 0.25 and 0.3 (J/g/K) are between CuCrZr and W. Finally, the thermal expansion values measured between 100–1000 °C increased with temperature and the values are placed between W (the lowest) and CuCrZr (the highest) thermal expansion, which is required for a thermal barrier. The mechanical analysis of the alloy indicates a ductile behaviour at 1000 °C, while at 25 °C and 600 °C it evidences a brittle one. These findings show that the FeTiTaVW HEA is a promising material for applications in nuclear fusion reactors. However, further optimisation of its composition is still required to improve the mechanical properties, and irradiation damage should be evaluated in the near future.
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Figure 1. Potential energy versus temperature for the MD and MC simulations. 
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Figure 2. Simulation results at 25 °C (a) MD structure, (b) MC structure, (c,e) MD Pair Distribution Functions, (d,f) MC Pair Distribution Functions. 






Figure 2. Simulation results at 25 °C (a) MD structure, (b) MC structure, (c,e) MD Pair Distribution Functions, (d,f) MC Pair Distribution Functions.



[image: Metals 14 00436 g002]







[image: Metals 14 00436 g003] 





Figure 3. Chemical segregation as function of temperature for MD and MC simulations. 
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Figure 4. (a,b) X-ray diffraction of FeTaTiVW milled powder and the mixture of pure elements, respectively, and (c,d) SEM images of the FeTaTiVW milled powder of high entropy alloy. 






Figure 4. (a,b) X-ray diffraction of FeTaTiVW milled powder and the mixture of pure elements, respectively, and (c,d) SEM images of the FeTaTiVW milled powder of high entropy alloy.



[image: Metals 14 00436 g004]







[image: Metals 14 00436 g005] 





Figure 5. SEM images of the (a) consolidated and (b) annealed FeTaTiVW high entropy alloy and the correspondent EDS maps of the image of (b) for (c) Ti, (d) V, (e) Fe, (f) Ta and (g) W. The arrows shown in (b) evidence three phases with different contrasts. 
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Figure 6. DTA of the consolidated FeTiTaVW sample. 






Figure 6. DTA of the consolidated FeTiTaVW sample.



[image: Metals 14 00436 g006]







[image: Metals 14 00436 g007] 





Figure 7. (a) Thermal conductivity of FeTiTaVW consolidated sample together with pure W, adapted from [35] and CuCrZr, adapted from [35], (b) specific heat of FeTiTaVW consolidated sample together with W, adapted from [38] and CuCrZr, adapted from [37], (c) thermal expansion of FeTiTaVW consolidated sample together with W, adapted from [33] and CuCrZr, adapted from [42]. 
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Figure 8. (a) Stress-strain curves for consolidated FeTiTaVW high entropy at 2 °C, 600 °C and 1000 °C and (b) flexural strength fracture as a function of temperature. 
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Figure 9. Types of fracture and cleavage facets observed throughout the three test temperatures for FeTiTaVW high entropy at different magnifications for (a,d) 25 °C, (b,e) 600 °C and (c,f) 1000 °C. 
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Table 1. Atomic percentage of each element in the sample.
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	Designation
	Fe (at.%)
	Ta (at.%)
	Ti (at.%)
	V (at.%)
	W (at.%)





	FeTaTiVW
	20
	20
	20
	20
	20










 





Table 2. SPS conditions for each composition.
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	Designation
	Temperature

(°C)
	Force

(kN)
	Holding Time (min)





	FeTaTiVW
	1100
	9
	5










 





Table 3. Thermodynamic calculations for FeTaTiVW multicomponent alloy.
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	Designation
	ΔHmix
	ΔSmix
	δ
	VEC





	FeTaTiVW
	−8.8 kJ/mol
	13.4 J/(K·mol)
	5.8
	5.6










 





Table 4. ΔHmix for all the atomic pairs of the FeTaTiVW high entropy alloy.
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	Atomic Pairs
	ΔHmix

(kJ/mol)





	Fe–Ta
	−15



	Fe–Ti
	−17



	Fe–W
	0



	Ta–Ti
	1



	Ta–W
	−7



	Ti–W
	−6



	V–Fe
	−7



	V–Ta
	−1



	V–Ti
	−2



	V–W
	−1
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