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Abstract 

The search for advanced materials has been growing, and high entropy alloys (HEAs) are emerging as promising 
candidates for application in the fusion domain. This work investigates the effect of Cr on the FeTaTiW medium 
entropy alloy to form (CrFeTaTi)70W30 high entropy alloy, comparing the experimental production and characteriza-
tion with the simulation (molecular dynamics and hybrid molecular dynamics-Monte Carlo) of the phases formed. 
The alloys were produced by mechanical alloying and sintered by spark plasma sintering. Both simulations have 
shown that a body-centered cubic structure is formed for both compositions. Monte Carlo simulation provides 
a more precise prediction of microstructural formation and element segregation. Microstructural examination 
of the consolidated material revealed the presence of a W-rich phase and a Ti–rich phase, consistent with the phase 
separation observed in the MC simulations. Moreover, X-ray diffraction analysis of the milled powder for FeTaTiW 
and (CrFeTaTi)70W30 confirmed the formation of a bcc (body-centered cubic)-type structure with a low fraction 
of intermetallic phases. Mechanical testing showed ductile behavior at 1000 °C where (CrFeTaTi)70W30 showed a stress 
magnitude almost double that of FeTaTiW. Additionally, the thermal diffusivity between 20 and 1000 °C of both alloys 
increases as the temperature rises. (CrFeTaTi)70W30 exhibits an increase from 3 to 5 mm2/s, while FeTaTiW increases 
from 4 to 9 mm2/s. Still, both system’s thermal diffusivity values are lower than those of CuCrZr and pure tungsten. 
Despite this, the study underscores the promising attributes of HEAs and highlights areas for further optimization 
to enhance its suitability for extreme conditions.

Keywords  High entropy alloys, Molecular dynamics simulation, Hybrid molecular dynamic Monte Carlo, Thermal 
properties, Mechanical properties

Introduction
In recent years, significant research has been put into 
developing materials to enhance and optimize energy 
production processes. Nuclear fusion energy stands out 
as a promising source of energy production, relying on 
materials capable of withstanding demanding opera-
tional conditions with structural reliability. Extensive 
testing and studies have been devoted to identifying suit-
able materials for use in nuclear reactor divertors, with 
current consensus pointing towards tungsten (W) as 
the plasma-facing component and CuCrZr as the heat 
sink material (Barabash, et  al. 2007). Key properties are 
required for a material to serve as the plasma-facing unit, 
for example, a high melting point, low sputter yield, and 
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minimal tritium retention (Baluc et al. Oct. 2007). Mean-
while, the heat sink material should be resistant to irra-
diation (Barrett et al. 2015), and the service temperature 
should be relatively low (Stork et al. 2014). However, the 
properties of the existing material do not achieve the 
desired operating temperatures (Stork et al. 2014). Con-
sequently, an intermediate layer is necessary to ensure 
these conditions while facilitating proper thermal and 
mechanical properties between the materials and main-
taining suitable working temperatures.

In response, the development of novel materials like 
high entropy alloys (HEAs) has gained attraction. Char-
acterized by their multi-elemental composition (typically 
containing five or more elements), HEAs can form sim-
ple structures such as body-centered cubic (bcc) (Nong 
et  al. 2018), face-centered cubic (fcc) (Sathiaraj et  al. 
2016), and hexagonal closed-packed (hcp)-type struc-
tures (Gao, et al. 1959) exhibiting exceptional properties. 
Moreover, HEAs have a lower relative Gibbs-free energy 
and a higher stability of solid solutions (Cantor et  al. 
2004; Yusenko et al. 2017), exhibiting a superior combi-
nation of physical and mechanical properties (Mukar-
ram et  al. 2021). HEAs offer remarkable features across 
various fields, including nuclear fusion, where depending 
on the elemental choice they exhibit significant property 
enhancements such as mechanical strength, even at ele-
vated temperatures, and exceptional thermal stability as 
evidenced in nickel-based alloys such as (CrMnFeCoNi) 
(Orhan et  al. 2022). Furthermore, these materials can 
be used to enhance other properties by changing ele-
ments such as Cr or Al on alloys such as AlCoCrxFeNi2.1 
(Jiang et  al. 2021) and Al0.3CoCrFeMnNi (Pohan et  al. 
2018), improving structural stability as shown in TiCoCr-
FeMn (Górniewicz et al. 2023), or enhancing the corro-
sion resistance in alloys such as AlCoCuFeNi-(Cr, Ti) by 
exploring the impact of addition of Cr or/and Ti as on it 
(Xiao et al. 2017).

With the fast development of HEAs, a great theoreti-
cal background and simulation, like molecular dynamics 
(MD), are being increasingly used for HEAs (Choi et al. 
2018). Other simulation methods like the Monte Carlo 
(MC) method, which involves randomly swapping atom 
positions to achieve a more stable overall configuration, 
or hybrid MD-MC, which combines molecular dynamics 
and Monte Carlo, have been used for simulating HEAs 
(Widom et al. 2014) during the last years. The LAMMPS 
software can perform MD and MC simulations and 
simulate X-ray diffraction patterns based on atomistic 
simulation results ((Plimpton 1995; Coleman et  al. Jul. 
2013)). 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 (Xie et al. 2013; Jelinek, et al. 2012; Sharma et al. 
2016).

The objective of this work is to investigate the influ-
ence of Cr in the FeTaTiW medium entropy alloy based 
on computer simulation and experimental studies. There-
fore, scanning electron microscopy (SEM) and X-ray 
diffraction (XRD) were used to perform the structural 
characterization of the FeTaTiW and (CrFeTaTi)70W30 
alloys together with the mechanical and thermal proper-
ties of both systems.

Experimental details
The FeTaTiW and (CrFeTaTi)70W30 systems were simu-
lated using periodic boundary conditions. The software 
LAMMPS developed by Sandia Labs was used for (a) 
molecular dynamics and (b) hybrid molecular dynamic/
Monte Carlo simulations. The body-centered cubic (bcc) 
structure was assumed for the simulations (133 cells) 
with 4394 atoms. This work utilized an isothermal-iso-
baric (NPT) ensemble with a time step of 1 fs, while the 
pressure was maintained at 1 atm. The typical simulation 
sequence involved several steps of energy minimization 
of the initial configuration, heating to the simulation 
temperature, and energy minimization for a period of 
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 
embedded atom method (EAM) potentials for FeTaTiW 
and (CrFeTaTi)70W30 were retrieved from NIST (NIST 
xxxx) referring to the original work of Zhou et al. (Zhou 
et al. 2004). The same procedure, using the same data set 
for the simulation of multicomponent alloys, has already 
been reported in the literature (NIST xxxx). As the EAM 
set potential used (Zhou et  al. 2004) does not include 
chromium, a hybrid potential (force field) was developed 
(Jacobson and Thompson 2022) in which the interactions 
involving chromium were described by the Mie potential 
with the parameters published in Jacobson and Thomp-
son (2022).

The Fe, Ti, Ta, Cr, and W powders (from Alfa Aesar, 
99.9% with a nominal purity and average particle size 
of 10 µm) were mixed in equiatomic FeTaTiW and non-
equiatomic (CrFeTaTi)70W30 proportions inside a glove 
box. Subsequently, the powder was mechanically alloyed 
for 2 h at 350  rpm (rotations per minute) using a high-
energy planetary ball mill, Retsch PM 400 MA, with WC 
balls and vials. The ball-to-powder mass ratio was 10:1. 
No process control agent 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 a FCT Systeme GmbH 
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sintering machine under the conditions shown in Table 2, 
producing a sample with a diameter of 12-mm and 3-mm 
thickness. After sintering, apparent density was meas-
ured using the Archimedes method (Fujii 2006).

The samples underwent metallographic preparation 
involving grinding with SiC paper and subsequent polish-
ing with diamond suspensions (6 µm, 3 µm, and 1 µm). 
Further refinement was achieved through fine polishing 
using colloidal silica suspension (0.2 µm).

Microstructural analysis was performed using second-
ary electrons (SE) and backscattered electrons (BSE) with 
a JEOL JSM-7001F field emission gun (SEM), equipped 
with an Oxford EDS spectrometer. Powder X-ray diffrac-
tion (PXRD) was used to investigate the evolution of the 
powder mixtures using a Philips X’Pert diffractometer in 
a Bragg–Brentano geometry with Cu Kα radiation, over a 
2θ range from 10 to 80° with a step size of 0.03°. The con-
solidated samples were analyzed using a Bruker-AXS D8 
diffractometer geometry with Cu Kα radiation, over a 2θ 
range from 10 to 80° with a step size of 0.01°. The simu-
lation of the phases was performed used the PowderCell 
software (Kraus and Nolze 1996).

Three-point bending (TPB) tests were performed on 
a Sigmatest Materialprüftechnik GmbH, Wedel, Ger-
many, coupled to an Instron 8501 universal electrome-
chanical testing machine (Instron, High Wycombe, UK) 
with alumina bars for bending/compression testing. 
The heating rate was 10 °C/min, held for 10 min for the 
thermal stabilization of the system before testing. The 
(1.0 × 1.1 × 11  mm) sample was tested using a loading 
span of 10 mm and 100 µm/min crosshead speed under 
a high vacuum atmosphere (1 × 10−6 mBar) at 25  °C, 
600 °C, and 1000 °C.

Thermal diffusivity was performed on LFA 427 equip-
ment with an InSb sensor with 600 V and a pulse width of 
0.5 ms from 20 to 1000 °C under a vacuum atmosphere. 

Thermodynamics calculations were first performed to 
determine the possible structures formed in the alloys 
and to help through the interpretation and discussion 
of the results. Based on empirical models (Guo and Liu 
2011; Zhang et al. 2008) using the enthalpies and entro-
pies of mixing, ΔHmix and ΔSmix, the fractional atomic 
size differences δ, and the valence electron concentra-
tions (VEC), it is possible to predict the formation of 
solid solutions. In this context, calculations of the rel-
evant properties of FeTaTiW and (CrFeTaTi)70W30 alloys 
are presented in Table 3. Based on the calculated values 
(Guo and Liu 2011), the existence of a bcc solid solution 
is expected for both FeTaTiW and (CrFeTaTi)70W30 com-
positions. The choice of a non-equiatomic composition 
for the alloy with Cr ((CrFeTaTi)70W30) is related to the 
fact that according to theoretical calculations, the equi-
atomic CrFeTaTiW does not form a solid solution since 
the atomic size difference factor is lower than 6.5. There-
fore, a different composition for the chromium alloy was 
selected.

Results and discussion
Simulation
Simulations involving molecular dynamic (MD) and 
hybrid molecular dynamic/Monte Carlo (MC) were per-
formed similarly to previous research already published 
(Dias et al. 2023; F. of M. P. with N. C. H. E. A. 2022) for 
FeTaTiW and (CrFeTaTi)70W30 alloys. It is important to 
note that interstitial impurities such as WC, O, and C, 
which may arise from mechanical alloying and SPS sin-
tering, were not included in the simulation. Figure 1a and 
b shows the FeTaTiW and (CrFeTaTi)70W30 alloy poten-
tial energy (Ep) and chemical segregation as a function 
of temperature, respectively. Both systems display analo-
gous potential energy (Ep) performance for MD and MC 
simulations. MC simulation always yielded the lowest 
values of potential energy for both compositions up to 
2250  °C, corresponding to a more stable structure. The 
MC potential energy converges to the values observed 
on MD simulation at higher temperatures, especially for 
the FeTaTiW system. On the other hand, the chemical 

Table 1  Atomic percentage of each element in the two samples

Designation Cr (at.%) Fe (at.%) Ta (at.%) Ti (at.%) W (at.%)

FeTaTiW - 25 25 25 25

(CrFeTaTi)70W30 17.5 17.5 17.5 17.5 30

Table 2  SPS conditions for each composition and apparent 
density calculated by Archimedes method

Sample Temperature 
(°C)

Load (kN) Holding 
time (min)

Apparent 
density 
(%)

FeTaTiW 1100 9 5 93

(CrFeTaTi)70W30 1100 9 5 92

Table 3  Thermodynamic calculations for FeTaTiW and 
(CrFeTaTi)70W30 alloys

FeTaTiW (CrFeTaTi)70W30

ΔHmix  − 11 kJ/mol  − 8.2 kJ/mol

ΔSmix 11.53 J/(K.mol)
Medium entropy alloy

13.4 J/(K.mol)
High entropy alloy

δ 6.13 6.2

VEC 5.75 5.8

Structure predicted bcc bcc
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segregation simulation results indicate similar behaviors. 
The MD simulations yield a small 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 with temperature, until 700  °C for FeTaTiW 
and 1100 °C for (CrFeTaTi)70W30, followed by a decrease 
in segregation with increasing temperatures, reaching 
similar values to those of the MD simulation. An analo-
gous chemical segregation procedure was used in (Dias 
et al. 2023; Martins, et al. 2024), i.e., chemical analysis in 
27 locations within the simulation cell to reflect the dis-
persion of chemical compositions.

The simulation of crystal structure for FeTaTiW and 
(CrFeTaTi)70W30 entropy alloys for MD and MC at 25 °C, 

427 °C, and 1627 °C is shown in Figs. 2 and 3, respectively. 
At low and intermediate temperatures (25 °C and 427 °C), 
Ti and W segregation are observed for both FeTaTiW 
simulations. Above 1800 °C, the segregation is undetect-
able, and a similar structure is predicted above this tem-
perature with both MC and MD simulation, consisting of 
a single-phase solid solution, i.e., medium entropy alloy. 
The lattice parameters derived from the FeTaTiW simula-
tion cells were 0.31 nm for MC and 0.31 nm for MD at 
25  °C. The densities extracted from the simulations at 
25 °C were 12.49 g/cm3 for MC and 12.43 g/cm3 for MD.

The (CrFeTaTi)70W30 simulations shown in Fig.  3 evi-
dence some W segregation. The MC simulation shows 
titanium segregation at low and intermediate tempera-
tures (25  °C and 427  °C), and at 1627  °C, a comparable 

Fig. 1  MD and MC simulations showing the a potential energy versus temperature and b chemical segregation vs temperature for FeTaTiW 
and (CrFeTaTi)70W30 systems
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structure is predicted with both the MC and MD simula-
tions, corresponding to a single-phase solid solution, i.e., 
a high entropy alloy. The lattice parameters derived from 
the (CrFeTaTi)70W30 simulation cells were 0.31  nm for 
MC and 0.31 nm for MD at 25 °C. The densities extracted 
from the simulations at 25  °C were 13.22 g/cm3 for MC 
and 13.14 g/cm3 for MD.

Figure  4 shows the pair distribution function for 
FeTaTiW and (CrFeTaTi)70W30 alloys. In addition, Fig. 4 
supports previous simulation results, where at low and 
intermediate temperatures the pair distribution function 
determines that Ti and W segregation can occur as dis-
played by the MC simulation (very high probability of a 
W–W and Ti–Ti bond, see the arrow in the magnification 
of Fig.  4a and b). Moreover, in Fig.  4c, (CrFeTaTi)70W30 
MC simulations show that at low and intermediate tem-
peratures, Ti segregation results from very high probabil-
ity of Ti–Ti bond. However, the FeTaTiW system shows 
a lower probability of a Ti–Ti bond when compared to 
(CrFeTaTi)70W30, where the highest probability of a Ti–
Ti bond occurs at 823  °C. Above 2023  °C major Ti, W 
segregations are undetectable, and a similar structure is 

predicted with both MC and MD simulation, consisting 
of a single-phase solid solution. In both the MC and MD 
types of simulation, the crystal structure obtained was a 
bcc-type structure.

X‑ray diffraction
Figure 5 shows the X-ray diffraction of (a) FeTaTiW and 
(b) (CrFeTaTi)70W30 for the mixture of pure elements, 
milled powder, and consolidated materials. After 2  h 
of milling, the individual peaks of the elements disap-
peared, and a bcc-type structure was formed with a lat-
tice parameter of 0.32 nm for FeTaTiW and 0.32 nm for 
(CrFeTaTi)70W30. The formation of a bcc-type structure 
for both compositions is in agreement with the thermo-
dynamic calculations, and the simulation is shown in the 
“Simulation” section. Furthermore, WC peaks were also 
observed after 2 h of milling for both samples, which is 
related to contamination from the WC container and 
vials. Additionally, the same figure shows the diffrac-
tograms of the consolidated samples of FeTaTiW and 
(CrFeTaTi)70W30. Each diffractogram exhibits a major 
bcc-type structure with a lattice parameter of 0.32  nm 

Fig. 2  Simulation results for MD and MC structures for FeTaTiW at a and b 25 °C, c and d 427 °C, and e and f 1627 °C, respectively
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for FeTaTiW together with the presence of an inter-
metallic phase (rhombohedral crystal structure (space 
group 166) (Kraus and Nolze 1996) indicated by the tri-
angles in Fig. 5a3. In addition, in the experimental X-ray 
of the FeTaTiW, there are small peaks of a non-identified 
structure (indicated by black spots). The intermetal-
lic phase adopts a type structure as A7B6, in which five 
distinct Wyckoff atomic positions: 3a, 6c′, 6c″, 6c‴ and 
18  h (Gasper et  al. 2024) can be observed. The 3a site 
has a coordination number of 12 and can accommodate 
either A-type or B-type atoms, and the 6c′, 6c″, and 6c‴ 
positions, with the coordination numbers 15, 16, and 14, 
respectively, are generally filled by A-type atoms from 
groups 5 or 6 of the periodic table. Finally, the 18-h posi-
tion, characterized by a coordination number of 12, is 
typically occupied by smaller B-type atoms such as Fe, 
Co, Ni, and Zn. This combination results in the stoichio-
metric compositions of the μ phase: A7B6 or A6B7 (Gasper 

et al. 2024; Ostrowska and Cacciamani 2020; Joubert and 
Dupin 2004). The peaks observed in Fig. 5a3 on the con-
solidated material are similar to those associated with the 
μ phases displayed by several studies (Joubert and Dupin 
2004; Alloys 2022). The formation of the μ phase is com-
mon in various binary and ternary systems, especially in 
multicomponent alloys such as high entropy alloys. These 
alloys typically include A-type refractory elements, such 
as Mo, Ta, and W, alongside B-type late transition ele-
ments like Fe, Co, and Ni (Ostrowska and Cacciamani 
2020).

The diffractogram of the (CrFeTaTi)70W30 displays 
a bcc-type structure similar to FeTaTiW, with a lattice 
parameter of 0.32  nm together with the presence of 
another intermetallic/nonstoichiometric phases (rhom-
bohedral crystal structure (space group 194) indicated 
by the squares in Fig.  5b3) (Kraus and Nolze 1996). 
This intermetallic phase is similar to a CrTiFe ternary 

Fig. 3  Simulation results for MD and MC structures for (CrFeTaTi)70W30 at a and b 25 °C, c and d 427 °C and e and f 1627 °C, respectively
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phase. The Ti–Fe binary diagram presents two interme-
tallic compounds: TiFe (B2-type structure) and TiFe₂ 
(C14-type structure, Laves phase) (Bo, et al. 2012). The 
introduction of an alloying element (M) results in the 

formation of a ternary MTiFe alloy with a general AB₂-
type structure. When Cr is present along with Fe and 
Ti, the CrTiFe ternary phase alloy can be established, 
as was observed in several studies (Bo, et  al. 2012; 
Wang et al. 2016; Ivanchenko and Pryadko xxxx) and in 

Fig. 4  Simulation pair distribution function results at 25 °C for a MD and b MC FeTaTiW simulation and for c MD and d MC (CrFeTaTi)70W30 system

Fig. 5  X-ray diffraction of a FeTaTiW for the a1 mixture of pure elements, a2 milled powder, and a3 consolidated sample. X-ray diffraction of b 
(CrFeTaTi)70W30 for the b1 the mixture of pure elements, b2 milled powder, and b3 consolidated one
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agreement with the ternary phase diagram (Ivanchenko 
and Pryadko xxxx).

Microstructure analysis
Figure  6 shows the morphology of the milled pow-
der and consolidated samples for (a) FeTaTiW and (b) 
(CrFeTaTi)70W30, respectively. The images revealed that 
the powders milled for both samples consisted of small 
particles agglomerated with homogeneous elements dis-
persion, corroborating with the diffractograms shown in 
Fig.  5 a2 and b2 milled powder. Moreover, the consoli-
dated microstructures for FeTaTiW and (CrFeTaTi)70W30 
are exhibited in Fig. 6a2 and b2, respectively. Both sam-
ples show fine microstructures with small dark-phase 
regions.

The EDS maps are shown in the same figures to iden-
tify the distribution of the elements in each phase. For 
the case of FeTaTiW, it is possible to distinguish W-rich 
regions (indicated by the red arrow in Fig. 6a2) together 
with Ti–rich phases (dark regions indicated by the white 
arrow in Fig. 6a2) surrounded by Fe-rich phase (indicated 
by the yellow arrow in Fig. 6a2). This Fe-rich region and 
the homogeneously distributed tantalum may explain 
the Fe6Ta7 phase seen in the experimental diffracto-
grams. On the other hand, the EDS for (CrFeTaTi)70W30 
revealed the presence of W-rich regions (bright region 

indicated by the red arrow in Fig.  6b2) and Ti–rich 
regions (dark region indicated by the withe arrow in 
Fig.  6b2). Figure  6b2 shows another region (indicated 
by a yellow arrow), corresponding to the Fe- and Cr-
rich area, as exhibited in Fig.  6 b4 and b5, respectively, 
and a major phase with all the elements, but with less 
Ti and W amounts. Therefore, the results of the micro-
structure observations seem to be in agreement with the 
experimental diffractograms and with the MC simulation 
exhibited in Figs. 1, 4, and5.

Mechanical properties
Figure  7 illustrates the flexural stress–strain curves for 
the consolidated medium and high entropy alloys: (a) 
FeTaTiW and (b) (CrFeTaTi)70W30, tested at tempera-
tures of 25 °C, 600 °C, and 1000 °C. At 25 °C and 600 °C, 
both alloys exhibit a brittle behavior, characterized by 
a sharp increase in stress followed by fracture with a 
maximum stress of 830  MPa for FeTaTiW measured at 
600 °C. However, at 1000 °C, both alloys display a ductile 
behavior. In particular, the FeTaTiW alloy demonstrates 
higher flexural stress values in the brittle state when 
compared to the (CrFeTaTi)70W30 alloy. On the other 
hand, in the ductile state displayed at 1000 °C, FeTaTiW 
shows a stress magnitude of almost half when compared 
with (CrFeTaTi)70W30. This indicates that FeTaTiW has a 

Fig. 6  SEM images for a FeTaTiW system and b (CrFeTaTi)70W30 system. SEM image a1 milled FeTaTiW powder, a2 consolidated FeTaTiW sample, a3 
EDS for Ti, a4 EDS for Fe, a5 EDS for Ta, a6 EDS for W maps. SEM images of the b1 milled (CrFeTaTi)70W30) powder and b2 consolidated (CrFeTaTi)70W30 
samples, b3 EDS for Ti, b4 EDS for Cr, b5 EDS for Fe, b6 EDS for Ta, and b7 EDS for W maps. X-ray lines for a3 and b3 Ti-Kα, b4 Cr-Kα, a4 and b5 Fe-Lα, 
a5 and b6 Ta-Lα, and a6 and b7 W-Lα
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higher resistance to fracture at lower temperatures. How-
ever, the stress magnitude values at elevated tempera-
tures are lower when compared to (CrFeTaTi)70W30.

In the 3-point bending tests displayed in Fig.  8, the 
FeTaTiW alloys show an increase in flexural strength 
from 496 to 607 Mpa, achieving its maximum value 
at 600  °C, followed by a decrease to 286 Mpa exhibited 
at 1000  °C. The (CrFeTaTi)70W30 alloy exhibits a con-
stant flexural strength from 25 to 600 º°C, followed by 
a decrease in flexural strength from 507 to 378  MPa, 

exhibited at 1000 °C. Remarkably, at 1000 °C, the flexural 
strength exhibited by the (CrFeTaTi)70W30 alloy is consid-
erably higher than the FeTaTiW alloy.

Notably, the flexural strengths of both FeTaTiW and 
(CrFeTaTi)70W30 surpass those of high-entropy alloys 
developed previously for the same application (F. of M. 
P. with N. C. H. E. A. 2022) and appear to have similar 
values of flexural stress when compared to FeTaTiVW 
(Martins, et  al. 2024) and even higher than CrNbTaVW 
(F. of M. P. with N. C. H. E. A. 2022) and CrNbTaVW1.7 (F. 

Fig. 7  Stress–strain flexural curves as a function of temperature for consolidated FeTaTiW and (CrFeTaTi)70W30 high entropy alloys at 25 °C, 600 °C, 
and 1000 °C

Fig. 8  Proof flexural strength as a function of temperature of the alloys (CrFeTaTi)70W30, FeTaTiW presented in this work together with CrNbTaVW, 
CrNbTaVW1.7, FeTiTaVW, and Plansee rolled W for comparison
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of M. P. with N. C. H. E. A. 2022) ones. All systems men-
tioned above appear to be in the range of those reported 
for other RHEAs by Senkov et  al. (Senkov et  al. 2018), 
shown in Fig. 9 for compression testing.

The fracture surfaces of the samples tested at 25 °C and 
600  °C for FeTaTiW and (CrFeTaTi)70W30 are shown in 

Fig. 10. A refined nanometric microstructure (avg. grain 
size ~ 100 nm) can be observed for both 25 °C and 600 °C 
specimens, with mostly intergranular fracture, although 
some residual coarse W grains can be identified by their 
distinct cleavage characteristics (as indicated in Fig. 10a 
by the white arrow). However, none of these larger 

Fig. 9  Values from Senkov (Senkov et al. 2018)

Fig. 10  Fracture surfaces of a and b FeTaTiW and c and d (CrFeTaTi)70W30 alloy tested at room temperature. EDS compositional mapping showing 
the a FeTaTiW and b (CrFeTaTi)70W30 with non-mixed W particles in the fracture surface of the CrFeTaTiW alloy
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grains was identified as crack initiators since they mostly 
originated in the corners of the specimens, as these are 
stress concentrators. With increasing temperature, slight 
changes can be observed, with subtle rounding of the 
grains at 1000 °C. The EDS composition maps of the RT 
fracture surfaces assessed the presence of two phases in 
its microstructure: a major multielement-phase, non-
mixed W particles and minor Fe-Ti–rich phases, as 
observed in the XRD diffractograms of the consolidated 
material but probably due to the lack of resolution of the 
EDS spot on a highly rough fracture surface, and this lat-
ter phase could not be identified by itself in our analyses.

Thermal diffusivity
The temperature-dependent behavior of thermal diffusiv-
ity for FeTaTiW and (CrFeTaTi)70W30 entropy alloys from 
25 to 1000 °C is presented in Fig. 11. Both samples exhibit 
similar thermal diffusivity behavior as a function of tem-
perature, with diffusivity values increasing as tempera-
ture rises. The chromium incorporation notably reduces 
the thermal diffusivity of (CrFeTaTi)70W30 by approxi-
mately 25% compared to FeTaTiW, a similar reduction 
to that observed when compared to VFeTaTiW (Mar-
tins, et al. 2024) and even larger when compared to pure 
tungsten (Pradère et al. 2006) and CuCrZr ((Rohde et al. 
2014; Copper and “CuCr1Zr”, 2024)) (see Fig. 11a), since 
both FeTaTiW and (CrFeTaTi)70W30 present significantly 
lower diffusivity values. NiCoFeCrMn and NiCoFeCrPd 
HEAs studies (Jin et al. 2017) provide a detailed exami-
nation of thermal diffusivity at elevated temperatures, 
showing values similar to those observed in FeTaTiW 
and (CrFeTaTi)70W30. Furthermore, research on the 
non-equiatomic W₅₇Ta₂₁V₁₁Ti₈Cr₃ alloy (Li, et  al. 2022) 
revealed thermal diffusivity values ranging from 10 to 15 

mm2/s which also increased with temperature. In high 
entropy alloys, the phonon mean free path is short due 
to the atomic-level disorder, leading to high phonon scat-
tering rates. As proposed by the author in Lu et al. (2013), 
the enhanced thermal diffusivity observed at higher tem-
peratures in HEAs is attributed to lattice dilation, which 
lengthens the phonon mean free path as the temperature 
increases. Consequently, this is a critical characteristic 
for the design of HEAs for specific thermal applications.

Conclusion
This work presents a structural and thermal characteriza-
tion together with an insight into the simulation to bet-
ter understand the microstructure and properties that 
the addition of an element (chromium) has on a medium 
entropy alloy (FeTaTiW). Simulation is a crucial instru-
ment for high entropy alloy phase prediction, which can 
be an extremely vital tool to improve these new materials 
and produce the most accurate results possible.

The Monte Carlo simulations reveal a more stable 
structure by displaying lower Gibbs free energies for 
FeTaTiW and (CrFeTaTi)70W30 alloy systems and revealed 
to be more accurate by predicting a substantial degree 
of segregation with increasing temperature when com-
pared with molecular dynamics. Both the FeTaTiW and 
(CrFeTaTi)70W30 pair distribution functions show a very 
high probability of a Ti–Ti bond. However, there is a 
lower probability of a Ti–Ti bond on (CrFeTaTi)70W30 
when compared to FeTaTiW. This segregation suggested 
by the MC simulation was corroborated by microstruc-
tural analysis, highlighting the presence of Ti–rich and 
W-rich phases.

The mechanical study of both alloys indicates a 
ductile behavior at 1000 °C while at 25 °C and 600 °C 

Fig. 11  a Thermal diffusivity for the FeTaTiW and (CrFeTaTi)₇₀W₃₀ consolidated sample and for FeTaTiVW, pure W and CuCrZr. b Magnification 
of FeTaTiW and (CrFeTaTi)₇₀W₃₀ and FeTaTiVW systems
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evidences a brittle one, implying a ductile to brit-
tle transition temperature above this temperature. 
The flexural strength data from the 3-point bending 
tests demonstrates an increase in strength with rising 
temperatures up to 600 °C followed by a reduction in 
strength at 1000 °C. In particular, the flexural strengths 
of both FeTaTiW and (CrFeTaTi)70W30 surpass those 
of many other high-entropy alloys reported in the 
literature.

The thermal diffusivity of the FeTaTiW and 
(CrFeTaTi)70W30 alloys showed a slight increase with 
temperature, attributed to lattice dilation, which 
lengthens the phonon mean free path as temperature 
rises. It was observed that chromium incorporation 
reduces the thermal diffusivity by approximately 25% 
compared to FeTaTiW, although values remained in the 
range of 3 to 9 mm2/s far below those of CuCrZr and 
W. Nevertheless, both entropy alloy systems displayed 
comparable results with other similar RHEAs, always 
been lower than 15 (mm2/s).

These findings show that the addition of chromium 
to FeTaTiW to form (CrFeTaTi)70W30 HEA significantly 
changes both the mechanical and thermal properties. 
More studies are required, not only to evaluate other 
compositions to improve the mechanical properties 
and understand the role each element plays but also to 
evaluate irradiation damage in the future, a key factor 
for their development as fusion-relevant materials.
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