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Thermal diffusivity measurements
suggest strong potential for thermal
barrier applications.




Abstract

Due to the extreme operating temperatures in nuclear fusion reactors, current
materials exhibit a substantial mismatch in mechanical and thermal properties between
the tungsten plasma-facing material and the CuCrZr heat sink cooling system.
Therefore, a thermal barrier interlayer is required to guarantee continuous operation. In
this work, (CrVW)ux(TaTi)x alloys, where (x = 10 and 20 at.%), were studied to be
applied as interlayers. Atomistic modelling using Monte Carlo simulations combined
with a first-principles-based Cluster Expansion Hamiltonian has been performed as a
function of temperature to predict the order-disorder transitions for the investigated high
entropy alloys. Moreover, the experimental alloys were prepared by mechanical
alloying followed by spark plasma sintering. Both alloy compositions display strong
negative average chemical short-range ordering below 1500 K for the W-Ta and W-Ti
chemical pairs, with an estimated transition temperature) around 1300 K. Atomic
structures obtained from Monte Carlo simulations for (CrWV)so(TaTi)2o indicate that
the ordering observed here is stronger than that for (CrWV)eo(TaTi)10. Moreover, both
systems display a bcc type structure, and heat treated samples exhibit phase growth and
a microstructure with three phases. The thermal diffusivity values increase as the

temperature rises, reaching low values compared to pure W and CuCrZr.

Keywords: molecular dynamics, high entropy alloys, Monte Carlo simulation,

microstructure, X-ray diffraction.



1. Introduction

Nuclear fusion is a leading candidate for large-scale clean energy production, as
it converts the energy released from fusion reactions into electrical energy [1].
Nevertheless, the materials used must be carefully chosen due to extreme temperatures
and radiation. The divertor comprises plasma facing tungsten tiles [2][3], which collect
the heat generated in operation and should operate at temperatures higher than 675 K
[4]. This tends to lead to a high Ductile-to-Brittle Transition Temperature (DBTT) [4],
which is a significant problem. Additionally, another challenge occurs when the heat
sink CuCrZr alloy (chosen to remove heat [5][6]), which is attached to tungsten, must
operate between 423 K and 623 K [5][6] due to the loss of mechanical properties at
higher temperatures. Moreover, the different coefficients of thermal expansion (CTE),
(4.6x10°%/K) for tungsten and (17.6x10°%/K ) for CuCrZr [7][8][9], and the CuCrZr has a
predisposition to suffer radiation damage that changes its mechanical properties
[7]1[9][10], led to this material change. For this reason, an intermediate layer is required
to minimize the mismatch between the plasma facing wall of W and the heat sink of
CuCrZr, thereby prolonging the lifespan of the reactor and its materials [11].

In order to solve this issue, high entropy alloys research, especially on thermal
and mechanical properties, has the potential to improve the performance and reliability
of simulation models. High entropy alloys (HEAS) are advanced materials that exhibit
exceptional thermal and mechanical properties, enabling them to withstand extreme
environments [12][13]. Previous publications have shown that alloys with Ti, such as
(CrFeTaTi)70Wzo [14] and FeTiTaVW [15], revealed a complex microstructure with a
Ti-rich phase. Titanium is a lightweight element with high strength and excellent
oxidation resistance, which plays a crucial role in modifying the properties of high
entropy alloys, contributing to their enhanced mechanical strength, corrosion resistance,
and thermal stability. Chen, Yuhua, has shown that the addition of Ti in the
CoCrFeNiMnTix (x = 0, 0.25, and 0.55 mol%) alloy can change from a single fcc (Fe,
Ni) phase to a bce (Ti-rich) structure [16]. Titanium addition increased the material's
hardness from 175 HV to 253 HV and 646 HV, respectively. As well as the tensile
strength of the alloy is increased from 461 MPa to 631 MPa, along with Ti (x =0 mol.%
%) alloy to Ti (x = 0.25 mol. %) alloy, followed by a reduction to 287 MPa (x = 0.55
mol. %). Due to titanium's relatively large atomic radius, grain boundary segregation or

clusters in multi-principal element systems can lead to microstructural inhomogeneity,



affecting mechanical properties such as hardness and wear resistance. Therefore, the
binary mixing enthalpy with Ti is significantly more negative than for the other possible
atomic pairs, indicating that increasing the Ti concentration will inevitably result in a
thermodynamic drive towards the formation of intermetallic phases, thereby decreasing
the solid solution strengthening. In this way, a reduction of the amount of Ti is explored
in this paper.

This work focuses on simulation, production, and characterization of the
(CrVW)ux(TaTi)x where (x=10 and 20 at.%) high entropy alloy as a thermal barrier for
nuclear reactors. With this in mind, the simulation behavior of (CrVW)9o)(TaTi)10 and
(CrVW)@goy(TaTi)20, applying the first-principles thermodynamic approaches, including
Density Functional Theory (DFT), Cluster Expansion (CE) method, will be employed
[17][18]. A detailed insight into the formation and order-disorder stability of the two
HEAs using Monte Carlo (MC) simulations for temperature-dependent properties will
generate the atomistic structures and chemical short-range order parameters of each
system [17][18]. In addition, (CrVW)aux(TaTi)x alloys (x = 10 and 20 at.%) were
produced by mechanical alloying and then consolidated by spark plasma sintering
(SPS). The bulk materials were characterized using Scanning Electron Microscopy
(SEM), X-ray diffraction (XRD), and thermal diffusivity.

2. Experimental Details

In this study, Atomistic Monte Carlo (AMC) simulations were performed using
Cluster Expansion Hamiltonian (CEH) formalism, which has been recently developed
for studying the phase stability of compositionally complex and multicomponent
systems as a function of temperature and irradiation damage for different W-based and
Fe-based HEAs. The Cluster Expansion (CE) method can also be used to obtain the
enthalpy of mixing values following the equation [17][18][19][20][21][22][23]:

HTl;lcl;c'E(U) = Z My Jo Ty (e (1)

Where o denotes clusters, the term m,, represents the multiplicity factors, J,, are
effective cluster interactions derived from a set of DFT calculations applying the
structure inversion approach and the term (T,(a)) stands for the average correlation

functions. Cluster function can be described as follows:
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Where (s) = (ji,Jj2 - Jjw|) denotes the pattern of assigning point functions to

the cluster. Point functions y; x(o;) are then defined:
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Where o; = (0,1,2... K — 1) denotes the index of the point function. The 2-body
correlation functions are then defined as a product of pair probabilities in the following

manner:
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Where y2P represents the probability of locating two atoms, a and b, within a
specific shell, indicated by the label n. The 3-body correlation functions can be defined

in a similar manner as follows:

<r§j§> = (%) = zK: ZK: ZK:v (0a)V; (o) vk (o) YR (5)

Where y2P¢ represents the probability of locating three atoms, a, b, and ¢, within
a specific shell, indicated by the label n. The Effective Cluster Interactions (ECIs) are
obtained through a combination of DFT calculations and the Structure Inversion
Method. First, DFT calculations are performed to determine the total energies of various
configurations of atoms within a structure. These energies serve as a basis for deriving
the interactions between clusters of atoms. The Structure Inversion Method is then

applied to fit these calculated energies to a model that describes the interactions



between clusters, extracting the ECIs. This approach enables the prediction of
thermodynamic properties by accurately modeling interactions within the material's
atomic arrangement. Canonical Exchange Monte Carlo (CEMC) is a simulation method
used in computational statistical mechanics to study systems at constant temperature
and constant particle number of each considered element. It is broadly used to
investigate the phase transitions, structural changes, and thermodynamic properties of a
given alloy composition. In this work, simulations were conducted by creating a fully
disordered random configuration at 3000 K, then annealing it using the simulated
annealing procedure with temperature steps of 10 K or 100 K. For each finite
temperature, a series of exchanges involving neighboring atoms within the lattice was
executed, and the resulting total energy of the system was calculated. If, as a result of
such an exchange, the total energy has decreased, then the exchange of the atoms was

accepted. In case the energy increased, the exchange was accepted with a probability

AE
defined as e( kBT>. In the next step, the energy is averaged across all exchanges, and the

newly updated atomic configuration transitions to the simulations at a different
temperature. The Alloy Theoretic Automated Toolkit (ATAT) package, developed by
van de Walle, Asta, and Ceder, was used to carry out MC simulations within this work
[17][18][19][20][21][22][23].

Cr, V, Ta, Ti, and W powders of (99.9% nominal purity with an average particle
size of 10 um, AlfaAesar) were mixed in a non-equiatomic proportion (CrVW)a.-
x(TaTi)x, where x (x = 10 and 20 at.%). The systems were mechanically alloyed inside
a high-energy planetary Restch EMAX milling equipment with 1 cm WC balls and WC
vials. The balls-to-powder mass ratio was 10:1, and the milling occurred for 2 and 3
hours at 350 rpm.

X-ray diffraction measurements of the powder samples were performed at room
temperature using monochromatic Cu Ko radiation in a Panalytical X'Pert Pro
diffractometer with a 20—step size of 0.02° from 20° to 80°. The consolidation of the
powders was done by Spark Plasma Sintering (SPS) in collaboration with Romania,
using a FCT System Gmbh sintering machine at a pressure of 9 KN and a temperature
of 1673 K (1400°C) for a holding time of 5 minutes.

Metallographic preparation of the consolidated samples was performed by grinding with
SiC paper, followed by polishing with diamond suspensions. The powders and sintered

microstructures were observed using secondary electron (SE) and backscattered electron



(BSE) imaging in backscattering electron (BSE) mode with a Thermo Scientific
Phenom ProX G6 scanning electron microscope, equipped with a 15 keV electron
beam. Thermal treatments will be performed on a tubular furnace under vacuum at
1523K for 8 days to promote the growth of (CrVW)eo(TaTi)1o and (CrVW)so(TaTi)20
phases. Moreover, the milled powder was analyzed using an analytical Empyrean
diffractometer in reflection geometry, using Cu Kal radiation and a step size of 0.013
degrees.

Chemical information was obtained using X-ray energy-dispersive spectroscopy
(EDS). Simple thermodynamic calculations were performed to anticipate the structures
resulting from the alloying process and help interpret and discuss the results, based on
empirical models [24][25]. In this context, calculations of the relevant properties of
(CrVW)ax)(TaTi)x, where x = 10 and 20 at.%, are presented. The system (CrVW) -

x(TaTi)x theoretical calculations are presented in Table 1.

Table 1 — Thermodynamic calculations for (Cr\VVW)geo(TaTi)10 and (CrVW)go(TaTi)z2o Systems.

Samples AH,,ix [kJ/mol] ASpix [J/IK.mol] 8 [%] VEC
(CrVW)go(TaTi)10 -2.51 13.25 4.63  5.55 (predicted bcc)
(CrVW)so(TaTi)20 -3.73 13.63 5.19  5.43(predicted bcc)

3. Results and Discussion

3.1. Simulation results

In this study, Atomistic Monte Carlo (AMC) simulations were performed using
the Cluster Expansion Hamiltonian (CEH) formalism, which has been recently
developed to study the phase stability of compositionally complex and multi-component
systems as a function of temperature in various multicomponent W-based alloys. As the
temperature increases, the system undergoes a transition from ordered/segregated
phases to a single solid solution phase. To quantitatively characterize this transition, the
Warren-Cowley short-range order (SRO) parameter and the order-disorder transition
temperature (ODTT) are introduced. The Warren-Cowley SRO parameter of atom types
i and j can be calculated from pair probabilities [26][27]:



ij
Yn

a] =1—-—",
CiCj

(11)(6)

In this equation, n denotes the n-th nearest neighbor, and y,; is the probability to
find the specific i-j pair in the n-th neighboring shell, which can be obtained by a matrix
inversion of the correlation functions obtained from the CE, and c;, ¢; are the global
concentration of atom types i and j. Here, we consider first and second nearest
neighbors as well as the average (a,,4) SRO parameters in a BCC crystalline structure
calculated as:

Gang = 222, (12)(7)

A positive SRO parameter indicates a repulsive relationship between two
different elements, while a negative SRO parameter indicates an attractive interaction.
When the SRO parameter is zero, the system is in a random solid solution phase.

In Figure 1, the SRO values for first nearest neighbor (LNN) and second nearest
neighbor (2NN), as well as the average of the chemical SRO parameter for the quinary
(CrWV)go(TaTi)1o alloy, are presented as a function of temperature. It is shown that the
SROs are negative for the chemical pairs W-Ta and W-Ti for both INN and 2NN,
resulting in a strong negative average Chemical Short-Range Order (CSRO) below 1500
K.

It is observed that the Ta-Ti CSRO is more negatively pronounced than that
between Cr-V for the alloys with low Ta and Ti compositions. Furthermore, V-Cr
exhibits an average negative CSRO and a dominant positive SRO, with segregation
between W-Cr, Ta-Cr, and Ta-V pairs. For the considered alloys, the average CSRO

parameters between vanadium (V) and titanium (Ti) are positive.
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Figure 1- Chemical short-range order parameters obtained from Monte Carlo simulations as a function of

temperature for the different pairs of atoms in (a) first nearest neighbor, (b) second nearest neighbor, and
(c) average in the bcc lattice for (CrWV)eo(TaTi)10 HEA.

Considering the definition of the order-disorder transition temperature (ODTT),

this is defined as the temperature at which the alloy begins to become a fully disordered



solid solution. In the present study, the highest temperature at which inflection points
appear on the plot of enthalpy of mixing as a function of temperature is calculated for
each composition. In Figure 2, the calculated enthalpy of mixing indicates that the
ODTT for (CrWV)go(TaTi)1o is estimated to be around 1300 K.
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Figure 2 - Enthalpy of mixing as a function of temperature for (CrWV)go(TaTi)10.

Figure 3 shows the atomistic structures for (CrWV)eo(TaTi)1o alloy obtained
from Monte Carlo simulations as a function of temperature. Segregation between W
atoms (yellow) from Cr atoms (blue) is observed at low temperatures (400 and 800 K).
Starting from 1200 K, the stronger disordered configurations obtained are consistent
with the predicted ODTT.

300K 800 K

Figure 3- Atomic structures obtained from Monte Carlo simulations for a 10x10x10 bcc-supercell at four
different temperatures: 400 K, 800 K, 1200 K, and 1800 K for (CrWV)eo(TaTi)1o.



Figures 4 (a) to (c) show the values for first nearest neighbor (LNN) and second
nearest neighbor (2NN), for (CrWV)go(TaTi)2o alloy with increasing Ta and Ti
concentrations and decreasing Cr, W, and V atomic concentration. The most significant
change in CSRO compared to (CrWV)eo(TaTi)1o is related to a weaker CSRO between
Ta and Ti, whereas that between Cr and V becomes stronger, as exhibited in the average

SRO values from Figure 4 (c).
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Figure 4 — Chemical short-range order parameters obtained from Monte Carlo simulations as a function of
temperature for the different pairs of atoms in (a) first nearest neighbor, (b) second nearest neighbor, and
(c) average in the bcc lattice for (CrWV)go(TaTi)20 HEA.



The competition between the SRO of Ta-Ti and those of Cr-V seems to result in

an unchanging ODTT for (CrWV)so(TaTi)20. A comparison between the enthalpy of
mixing is shown in Figure 5, which is similar to that in Figure 2.
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Figure 5 - Enthalpy of mixing as a function of temperature for (CrWV)so(TaTi)z0.
However, the atomic structures obtained from Monte Carlo simulations at four
different temperatures: 400 K, 800 K, 1200 K, and 1800 K for (CrWV)so(TaTi)2o,

shown in Figure 6, indicate that the ordering here is stronger than observed in a
comparison with the case for (CrwWV)go(TaTi)10.
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Figure 6 — Atomic structures obtained from Monte Carlo simulations for a 10x10x10 bce-supercell at four
different temperatures: 400 K, 800 K, 1200 K, and 1800 K for (CrWV)go(TaTi)2o.

To cross-check the value of ODTT, larger Monte Carlo simulations were
performed in HEAs with 30x30x30 bcc supercell sizes. The results are shown in Figure
7 for a comparison between the two investigated HEAs, (CrWV)g(TaTi)10 (top) and
(CrWV)go(TaTi)20 (bottom), at three different temperatures: 400 K, 800 K, and 1200 K.
It is now clearer that, in the thermodynamic limit, alloys with higher Ta and Ti
concentrations exhibit a more substantial segregation effect, reflecting the driving force
between W and Cr. It can be concluded that the ODTT (around 1400 K) is higher in
(CrWV)sgo(TaTi)20 compared to (CrWV)eo(TaTi)10.

T=800 K T=1200 K

o e

(CVW)go(TaTi)10

(CrVW)so(TaTi)20

Figure 7 - Larger scale (30x30x30 bcc supercell) Monte Carlo simulation results at three temperatures
(400 K, 800 K, and 1200 K) for (CrWV)go(TaTi)1o (top) and (CrWV)so(TaTi)2o (down) HEAS.

3.2. Powder characterization

Figure 8 (al) and (bl) show the experimental diffractograms for (a)
(CrVW)go(TaTi)10 and (b) (CrVW)go(TaTi)zo initial powder without milling. After two
hours of milling, Figures 8 (a2) and (b2), the individual peaks of the elements
disappeared, and a bcc type structure with a lattice parameter of a = 0.316 nm,

displaying a lattice parameter very close to that of pure W (a = 0.316 nm [28]), formed.



Additionally, the presence of pure tantalum and chromium with low intensity is also
observed (identified by the black diamond and black triangle symbols), as shown in
Figures 8 (a2) and (b2), respectively. In addition, some weak peaks corresponding to
WC are also observed, indicating the presence of WC in the material due to the use of
WC grinding balls in the mechanical alloying process. Since pure Ta and Cr were
detected after two hours of milling, the powders were milled for an additional hour at
350 rpm to promote a single solid solution. After a total of 3 hours of milling, as shown
in Figures 8 (a3) and (b3), the experimental diffractogram displayed a bcc type peak
with a lattice parameter of a = 0.315 nm for both the (CrVW)eo(TaTi)io and
(CrVW)go(TaTi)20 systems, respectively. The WC peaks are still observed, while the
peaks for pure tantalum and chromium have disappeared.
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Figure 8 - Experimental diffractograms for (CrVW)eo(TaTi)1o and (d) (CrVW)so(TaTi)2o compositions.
Experimental diffractograms for (al) and (b1) the initial powder mixture, (a2) and (b2) the milled
powders after 2 hours of mechanical alloying at 350 rpm, and (a3) and (b3) the milled powders after a
total of 3 hours of mechanical alloying at 350 rpm.

Figure 9 shows the morphology for the milled (a) (CrVW)g (TiTa)io and (b)
(CrVW)eo(TiTa)2o powders, as well as the respective EDS maps. These two
compositions were milled by the mechanical alloying process for 3 hours. Figure 9 (al)
and (bl) revealed that the milled powders for both compositions consist of small
particles agglomerated with larger ones. Figure 9 (a2) to (a6) and (b2) to (b6) exhibits
the EDS maps for both systems, showing that all elements for both compositions are
very well mixed and display a homogeneous distribution, in agreement with the

experimental diffractograms bcc type structures shown in Figure 8 (a3) and (b3).
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Figure 9 - BSE images of the milled powders of (a) (CrVW)q,(TiTa),, and (b) (CrVW)g,(TiTa),q
compositions, together with EDS maps for (a2) and (b2) Ti-Ka, (a3) and (b3) V-Ka, (a4) and (b4) Cr-Ka,
(ab) and (b5) Ta-La, and (a6) and (b6) W-La X-ray lines.

3.3. Consolidated samples characterization

The (CrVW)eo(TiTa)1o diffractogram shown in Figure 10 (a) exhibits a bcc type
structure that exhibits a lattice parameter of a = 0.305 nm. Additionally, it displays
peaks with similar intensity associated with the intermetallic TaosVo.5 which has a bcc
type structure and exhibits a lattice parameter of a = 0.317 nm, as well as the Cdl,-Pbl>
polytype carbide Ta,C phase. The presence of such carbides was observed in similar
high entropy alloys, WTaTiVCr [29], produced under the same conditions as the
materials presented in this paper, with identical lattice parameters. This similarity may
be attributed to the use of graphite dies in the sintering process. Figure 10 (b) exhibits
the experimental diffractogram for the (CrVW)go(TiTa)20 Sample. A bcc type structure is
observed on the diffractogram exhibiting the highest intensity peak with a lattice
parameter of a = 0.307 nm. Additionally, another bcc type structure (identified with a
black star) displays a lattice parameter of a = 0.317 nm and corresponds to an
intermetallic TaosVos with a bcc type structure. Moreover, peaks (identified with a
black circle and black diamonds) corresponding to Cdl>-Pbl> polytype simulated
carbide (Ta2C) and an unidentified peak, respectively, are also identified.
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Figure 10 - Experimental diffractograms for (a) (CrVW)e(TaTi)io and (d) (CrVW)go(TaTi)zo
compositions. A black star and circle indicate the presence of TagsVos, and Ta.C, respectively. Black
diamonds indicate the presence of an unidentified peak.

The (CrVW)go(TaTi a)io microstructure is shown in Figure 11, featuring a
nanometric microstructure with black spots and a major phase containing some small
particles. The sample densities were measured, displaying densification higher than
98%. No porosity was observed in the microstructure, corroborating the high
densification values. Figures 11 (b) to (f) show the EDS maps for the (CrVW)oo(TaTi)10
sample, indicating an almost homogeneous distribution of all elements as well as an
extremely fine microstructure. The dark areas in Figures 11 (a) and (b) point to a
titanium-rich phase. In contrast, the small light areas correspond to tungsten-rich
regions in Figures 11 (a) and (f). Moreover, Figure 12 displays the SEM images and
EDS maps for the (CrVW)so(TaTi)20 sample, which shows a microstructure similar to
that of (CrVW)eo(TaTi)10. Due to the nanometric microstructure, it is extremely difficult

to characterize the phases present in both samples.



Figure 11 - (a) SEM images of the samples (a) consolidated spark plasma sintering (CrVW)go(TaTi)1o
sample. EDS maps for (b) Ti-Ka, (c) Cr-Ka, (d) Ta, La, and () W-La, X-ray lines.

(a) (CrVW)gy(TaTi),,

-

Figure 12 - (a) SEM images of the samples (a) consolidated spark plasma sintering (CrVW)go(TaTi)z2o
sample. EDS maps (b) Ti-Ka, (¢) Cr-Ka, (d) Ta, La, and () W-La X-ray lines.

Due to the fine microstructures of the alloys, a heat treatment was performed on
(CrVW)go(TaTi)1o and (CrVW)go(TaTi)z2o in a tubular furnace under vacuum at 1523K
for 8 days. The experimental diffractogram of the annealed (CrVW)go(TaTi)1o alloy is
shown in Figure 13 (a), which demonstrates the appearance of a bcc-type structure with
a lattice parameter of a =0.312 nm (presented as bcci). It exhibits a minor bcc-type
structure with a lattice parameter of a = 0.296 nm (presented as bccz). Also, it is
possible to observe the presence of non-identified weak peaks indicated as a black
diamond in Figure 13 (a). The experimental diffractogram of the annealed
(CrVW)go(TaTi)20, shown in Figure 13 (b), exhibits the appearance of a bcc-type
structure with a lattice parameter of a = 0.311 nm. The presence of the Laves phase



(identified by a black square) confirms the presence of intermetallic phases after heat

treatment.
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Figure 13 - Experimental diffractograms for annealed (a) (CrVW)qo(TaTi)1o samples and (d) annealed
(CrVW)eo(TaTi)2o samples. Black diamond indicates the presence of unknown phases, and the black
square indicates the presence of the laves phase.

Figure 14 (a) shows the SEM image of the heat treated (CrVW)eo(TaTi)io sample,
revealing microstructural grain growth and displaying the presence of multiple distinct
phases. This growth is created by diffusion between the elements, which generated the
present phases. Nevertheless, the microstructure still displays a nanometric
microstructure. Five phases were identified: a darker phase, three intermediate phases,
and a lighter phase. The darker phases (indicated by the purple arrow in Figures 14 (a)
and (b)) correspond to a Ti-rich phase. The intermediate phases correspond to V, Ta,
and Cr-rich phases (indicated by the green, blue, and orange arrows in Figure 14 (c),
(d), and (e)), and the light phase corresponds to the W-rich areas (indicated by the
yellow arrow in Figure 14 (a) and (f)). A similar microstructure was observed in the
(CrVW)go(TaTi)20 composition shown in Figure 15. However, upon examining the
microstructure, Ta, Cr, and V appear to be more evenly distributed. The Laves phase
simulated was Fe>TaosWos, a C14 phase with an hcp type structure (hexagonal close-
packed). The samples produced in this work do not have Fe, and no simulated CrTaW
intermetallic was found [30]. However, the structure of Fe>TagsWos seems to fit well in

the X-ray pattern of (CrVW)go(TaTi)20. Hence, the only possibility is replacing the



element Fe with Cr, due to their similar atomic radius. The appearance of Laves phases
is very typical in alloys with elements with a specific difference in atomic size,
especially during SPS and subsequent annealing at elevated temperatures. Larry
Kaufman [31] studied the thermodynamics of the Cr-Ta-W system by combining the Ab
Initio and CALPHAD methods, demonstrating the possibility of C14 laves phases in the
Cr-Ta-W system. Other articles hint at the formation of AB> stoichiometry Laves phase
occurrence, where A is a large atom (Ti, Zr, Hf, Nb, Ta) and B is a small atom (V, Mo,
W, Fe, Cr, Co) [32][33].
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Figure 14 - (a) SEM images of the samples (a) consolidated annealed spark plasma sintering
(CrVW)go(TaTi)io sample. EDS maps for Ti-Ka, (¢) Cr-Ka, (d) Ta-La, and (¢) W-La X-ray lines
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Figure 15 - (a) SEM images of the samples (a) consolidated annealed spark plasma sintering
(CrVW)go(TaTi)20 sample. EDS maps for (b) Ti-Ka, (¢) Cr-Ka, (d) Ta-La, La, and (¢) W-Lo X-ray lines.



It is worth nothing that most diffusion studies on high entropy alloys focus on fcc type
structures due to their relatively well-characterized and straightforward nature, which
results in low lattice distortion and lattice strain [35][41][42]. In contrast, body centered
cubic structures can exhibit significant distortions and higher lattice strain, which
strongly influence diffusion behavior [43][44]. Before heat treatment, both alloys
exhibited nanometric microstructures that were difficult to characterize. However, post
heat treatment analysis revealed apparent differences in phase evolution. The
(CrVW)go(TaTi)o alloy developed five distinct phases (Figure 14), while the
(CrVW)go(TaTi)2o alloy, shown in Figure 15, displayed only three. However, there are
small Cr- and V-rich areas that create an intermediate, darker phase (identified with the
orange arrow in Figures 15 (a), (c), and (d)). Since both samples were heat treated under
the same conditions, this disparity suggests that the (TaTi)io composition promoted the
formation of a new phase when compared with the (TaTi)20 one. Tantalum and titanium
have atomic radii of 0.143 nm and 0.146 nm, respectively, which are significantly larger
than those of Cr, V, and W. As a result, increasing the (TaTi) content and decreasing
(CrVW) concentrations led to a higher atomic size difference (3), rising from 4.6 in
(CrVW)go(TaTi)1o to 5.6 for (CrVW)so(TaTi)z20. This increase likely contributes to the
so-called sluggish diffusion effect, a characteristic often attributed to HEAs. This
phenomenon is driven by complex and disordered local bonding environments that
elevate activation energies for atomic migration, thereby slowing diffusion.
Consequently, the higher Ta and Ti content is expected to suppress phase formation by
hindering atomic mobility. Our results support this: the alloy with greater & exhibited
fewer phases after heat treatment, indicating a higher degree of sluggish diffusion,
which aligns with the experimental results. This could stem from a combination of mass
disorder, increased lattice strain, and/or altered local structural dynamics. Razumovsky
[35] noted that different diffusion mechanisms vary among elements. While Ta, Nb,
Mo, and Hf primarily diffuse via the vacancy mechanism, Zr and Ti diffuse through the
much faster interstitial mechanism.

Furthermore, simulation results indicate that W-Ta and W-Ti exhibit a strong
negative CSRO below 1500 K, suggesting a higher probability of segregation.
Considering that the ODTT is around 1300 K, the consolidated temperature at 1673 K
might not be sufficient to promote complete diffusion of the elements into the
microstructure. This incomplete diffusion process may also contribute to the formation

of phases and/or intermetallic compounds. In addition, simulation results show that



increasing Ta and Ti concentrations and decreasing Cr, W, and V concentrations lead to
a significant change in CSRO between (CrWV)eo(TaTi)o and (CrWV)go(TaTi)20. A
weaker CSRO simulated between Ta and Ti observed in (CrWV)go(TaTi)20, together
with a stronger Cr and V bonding pair, could lead to the formation of the three phases
microstructure on this system, while the (CrWV)eo(TaTi)i0 HEA exhibits a stronger Ta
and Ti CSRO and a weaker Cr and V bonding pair, which could lead to the formation of
a microstructure with five phases. Although these phenomena are interesting, they

require further characterization to be conclusive.

3.4. Thermal diffusivity

Figure 16 illustrates the thermal diffusivity of the (CrWV)so(TaTi)2o and
(CrWV)go(TaTi)10 high-entropy alloys over the range of 300 to 1000 K. Both samples
exhibit a similar thermal diffusivity behavior as a function of temperature, with
diffusivity values increasing as the temperature rises, reaching values between 7 mm?2/s
and 9 mmz/s. The (CrWV)go(TaTi)10 exhibits slightly higher thermal diffusivity values
than (CrWV)go(TaTi)20. Compared to pure tungsten [45] and CuCrZr [46][47], both
(CrWV)go(TaTi)20 and (CrWV)eo(TaTi)10 high entropy alloys demonstrate significantly
lower diffusivity values. As proposed by the author in [50], the enhanced thermal
diffusivity observed at higher temperatures in HEAs is attributed to lattice dilation,
which lengthens the phonon mean free path as temperature rises. In high entropy alloys,
the phonon mean free path is short due to atomic-level disorder, resulting in high
phonon scattering rates. Tantalum and titanium have atomic radii of 0.143 nm and
0.1462 nm, respectively, which are significantly larger than those of Cr, V, and W. As a
result, increasing the (TaTi) content and decreasing (CrVW) concentrations led to a
higher atomic size difference (8), leading to the small changes in thermal diffusivity
observed. HEA works like VFeTiTaW [15], (CrFeTaTi)noWso [14], as well as
Ws;TaxVuTisCrs alloys [49] report similar thermal diffusivity values at elevated

temperatures, in the range of 3 to 10 mm?/s.
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Figure 16 - Thermal diffusivity of (CrVW)ge(TaTi)1o and (CrVW)eo(TaTi)1o consolidated sample together
with pure W [51], and CuCrZr [46][47].

4. Conclusions

This study investigated the structural evolution of the high entropy alloys
(CrVW)eo(TaTi)10 and (CrVW)so(TaTi)20 Systems as potential thermal barriers to reduce
the mismatch between tungsten plasma facing components and CuCrZr heat sinks in
nuclear fusion divertors.

Atomistic simulations showed temperature-dependent bonding and segregation
trends up to 1500 K, with preferential bonding between W-Ta and W-Ti chemical
pairs. The chemical short-range order (CSRO) and order-disorder transition temperature
(ODTT) provide important insights into the bonding strength between all elements,
leading to the conclusion that increasing Ta and Ti concentration will result in a
comparable microstructure at lower temperatures. This is supported by the
thermodynamic ODTT limit, which shows that the alloys with higher Ta and Ti
concentrations exhibit a more substantial segregation effect, reflecting the driving force
between W and Cr at higher temperatures.

SEM images of both systems revealed a nanometric microstructure after
sintering. Due to grain growth following annealing, the microstructure evolved into a
(CrVW)go(TaTi)20 with three phases and a (CrVW)go(TaTi)io with five phases. After
annealing treatment, it is evident that (CrVW)eo(TaTi)io exhibits a lower sluggish
diffusion effect compared to (CrVW)so(TaTi)20. This is an occurrence reinforced due to

the difference in atomic size (), rising from 4.6 in (CrVW)go(TaTi)wo to 5.6 for



(CrVW)go(TaTi)20, and a significant change in CSRO values between (Ta and Ti) and
(Cr and V) exhibited amongst (CrWV)eo(TaTi)10 and (CrWV)so(TaTi)20. The thermal
diffusivity values increase as the temperature rises, reaching values between 7 mm?/s
and 9 mm#/s for both (CrVW)eo(TaTi)10 and (CrVW)so(TaTi)20. These values are well
within the range of other known HEA values. Overall, the simulations underscore the
crucial role of computational modeling in elucidating phase stability and atomic
interactions of each element in HEAs. Further characterization, particularly through
transmission electron microscopy (TEM) or atomic probe tomography (APT), should be
performed to provide additional information and lay the groundwork for future

investigations into their functional and mechanical properties.
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