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The development of High-Entropy Alloys (HEAs) focuses on exploring compositional regions in multi-
DOI:00.0000/000000000x component systems with all alloy elements in equal or near-equal atomic concentrations. Initially it
was based on the main idea that high mixing configurational entropy contributions to the alloy free
energy could promote the formation of a single solid solution phase. By using the ab-initio based
Cluster Expansion (CE) Hamiltonian model constructed for the quinary bcc Cr-Ta-Ti-V-W system
in combination with Monte Carlo (MC) simulations, we show that the phase stability and chemical
short-range order (SRO) of the equiatomic quinary and five sub-quaternary systems, as well as their
derivative alloys, can dramatically change the order-disorder transition temperatures (ODTT) as a
function of alloy compositions. In particular, it has been found, that the equiatomic quaternary Ta-
Ti-V-W and Cr-Ta-Ti-W alloys had the lowest order-disorder transition temperature (500 K) among
all the analysed equiatomic compositions. In all investigated alloy systems, the strongest chemical
ordering has been observed between Cr and V, which led to the conclusion that decreasing the
concentration of either Cr or V might be beneficial in terms of decreasing the ODTT. It also predicts
that increasing concentration of Ti significantly decreases the ODTT. Our analysis of chemical SRO
as a function of alloy composition allows to understand the microstructure evolution of HEAs as a
function of temperature in excellent agreement with available experimental observations. Importantly,
our free energy of mixing and SRO calculations predict that the origin of precipitates formed by Cr-
and V-rich in the sub-quaternary Cr-Ta-V-W system is driven by the thermodynamics. The modelling
results are in an excellent agreement with experimental observation of Cr and V segregation in the
W38 Tag.36Cro.15Vo.11 alloy which in turns shows an exceptional radiation resistance.

1 Introduction materials poses many challenges that need to be addressed for

fusion energy to become a viable power source®#, Tungsten (W)
is the leading Plasma-Facing-Material (PFM) candidate for fusion
DEMO device due to its high melting temperature, low erosion
rates and small tritium retention®®, These advantages are unfor-
tunately coupled with very low fracture toughness characterized
by brittle transgranular and intergranular failure regimes, which
severely restrict the useful operating temperature window and
create a range of fabrication difficulties”?. Strategies such as
different alloying elements (e.g. W-Cr, W-Re, W-Ta, W-Ti, W-V)
or nanostructure engineered W are being investigated to improve
the material processing and working properties to extreme irra-
diation environments1%20, Despite these significant efforts from

Fusion energy requires materials with extraordinary properties
able to withstand exceptionally high temperatures and stress gra-
dients, radiation damage, high concentrations of transmutation
products and/or plasma exposures2, The development of such
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both experimental and modelling investigations, detailed stud-
ies of conventional binary alloys revealed several constrains and
limitations. For example, some of W-based binary alloys were
found to deteriorate the mechanical properties® 21 whereas for
other systems such as W-Re, W-Os, transmutation induced pre-
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cipitations were observed under neutron irradiation>2"2>, There-
fore, the development of new high temperature W-based alloys
for plasma-facing materials is paramount to enable fusion as a
viable energy source.

Recently, a fundamentally new class of alloys, denoted as high-
entropy alloys (HEAs) with no single dominant element, appears
to reinvigorate the discovery of society-changing materials2027,
Initially, the fundamental hypothesis behind the development of
HEAs was that the configurational entropy of mixing in should
tend to stabilize the solid solution based on simple underlying
face-centered cubic (fcc) or body-centered cubic (bec) crystal
structures28-32, Equiatomic compositions maximize this entropic
term, promoting random solutions versus intermetallic phases or
phase decomposition. The intermetallic phases might be desirable
for certain applications but in general reduce ductility, and, thus,
they are typically inadequate for structural components. Some
of the HEAs, such us the fcc-based CrCoFeMnNi or the refrac-
tory bec-based TiZrHfNbTa, show superior mechanical proper-
ties compared to traditional materials, displaying high hardness,
high yield strengths, large ductility, excellent fatigue resistance
and good fracture toughness=3736, While accomplishments and
progress established in the first generation of HEAs over the last
sixteen years is remarkable, detailed thermodynamic analysis of
the microstructural evolution in these materials suggests that the
initial high-entropy assumption is, however, not always supported
by experimental and predictive modelling results2?. The focus
on configurational entropy frequently ignored essential contri-
butions from the enthalpy of mixing to the phase stability=Z38.
However, the configurational entropy can change with tempera-
ture due to small changes in short-range atomic ordering or by
chemical partitioning between different alloy elements17:32-48]
The fundamental hypothesis also assumes that the maximum con-
figurational entropy is achieved at high temperature or in the lig-
uid state. However, even metallic liquids might not have random
atomic position at the melting temperature due to contributions
of chemical bonds between atoms to the enthalpy of fusion.,

The new generation of HEAs is now evolving to the more
broadly defined multi-principal-element alloys or complex con-
centrated alloys which include materials with as few as three
principal elements and where the maximum element concentra-
tion may be higher than 35 atom percent®’. In this paper, we
call them simply as derivative HEAs when studying W-based re-
fractory alloys which have been recently developed specifically
in the context of high temperature for fusion materials applica-
tions#3:21552]  The derivative HEAs not only give a vast number
of new alloys with an infinitesimal fraction of all possible com-
bination of elemental mixtures but also allow to explore new
physical, and chemical phenomena that relate to the materials
properties. From an advanced nuclear reactor application point
of view, the new generation of HEAs shows superior mechanical
properties, exceptional radiation resistance and better oxidation
compliance as well as swelling resistance at high temperatures
compared to Ni-based superalloys™3"°8. While investigating the
enormous number of derivative HEAs compositions and their mi-
crostructures would be valuable, it also presents big challenges
to match the explosion of new alloy bases. New high throughput
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experiments are needed as well as new fundamental models are
important to quickly narrow the path between properties that sen-
sibly depend on both alloy composition and designed microstruc-
tures. The computational alloy design paradigm is intended to aid
in the discovery of novel HEAs by describing the microstructure
and properties of metallic materials. It replaces the trial-and-error
methodology, accelerates the discovery of new materials and dra-
matically decreases the time, effort and cost of developing new
alloys 3114815967,

The main focus of this paper is the investigation of the ther-
modynamic properties for the bec-based Cr-Ta-Ti-V-W derivative
HEAs from first-principles calculations. We employ a combina-
tion of methods that allows investigating the phase stability at
finite temperature for different compositions, namely density-
functional theory (DFT), cluster expansion (CE) and canoni-
cal Monte-Carlo (MC) simulations=Z4174314568] 1 3 variance
with other conventional methods such as special quasirandom
structure (SQS) approaches or coherent potential approximation
(CPA), which are more relevant for disordered substitutional al-
loys, our hybrid combination of ab-initio based CE Hamiltonian
with MC simulations allows to investigate the dependence of con-
figurational entropy in multi-component alloys as a function of
temperature and composition and to integrate it into the free en-
ergy calculations by properly considering the contribution from
the enthalpy of mixing. More importantly, by using statistical me-
chanics simulations, this approach, which uses many-body inter-
actions, is able to clarify the important role of chemical short-
range effect on the transformation of stable and ordered phases
at low temperature into a fully disordered configuration at high
temperature and therefore allows to predict the order-disorder
transition temperature (ODTT) for different alloy compositions.
Our previous study for a specific composition of four component
Cr-Ta-V-W alloys also reveals that the present approach also pre-
dicts a strong segregation of Cr and V elements that is in an excel-
lent agreement with experimental observations of Cr and V rich
phase decomposition under irradiation*3. The new addition of
Ti as the fifth component system is dictated by the fact that Ti
plays a significant role in improving the sintered density through
rapid and significant inter-diffusion, mass transport through the
interfaces, and rearrangements of particles2122109H711 - A it will
be shown in Section 4, increasing Ti concentration significantly
decreases the ODTT in the derivative quinary Cr-Ta-Ti-V-W alloys.
Last but not least, it is worth emphasizing that the low neutron
activation properties of W, Ta, Ti, V and Cr also favor their selec-
tion for the development of materials for potential fusion plasma
facing applicationsZ2/Z3,

This paper is organised as follows. Computational Methodol-
ogy Section 2 describes in detail the DFT calculations (2.1), the
cluster expansion (CE) formalism and its results (2.2) and the re-
lationship between chemical short-range order and free energy of
mixing for quinary alloys (2.3). A systematic discussion of the
phase stability analysis for the Cr-Ta-Ti-V-W alloys is presented in
Section 3 by comparing DFT and CE calculations of the enthalpy
of formation for the binary (3.1), ternary, quaternary sub-systems
(3.2) to the quinary (3.3) alloys. The finite-temperature results
from the chemical SRO analysis, the free energy of mixing and



the order-disorder temperature predictions for the five compo-
nent alloys are shown in Section 4 for the equiatomic (4.1) and
the derivative alloys (4.2). The sub-section (4.3) compares our
present results with other available modelling data and experi-
mental data with a particular interest of Ti alloying effects in the
quinary alloys. Section 5 focuses on the quaternary Cr-Ta-V-W al-
loy system developed experimentally at the Los Alamos National
Laboratory (LANL) (5.1) by comparing the phase decomposition
phenomena in equiatomic (5.2) and a specific composition (5.3)
for which a strongly radiation resistance effect has been recently
discovered®3. Finally, a summary of main results and conclusions
of this work are given in Section 6.

2 Computational Methodology

2.1 DFT computational details

DFT calculations were performed using the projector augmented
wave (PAW) method implemented in VASP 74576, Exchange and
correlation were treated in the generalized gradient approxima-
tion GGA-PBEZZ. To accelerate DFT calculations, we used PAW
potentials without semi-core p electron contribution. The results
of DFT calculations with and without semi-core p electron con-
tributions did not differ. Since the difference between enthalpies
of mixing of anti-ferromagnetic and non-magnetic Cr-rich struc-
tures was small, the magnetism was not considered in this study.
Total energies were calculated using the Monkhorst-Pack mesh'Z®
of k points in the Brillouin zone, with k-mesh spacing of 0.2 A1
This corresponds to 14x14x14 k-point meshes for a two-atom bcc
cubic. After initial analysis, the plane-wave cutoff energy used in
the calculations was set to 400 eV. The total energy convergence
criterion was set to 10~¢ eV/cell, and force components were re-
laxed to 103 eV/A.

2.2 Cluster Expansion formalism for quinary alloys

In our study, we use the enthalpy of mixing to determine the sta-
bility of the system. We employ an approach similar to the ap-
proach already described for ternary alloys4!. We define the en-
thalpy of mixing obtained in DFT calculations of a K-component
bcec alloy as a:

AH/S(8) = ENS (8) —

mix Z C[’EtboctL (1)

where E?¢¢(G) is a total energy per atom of the considered alloy
in a bec structure represented by a vector of configurational vari-
ables o, ¢, are the average concentrations of each components,
and EZS¢(p) are the total energies of pure elements in a bee struc-
ture. The enthalpy of formation is calculated as the energy of
the structure with respect to the energies of pure element ground
states, namely bcc Cr, Ta, V, W and hexagonal closest packed
(hep) Ti.

The enthalpy of mixing of an alloy can also be calculated using
the Cluster Expansion method 7282,

bce —*
AH, mixC, E

me«]a) rm’( )> )

where summation is performed over all clusters @ that are dis-
tinct under group symmetry operations applied to a bcc lattice,
mg are multiplicity factors showing the number of clusters equiv-
alent to @ by symmetry, J, are the concentration-independent
effective cluster interactions (ECIs), derived from a set of DFT
calculations using the structure inversion method, and (T, (?))
are the average correlation functions defined as a product of point
functions of occupation variables on a specific cluster @ averaged
over all the clusters @’ that are equivalent by symmetry to clus-
ter 03, Since clusters are defined by its size (a number of lattice
points) and the relative positions of points, for clarity, each cluster
o is described by two parameters: |®| and n, which refer to the
cluster size and the label describing the distance between atoms,
respectively (see Table [8] in Appendix). In a K-component sys-
tem, a cluster function is defined as a product of orthogonal point
functions v;, x(0;):

Fg?n(@) =71k(01)7,k(02) V), k (Olw|) ©))

where (s) = (j1,/j2---Jjo|) is the decoration*! of the cluster by
point functions. The number of possible decorations of clusters
by nonzero point functions is a permutation with repetitions equal
to (K —1)I%l. The point functions for a K-component system are
defined following®4

1 if j=0
¥k(07) = { —cos (27:[%] %) if j > 0 and odd, @
—sin (27:(%] %) if j >0 and even,

where o; = (0,1,2,3,4,...,K — 1) is the index of point functions
and (%1 denotes an operation, where we take the integer plus one
value of noninteger value. The 2- and 3-body cluster correlation
functions derived from the pair probabilities, are as follows:

uMa

o)y -
(T Z

%(0a)Y;(0p)y ()

where y? is the pair probability (|o| = 2) of finding two atoms
a, b in the corresponding shell, denoted by label n.

<1—~() _ l]k f f G o ( ) abc (6)
3, L L a Y/ b)Y (Oc) ¥y

i Ma

where y?* is the probability of finding 3 atoms a, b and ¢ (|o| =
3) in the corresponding shell, denoted by label n, see Table [§|in
Appendix.

In our study, we have developed the CE Hamiltonian for the
quinary bee Cr-Ta-Ti-V-W system (thus K = 5), and all the binary,
ternary and quaternary bcc subsystems. The enthalpy of mixing
for those structures using 2- and 3-body clusters can be written
as:
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AHui(8) = ¥ J0) m) () (8)) =

w.n,s

= () 2 () +

(7

It should be noted that a summation over all possible deco-
rations of clusters s in Eq. is different for point, pair and
3-body clusters. In a five-component (K = 5) system, besides
the zero-point function (first term in the second line of Eq.
7), there are 4 non-zero point functions (second term in the
second line), which means that there are 4 possible decora-
tions of the point cluster. The cluster of two sites (|| =2)
can be decorated in (K —1)¢l = (5—-1)2 = 16 ways, namely
(s)=(1,1),(1,2),(1,3),(1,4),(2,1),(2,2),...,(4,4). Due to symme-
try reasons (1,2) =(2,1),(1,3) = (3,1),...,(3,4) = (4,3), thus there
are 10 required effective cluster interactions to describe the inter-
actions in each 2-body cluster in quinary system (third line in
Eq. [7). In a similar way, the number of required effective clus-
ter interactions goes up to 40 for 3-body clusters (fourth line in
Eq. [7). Considered decorations of clusters, multiplicity factors
and concentration-independent effective cluster interactions are
given in Table [8|in Appendix.

Mapping DFT energies to CE was performed using the ATAT
package®%. Initial values of effective cluster interactions, derived
by mapping to cluster expansion the DFT energies, provided a
starting point for further refinement of the CE parameters, which
was performed generating new structures. The resulting database
for binary, ternary, quaternary and quinary alloys consisted of 682
structures (5 pure elements, 273 binary, 116 ternary, 266 quater-
nary and 22 quinary structures). The value of cross-validation®>
error between DFT and CE formation enthalpies achieved during
simulations was 10.2 meV/atom, proving that the final set of ef-
fective cluster interactions describes interatomic interactions in
Cr-Ta-Ti-V-W system accurately.

One hundred and twenty ECIs for a 5-component system ob-
tained with the CE mapping are given in Fig. [T]and in Table [§]in
Appendix. Forty 2-body and eighty 3-body interaction parameters
were derived (pairs with up to fourth nearest neighbour and two
smallest 3-body clusters were used). J» 1, J22, J23, J24 denote
pairs with 1st, 2nd, 3rd and 4th nearest neighbour, respectively.
Numbers 1-10 in Fig. |1| refer to ten possible decorations of pair
correlation functions in a 5-element system, described in detail
in Table (8 in Appendix. J3; and J3, denote 2 smallest 3-body
clusters, while numbers 1-40 in Fig. [I]refer to all possible 3-body
decorations of 3-body cluster functions in a 5-element system,
described also in detail in Table |8 in Appendix. The strongest
interactions have been observed between pairs with 1st and 2nd
nearest neighbours. The influence of 4-body interactions on the
parameters has also been checked. However, the overall cross-
validation value for the whole 5-component system did not show

4| Journal Name, [year], [vol.], 1
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Fig. 1 Effective cluster interactions obtained from Cluster Expansion
model. Jy1, J22, J23, Jo4 denote pairs with 1st, 2nd, 3rd and 4th near-
est neighbour, respectively, while J3; and J3, denote 2 smallest 3-body
clusters. Numbers 1-10 and 1-40 refer to ten and forty possible deco-
rations of 2-body and 3-body correlation functions in 5-element system,
respectively.

a significant influence of 4-body interactions on the final results.
Due to the large number of 4-body clusters that would have to be
taken into consideration (55 for the smallest clusters alone), we
decided not to include them in our calculations.

2.3 Chemical Short-Range Order Parameters
Monte Carlo simulations were performed using the ATAT pack-
age®¥, Most of the simulations were carried out using a cell
containing 2000 atoms in the form of 10x10x10 bcc unit cells.
For each composition, simulations started from a disordered high-
temperature state at 3000 K. The alloy was then quenched down
to 100 K with a temperature step of AT = 100 K, with 2000 MC
steps per atom at both thermalization and accumulation stages.
The thermodynamic integration has been performed with 10 K
temperature steps. In our study, we are using the Warren-Cowley
SRO parameters, which have been formulated in Ref!8¢. The
Warren-Cowley SRO parameters can be obtained from the pair
probabilities as followsSZ88k
I
o =1- 21 ®
cic j
where i and j are n-th nearest neighbour atoms, ¢; and c; the con-
centrations of atoms i and j, respectively. The yi,j values can be
obtained by the matrix inversion from Eq. following Ref.2Z, The
SRO parameters can be calculated from the point and pair corre-
lation functions. Point correlation functions are related to con-
centrations and do not change whereas pair correlation functions
are averaged at each temperature over 2000 MC simulations. An-
alytical formulas have been given in Ref#2. The expression to
calculate the average SRO parameter for a bec lattice for first and
second nearest neighbours is&2:
ij ij
= 0% ©

where o and o’ are the first and second nearest neighbours



SRO parameters, respectively. The configurational entropy con-
tribution to the free energy of mixing has been calculated using
thermodynamic integration following the expression:

T !

Secon f (T) = /O CCO%/(T)
where the specific heat contribution to the configurational en-
tropy is related to the fluctuations of the enthalpy of mixing cal-
culated by Monte Carlo at a given temperature2921;

ar’, (10

. 2\ _ . 2
Ceonf (T) = i T) >T2<Hm'X(T)> ; (11)

where (H;(T)) and (H,;(T)?) are the mean and mean square
enthalpies of mixing, respectively. The configurational entropy
contribution to the free energy of mixing has been also computed
using the pair probabilities from first nearest neighbours as in
Ref 4>

Seont = +7 L1 1[8]l0glyy 18] —4 155 [Bliogh (6] (12)

The entropy of mixing (S,;), which indicates the effect of
short-range ordering in reference to a random configuration, has
been computed as:

Smix = Srand - Sconf (13)

where S,,,4 is the entropy of a random configuration and is cal-
culated using*2:

Srand = _kBZCiln(Ci) 14)
i

From Egs. [10{j14] we can then calculate the free energy of mix-
ing, either from thermodynamic integration or with the analytical
expression:

mix — TSmix (15)

Fix =
3 Phase stability at 0 K temperature

3.1 Binary subsystems in Cr-Ta-Ti-V-W system

Enthalpies of mixing were calculated using DFT and CE meth-
ods for all 682 bcc structures in the obtained Cr-Ta-Ti-V-W system
databaselZ4119293  The CE mapping was done for the whole 5-
component system at once, not separately for each of the sub-
systems. Enthalpies of mixing for all binary structures in the
database were analysed in order to determine the nature of the
interactions between atoms in all possible binary configurations.
Enthalpy of mixing values close to 0 eV/atom indicate the pos-
sibility of solid solution creation, negative values indicate a ten-
dency to forming intermetallic phases, while positive enthalpy of
mixing values indicate the tendency towards atoms segregation.
Enthalpy of mixing results for all binary alloys in Cr-Ta-Ti-V-W
systems are given in Fig. To improve the agreement between
DFT and CE energies for the Cr-Ti system, we have added more
structures for that binary, which also improved overall agreement
between DFT and CE results for the whole quinary Cr-Ta-Ti-V-W

system.
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Fig. 2 Enthalpy of mixing of binary alloys in Cr-Ta-Ti-V-W system ob-
tained from DFT (blue dots) and Cluster Expansion (red dots) simula-
tions.

We observe (Fig. that the Cr-Ta binary system shows sev-
eral structures with positive enthalpy of mixing, with values up
to 142 meV/atom for the CrTa structure. There are only few bi-
nary structures with negative enthalpies of mixing, with the most
negative values of -39 meV/atom for CrTa. Several enthalpy of
mixing values for structures with the same chemical composition
can be found in our system and in Fig. as they have differ-
ent chemical configurations. For example, CrTa structures with
Pm3m and Fd3m symmetry groups, have -39 meV/atom and 142
meV/atom enthalphy of mixing values, respectively. The Cr-Ti bi-
nary system presents structures with both negative and positive
values of enthalpies of mixing in the whole concentration range.
The highest observed values were up to 50 meV/atom, while the
lowest one (-67 meV/atom) was observed for the Cr,Ti, struc-
ture. It should be noted that the difference between DFT and CE
for the Cr,Ti, structure is relatively high (32 meV/atom), which
could be reduced by adding 4-body interactions into our system.

All structures found in the Cr-V binary had negative enthalpy
of mixing values, down to -100 meV/atom, while almost all Cr-W
structures had positive enthalpy of mixing up to 130 meV/atom.
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Both Ta-Ti and Ta-V showed similar trends to Cr-W structures,
with almost all structures having positive enthalpy of mixing, as
high as 60 meV/atom and 90 meV/atom for Ta-Ti and Ta-V binary
systems, respectively.

Most structures in the binary Ta-W and V-W systems have nega-
tive enthalpies of mixing. In particular, Ta-W structures were the
most stable ones in the Cr-Ta-Ti-V-W system. The lowest values
(-119 meV/atom and -118 meV/atom) were found for the TaWw,
and the Ta; W5 structures, respectively. The value obtained for the
Ta; W5 is in general agreement with the result (-117 meV/atom)
obtained for the same structure in Ref.1®, The general trend in Ta-
W system agrees with experimental work done in Ref.24 (in this
paper, the asymmetry of the enthalpy of mixing in Ta-W structures
is also observed towards the Ta-rich side) and with theoretical
calculations provided in Ref1Z. In Ref18 the enthalpy of mixing
for several compositions in Ta-W binary system is analyzed. By
comparing results obtained in Ref.18 we observed that they are in
general agreement with our results (Fig. [2). The lowest enthalpy
of mixing for the V-W system has been found for the VW, struc-
ture (-91 meV/atom), and it is in general agreement with results
obtained for the same structure in Ref.18, where the enthalpy of
mixing value was -93 meV/atom.

All but one structure found for the Ti-W system had negative
enthalpy of mixing, with values as low as -117 meV/atom for the
TiW, structure. The Ti-V binary presents positive enthalpies of
mixing values for all configurations, with the highest one around
80 meV/atom.

It has been shown?, that pairs of elements from different
columns in the periodic table tend to have negative enthalpy of
mixing and thus atoms are attracting each other, while pairs of el-
ements from the same columns have positive enthalpy of mixing
and a tendency towards segregation. Results presented in Fig.
are in general agreement with above conclusions, as we ob-
serve negative values of enthalpy of mixing for example for Ta-W
which are in separate columns, while Ta-V have positive enthalpy
of mixing and both elements are in the same column in the peri-
odic table.

In Table [1| the most stable compounds, marked by ATAT pack-
age as ground states, predicted by the CE method and compared
to DFT results for the quinary system are shown. Those structures
have most negative enthalpies of mixing among all studied struc-
tures in the Cr-Ta-Ti-V-W system. There were 42 binary ground
states predicted by ATAT. The largest number of stable compounds
is 11 for the Ta-W system. Very low values of enthalpy of mixing
were also observed for V-W, in which 10 stable compounds were
found. Overall, the enthalpy of mixing trend and values in V-W
system are consistent with theoretical calculationsZ. For the Ti-
W system, the number of predicted most stable compounds is 8.
We did not find stable compounds in the Ta-V and Cr-W systems
(Ta/V and Cr/W are column 5 and 6 elements, respectively) or in
the Ta-Ti binary.

Most stable binary compounds in V-W and Ta-W were also com-
pared with results in the literature ReflZ. Some of the com-
pounds obtained in our study were previously found, such as
W, sTa with a Pm3m symmetry group, TaW, with a I4/mmm sym-
metry and TaW, with a /4/mmm symmetry in the Ta-W binary
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system and VW, with a I4/mmm symmetry group, VW, with a
Fm3m symmetry, VW, with a R3m symmetry, VW, with a Pm3m
symmetry, V,W, with a Fd3m symmetry and V4W, with a R3m
symmetry group in the V-W binary system. Additional DFT calcu-
lations were performed for Laves C15 phases for Cr,Ti and Cr,Ta.
The enthalpy of mixing values were -148 meV/atom and -129
meV/atom respectively, both lower than the values predicted for
bee Cr-Ti (-80 meV/atom) and Cr-Ta (-50 meV/atom) binary sys-
tems. We then compared stable compounds obtained from DFT
and CE simulations to experimental phase diagrams for binary
and ternary alloys. For Cr-Ti we have obtained a bec Cr,Ti com-
pound with -59 meV/atom enthalpy of mixing, while on the Cr-Ti
phase diagram there is a Laves phase observed at this composi-

tion®,

3.2 Ternary and quaternary systems

Enthalpies of mixing obtained from DFT and CE simulations for
the most stable structures for each of the ten ternary systems in
Cr-Ta-Ti-V-W system are given in Table[2] All ternary Ta-Ti-V struc-
tures have a positive enthalpy of mixing, with the lowest being
TaTiV, with 12 meV/atom. Ta-Ti-W was the only system in which
we found stable ternary compounds marked by ATAT as ground
states, namely TaTi,W, structure with -91 meV/atom, Ta,Ti,W
with -58 meV/atom, and TaTi, W with -69 meV/atom enthalpy of

mixing.
% M

QcrQOrnaOTiQOVOW

Fig. 3 Quaternary and quinary structures with the lowest enthalpies of
mixing: a) Cr,TiV,W, presented in Table[3]and b) CrTaTiVW presented
in Table

There are no quaternary and quinary compounds marked by
ATAT package as ground states. Among the considered structures,
the most stable quaternary phases predicted from each subsys-
tem are given in Table (3} The Cr,TiV,W, quaternary structure is
shown in Fig. . This structure has a R3m space group symmetry,
which is the same as for the one presented in Fig. 11 in Ref.©3
using Pearson notation HR7. Our CE database included 266 qua-
ternary structures from 5 different quaternary subsystems found
in Cr-Ta-Ti-V-W system. The most stable quaternary structure was



Table 1 Most stable binary structures, marked by ATAT package as ground states, predicted by the CE method compared to DFT for the quinary

system. Enthalpy of mixing values are given in eV /atom

Enthalpy of mixing Enthalpy of mixing
Structure Symmetry Group DFT CE Structure Symmetry Group DFT CE
CrTa Pm3m -0.039 -0.039 Ta;W, R3m -0.096 -0.089
CryTi 14 /mmm -0.059 -0.044 Ta; W, 14 /mmm -0.114 -0.113
Cr,Ti, C2/m -0.067 -0.035 Ta; W P4 /mmm -0.118 -0.117
CrgTi 14/ mmm -0.026 -0.011 Ta,W 14/m -0.050 -0.042
Crg3Ti Pm3m -0.005 -0.013 TiW, P3ml -0.105 -0.112
Crv Pm3m -0.086 -0.088 Tiw, R3m -0.117 -0.082
Crv, 14 /mmm -0.063 -0.059 TiW,5 Pm3m -0.058 -0.034
Cr,V 14 /mmm -0.090 -0.074 TiWs, Pm3m -0.022 -0.019
Cr3V Fm3m -0.070 -0.065 Ti, W P3ml1 -0.074 -0.060
Cri5V Pm3m -0.024 -0.030 VoW, Imma -0.076 -0.076
Crs3V Pm3m -0.007 -0.019 VoW, Fd3m -0.076 -0.077
CrWg, Pm3m 0.000 -0.006 V,W, P3m1 -0.082 -0.079
TaW, 14/ mmm -0.119 -0.109 VW, R3m -0.063 -0.060
TaW, 14/ mmm -0.088 -0.070 VW, 14 /mmm -0.091 -0.078
TaW,5 Pm3m -0.036 -0.035 VW, Fm3m -0.086 -0.088
TaW;, Pm3m -0.015 -0.019 VW, R3m -0.079 -0.076
Ta, W, Imma -0.107 -0.110 VW, C2/m -0.056 -0.054
Ta, Wy R3m -0.117 -0.119 VW5 Pm3m -0.034 -0.032
Ta, W, Immm -0.094 -0.087 VW, Pm3m -0.015 -0.018

Table 2 Structures with the lowest enthalpies of mixing in 10 differ-
ent ternary subsystems in Cr-Ta-Ti-V-W system within present database.
Structures marked as ground states by ATAT package, predicted by CE,
are described with superscript “GS”. The values of the enthalpy of mixing
are given in €V /atom

Structure Symmetry Group DFT CE
CryTaTi Imm?2 -0.020 -0.024
Cr,TaV P4/mmm -0.025 -0.028
CrTa,W P4 /mmm -0.048 -0.047
Cr, Tiw Fm3m -0.057 -0.047
Cr,VW Fm3m -0.063 -0.064
CrTi,V Imm?2 -0.054 -0.027
TaTiV, Imm2 0.012 0.018
TavWw, Imm?2 -0.065 -0.061
TaTi, W, %S R3m -0.091 -0.093
Ta, Ti, WOS R3m -0.058 -0.043
TaTi, WO Immm -0.069 -0.053
TiVW, Immm -0.064 -0.070

Table 3 Structures with low enthalpy of mixing in each quaternary sub-
system. Enthalpy of mixing values are given in eV /atom

Structure Symmetry Group DFT CE

CrTa,Ti, W, R3m -0.061 -0.062
CrTa,V,W, R3m -0.045 -0.046
Cry TiVo W, R3m -0.067 -0.066
Ta, Ti, VW, R3m -0.053 -0.059
Cr,TaTi,V, R3m -0.037 -0.022

found to be Cr,TiV,W, with the enthalpy of mixing value of -
67 meV/atom. Quaternary structures with a A,B,C,D chemical
formula from Ref.®3 were included in our database creation.

3.3 Quinary systems

In our CE model, there were 22 quinary structures, 20 of them
equiatomic CrTaTiVW. The most stable structures for 3 different
quinary compositions are given in Table [4] Five of the 22 quinary
structures had negative enthalpy of mixing, with the lowest being
—38 meV/atom for the equiatomic CrTaTiVW structure with the

R3m symmetry group. The structure for the most stable quinary
structure (equiatomic CrTaTiVW) is given in Fig. Bp. It can be
concluded that the quinary structures tested with our CE database
are in general less stable than binary (see Fig. [2] and Table [I,
ternary (see Table and quaternary (see Table structures,
as the lowest observed enthalpy of mixing for binary structures
was -119 meV/atom for TaW, with /4/mmm symmetry group, for
ternary structures it was -91 meV/atom for TaTi,W, with R3m
symmetry group, for quaternary structures it was -67 meV/atom
for Cr,TiV,W, with R3m symmetry group.

Table 4 Structures with low enthalpy of mixing for each quinary com-
position in our DFT database. Enthalpy of mixing values are given in
eV/atom

Structure Symmetry Group DFT CE
CrTaTi, VW P3ml 0.031 0.032
CrTaTiVW R3m -0.038 -0.044
CrTaTiV,W Amm?2 0.029 0.022

4  Finite-temperature stability of Cr-Ta-Ti-V-W al-
loys

4.1 Equiatomic compositions

Monte Carlo simulations for quinary and quaternary HEA at
equiatomic concentrations of elements have been performed us-
ing the ATAT package for 6 equiatomic alloys — 1 quinary alloy
from Cr-Ta-Ti-V-W system, and 5 quaternary alloys missing 1 dif-
ferent element. Simulation cells were 10x10x10 bcc unit cells,
containing 2000 atoms. The purpose of these simulations was to
determine the lowest temperatures at which random solid solu-
tions are observed.

4.1.1 Order-disorder transition temperature and free energy
of mixing.

The finite-temperature phase stability of Cr-Ta-Ti-V-W alloys was
investigated with DFT-based Monte Carlo simulations, which en-
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Fig. 4 Enthalpy of mixing for quinary and quaternary equiatomic alloys
with their order-disorder transition temperatures marked with a star.

abled to study the enthalpies and free energies of mixing of alloys
as a function of temperature. Since the ideal high-entropy alloys
are disordered solid solutions, the crucial parameter of interest in
this study was the order-disorder transition temperature, as the
alloys with the lowest ODTT will be disordered for the widest
range of temperatures.

We define the ODTT temperature as the temperature at which
the alloy starts to become a fully disordered solid solution. In the
present study it is calculated for each composition as the highest
temperature at which the inflection points on the enthalpy of mix-
ing as a function of temperature plot are present. It can also be
calculated analysing the short-range order as a function of tem-
perature. We have found the inflection points of the enthalpy of
mixing to be the same as those observed on SRO plots. In order to
find the optimal composition with the lowest ODTT we analysed
the influence of single elements as well as pairs of elements on
the ODTT.

The enthalpies of mixing of equiatomic quinary Cr-Ta-Ti-V-W
alloy and 5 quaternary subsystems as a function of temperature
are shown in Fig. 4| The lowest enthalpy of mixing below 1200
K has been observed for Cr-Ta-V-W alloy, while above 1200 K the
lowest enthalpy of mixing has been noted for Cr-Ti-V-W alloy. The
highest enthalpy of mixing values in the whole temperature range
have been observed for Cr-Ta-Ti-V alloy. Cr-Ta-Ti-V is the only
equiatomic alloy that has been found to have positive enthalpy
of mixing (above 800 K) among all studied alloys. The lowest
enthalpy of mixing value at 0 K has been calculated for quaternary
equiatomic Cr-Ta-V-W alloy (-87 meV/atom) and is lower than the
value of -67 meV/atom observed for the Cr,TiV,W, structure -
the most stable ordered quaternary structure (see Table .

Table summarises our predictions for the ODTT for
equiatomic quinary and quaternary alloys compared to the av-
erage melting points of those alloys, calculated as:

72 =¥ ¢, To(p) a6)
p

where 7, (p) is the melting point of pure element p. The lowest
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Table 5 Order-disorder transition temperatures and average melting
points for equiatomic alloys

Alloy ODTTK] T8 K]
Cr-Ta-Ti-V-W 1000 2362
Cr-Ta-Ti-W 500 2478
Ta-Ti-V-W 500 2488
Cr-Ta-V-W 1300 2535
Cr-Ti-V-W 800 2208
Cr-Ta-Ti-V 700 2103

ODTT among the equiatomic alloys was found for the Cr-Ta-Ti-W
and Ta-Ti-V-W alloys and had a value of 500 K. In the Cr-Ti-V-W
alloy the ODTT was found to be 800 K, while for the Cr-Ta-Ti-
V alloy was 700 K. The highest observed ODTT was found for
Cr-Ta-V-W alloy with a value of 1300 K. The quinary Cr-Ta-Ti-V-
W alloy had an ODTT of 1000 K. Table [5| highlights the differ-
ence between the calculated ODTT using the CE formalism and
the average melting points, which are used as one key empirical
parameter in the phenomenological treatment for HEAs solid so-
lutions%8. It was found, for example, that the lowest ODTT was
observed for equiatomic quaternary Cr-Ta-Ti-W and Ta-Ti-V-W al-
loys (500 K), whereas the average melting points are 2478 K and
2488 K, respectively. For the equiatomic Cr-Ta-V-W alloy, the aver-
age melting point is 2535 K compared with the highest predicted
ODTT (1300 K). The difference between the ODTT and 7,, can be
explained by the important role that short-range ordering plays
on the formation of a disordered solid solution.

T T T T T T T
0 _=—-——-—=Z=Z===Z=Z==c=:z= 0
0,01 - - 4096
— -0,021 4-1,03
1 —
S %)
o  -0,03 4-2,89 2
% [—— 5comp[TDI] =
— i = = 5comp[1NN]| _. [
= 0,04 ” - oDl 3,86 3
(%) / = = noCr[1NN] =
K -0,05 ¢ noTa[TDI] { -4,82
J — — noTa[1NN]
S —— noV[TDI] .
-0,06 - - VNN |70
noW[TDI]
-0,07 noW[INN] | -6,75
noTi[TDI]
-0,08 +— . . . — TN | 772
0 500 1000 1500 2000 2500 3000

Temperature (K)

Fig. 5 Configurational entropy contribution to the free energy of mix-
ing as a function of temperature and composition for equiatomic alloys.
5comp denotes Cr-Ta-Ti-V-W, noCr denotes Ta-Ti-V-W, noTa denotes
Cr-Ti-V-W, noV denotes Cr-Ta-Ti-W, noW denotes Cr-Ta-Ti-V, noTi
denotes Cr-Ta-V-W.

In order to investigate the phase stability at elevated tempera-
tures, we computed the free energies of mixing of different alloys.
In Fig. [5|the configurational entropy of mixing (7'S,,;) contribu-
tion to free energy of mixing as a function of temperature and
composition is given. The TS, contribution to the free energy
of mixing was calculated using thermodynamic integration (TDI)
from Egs. and [14] (see solid lines in Fig. [5) as well

as from 1st nearest neighbours’ pair probabilities (1NN) using



Egs. (see dashed lines in Fig. [5). The TS, contribution
to the free energy of mixing is very small at low temperatures,
and higher at temperatures where the disordered configuration
is preferred. The trends observed from TDI and 1NN are similar
among the studied alloys at high temperature. However, the INN
approximation is not valid at low temperature regions where the
interactions beyond the 1NN should be included to reproduce the
proper results from the TDI method.
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Fig. 6 Free energy of mixing as a function of temperature and composi-
tion for equiatomic alloys. TDI is the thermodynamic integration method
and 1NN is the method using 1st nearest neighbours’ pair probabilities.
5comp denotes Cr-Ta-Ti-V-W, noCr denotes Ta-Ti-V-W, noTa denotes
Cr-Ti-V-W, noV denotes Cr-Ta-Ti-W, noW denotes Cr-Ta-Ti-V, noTi
denotes Cr-Ta-V-W.

In Fig. [6] the free energy of mixing as a function of temperature
and composition for equiatomic quinary and quaternary alloys is
shown. The free energy of mixing was calculated using both TDI
(Egs. (solid lines) as well as 1NN pair probabilities
(Egs. (dashed lines). The free energy of mixing values
obtained from TDI were higher at elevated temperature in com-
parison with those obtained from 1NN. The highest free energy
of mixing value for the whole temperature range, from both TDI
and 1NN, was observed for quaternary Cr-Ta-Ti-V alloy. The low-
est free energy of mixing value at temperatures below 1000 K
was noted for equiatomic quaternary Cr-Ta-V-W alloy, while the
equiatomic quaternary Cr-Ti-V-W alloy has the lowest free energy
of mixing value at temperatures above 1000 K.

We have also derived the ODTT from the F,,;, TDI calculations
to compare them with our results from the H,,; and SRO plots.
ODTT values obtained from F;,;, were the same as those calcu-
lated from H,,;, and SRO for Cr-Ta-Ti-W and Ta-Ti-V-W alloys (500
K), while being 100 K lower for Cr-Ta-Ti-V-W, Cr-Ta-V-W, Cr-Ti-V-W
and Cr-Ta-Ti-V alloys (900 K, 1200 K, 700 K and 600 K, respec-
tively).

4.1.2 Short-range order parameters.

The chemical Warren-Cowley short-range order (SRO) parame-
ter was used to determine the derivation from random configu-
ration toward ordering/segregation. Chemical SRO values close
to 0 indicate the presence of the fully disordered solid solution,

positive values suggest the possibility of atomic segregation while
negative values highlight the possibility of atomic ordering. The
average SRO parameters were calculated using Eq. [9for first and
second nearest neighbours.

In Fig. [7] we show the SRO values for 1st and 2nd shell, the
average value and the first derivative of the average SRO param-
eter for the equiatomic quinary Cr-Ta-Ti-V-W alloy. The dashed
vertical line represents the highest inflection point in the average
SRO. We use this example to show, that the ODTT obtained from
the enthalpy of mixing inflections points agree with the values
obtained from the average SRO parameter derivatives. It can be
seen in Fig. [7] that the inflection points at the highest tempera-
ture are found at 1000 K for all pair interactions. This is the same
value that was obtained from enthalpy of mixing derivative (see
Table [5)).

In Fig. S1fin the Electronic Supplementary Information the
SRO parameters for 1st and 2nd shells in all equiatomic quater-
nary and quinary alloys are given. It should be mentioned that
the lack of ordering in the average SRO parameter does not al-
ways correspond to disorder in each shell. For example, for the
CrTaTiV alloy, the average SRO parameter has a value close to 0
at around 800 K for all pairs (see Fig. ), while there is still
some ordering observed in 1st and 2nd shell for some pairs (see
Fig. Slkfand S1lt).

Average chemical SRO parameters as a function of tempera-
ture for equiatomic quinary and quaternary alloys in Cr-Ta-Ti-V-W
system are given in Fig. [8, d, g, j, m, p for the equiatomic Cr-Ta-
Ti-V-W, Ta-Ti-V-W, Cr-Ti-V-W, Cr-Ta-Ti-W, Cr-Ta-Ti-V and Cr-Ta-V-W
alloys, respectively. Order-disorder transition temperatures deter-
mined from SRO and enthalpy of mixing plots are marked with
vertical dashed lines. The structures obtained from Monte Carlo
simulations at 400 K and 800 K for those compositions are de-
picted in Fig. [8b, e, h, k, n, q and Fig.[8k, £, i, 1, o, 1, respectively.

In the equiatomic quinary Cr-Ta-Ti-V-W alloy (Fig. [8) the most
negative SRO parameter values are observed for Ta-W and Cr-V
pairs, which results in strong attraction between those elements
and can be observed in Fig. [8p at 400 K and in Fig. [8k at 800 K.
There is a visible segregation between Cr-V/Ta-W pairs, without
any specific Ti atoms segregation.

In the equiatomic Ta-Ti-V-W alloy (Fig. [8d) the most negative
SRO parameter is shown for the Ta-W pair. This can be seen at
400 K on Fig. [Be as W/Ta-rich areas. At 800 K (Fig. [8f) there is
no significant attraction or segregation observed.

In the equiatomic Cr-Ti-V-W alloy (Fig. [B) the most negative
SRO parameter values are observed for Ti-W and Cr-V pairs. It
results in clearly visible segregation between Ti-W/Cr-V layers at
400 K (Fig. ). The layer structure is not visible at 800 K (Fig.
[BD.

In the equiatomic Cr-Ta-V-W alloy (Fig. [8]) the most negative
SRO parameter values are observed for Ta-W and Cr-V pairs. The
segregation between two pairs of atoms is the strongest among all
analysed alloys. Structures obtained at 400 K (Fig. [8k) and 800 K
(Fig. [8D indicate the presence of layer structure even at elevated
temperatures, with alternating Cr-V and Ta-W rich regions.

In the equiatomic Cr-Ta-Ti-W alloy (Fig. [8m) the most negative
SRO parameter values are observed for Ta-W and Cr-Ti pairs. It
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Fig. 7 Short-range order parameter for 1st shell, 2nd shell and average, as well as the 1st derivative for the average SRO for equiatomic quinary
Cr-Ta-Ti-V-W alloy. Order-disorder transition temperature has been marked with vertical dashed line.

results in strong segregation between Ta-W and Cr-Ti pairs and a
layer structure at 400 K (Fig. [8jn). The layer structure disappears
at 800 K (Fig. [8p).

In the equiatomic Cr-Ta-Ti-V alloy (Fig. [8p) the Cr-V pair
presents the most negative SRO parameter, which leads to Cr-V
precipitates at 400 K (Fig. [8l). However, they are not so strongly
visible at 800 K (Fig. [8p).

The previously defined ODTT is the temperature at which al-
loys starts to become fully disordered, but in most cases, there
is still some ordering between atoms observed at those tempera-
tures. For example, for equiatomic quaternary Cr-Ta-V-W alloy the
ODTT calculated from the inflection points was found to have a
value of 1300 K, while from the SRO parameter there is still some
ordering observed up to 1700-1800 K. Trends for both ODTT cal-
culated from H,;, and the observed temperature of disordering
from the SRO for the different compositions are the same, with
the ODTT values being lower in all cases.

The absence of ordering for Ta-W and Cr-V pairs in the quinary
Cr-Ta-Ti-V-W alloy is estimated at around 1100 K. The ordering
temperature strongly depends on chemical composition, as for ex-
ample Ta-W pairs ordering disappears at around 700-800 K for Ta-
Ti-V-W and Cr-Ti-V-W alloys, whereas for Cr-Ta-V-W alloy it disap-
pears at around 1800 K. The lowest temperature of a disordered
solid solution is observed in the Ta-Ti-V-W alloy, as short-range or-
dering vanishes at around 700 K, while the highest temperature
of disordering is observed for the Cr-Ta-V-W alloy and has a value
of around 1700 K. The structures shown in Fig. [8 reflect the de-
gree of ordering in all studied quinary and quaternary alloys at
400 K and 800 K.

The investigation of SRO parameters for equiatomic quinary
and quaternary systems led to a conclusion, that Ta-W and Cr-V
pairs have the strongest influence on the ODTT, in the alloys those
pairs are present. Hence, we checked how the SRO parameter for
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those specific pairs changes with different concentrations of ele-
ments in our system, and those results are presented in Sections
4.2.1 and 4.2.2 for Cr-V and Ta-W pairs, respectively. We have
also analyzed the influence of specific elements on the SRO pa-
rameter for the Cr-Ti pair, as it has the most negative SRO value
in the Cr-Ta-Ti-W system, which has an ODTT of 500 K.

4.2 Cr-Ta-Ti-V-W derivative alloys

4.2.1 The influence of Ta, Ti, Vand W concentration on Cr-Ti
pair ordering.

In this paper we also look at the derivative alloys in the form
of Ay(BCDE);_, for x = (0%, 10%,20%...90%) pseudo-binary sys-
tems. In Fig. [9]the SRO parameter for Cr-Ti pairs as a function
of temperature and Ta, Ti, V, W concentrations is shown. Monte
Carlo simulations for HEA derivatives have been performed us-
ing the ATAT package, starting from the disordered state at 3000
K, followed by cooling to 100 K with temperature steps of 100
K. Simulations were performed for 4 groups of structures — in
each group one of the elements (Ta, Ti, V, W) concentration was
increased by 10% starting from 0% up to 90%, while the concen-
tration of the remaining elements was equal. The SRO parameter
for Cr-Ti, Cr-V and Ta-W pairs was analysed. The purpose of these
simulations was to determine the independent influence of Ta, Ti,
V and W concentrations on the SRO value for specific pairs of
atoms.

In Ta,(CrTiVW),_, alloys (Fig. E}l), the highest attraction at
low temperatures between Cr and Ti atoms is observed in an al-
loy containing 90%at. Ta, and the equiatomic concentration of
Cr, Ti, V and W. The highest temperature for the absence of or-
dering between Cr and Ti atoms is shown by an alloy containing
10%at. Ta, whereas the lowest temperature is observed for an
alloy containing 40%at. Ta. The temperature for the absence of
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The structures obtained from Monte Carlo simulations at 400 K for those compositions are depicted in Fig. [8b, [, [Bh, [Bk, [Bh. [h. respectively, the
structures obtained at 800 K for those compositions are given in Fig. , , , , , E’, respectively.
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Fig. 9 a) Ta, b) Ti, c) V and d) W elements concentrations influence on Cr-Ti pairs chemical short-range order parameter.

ordering between Cr and Ti atoms decreases with increasing Ta
below 40%at., and increases with Ta above 40%at.

In Ti,(CrTaVW),_, alloys (Fig. E])), the highest ordering at low
temperatures for Cr-Ti pairs is observed in an alloy containing
10%at. of Ti, and the equiatomic concentration of Cr, Ta, V and
W. The alloy containing 10%at. of Ti presents the highest tem-
perature for the absence of ordering between Cr and Ti atoms,
whereas the lowest temperature is observed for an alloy contain-
ing 90%at. Ti. Overall, increasing Ti concentration decreases the
temperature for the absence of ordering.

In V,(CrTaTiW),_, alloys (Fig. [9k), the highest ordering at low
temperatures for Cr-Ti pairs is observed in an alloy containing
40%at. V, and the equiatomic concentration of Cr, Ta, Ti, and W,
while the biggest attraction between Cr and Ti atoms is observed
for an alloy without V. The highest temperature for absence of or-
dering between Cr and Ti atoms is observed for an alloy without
V, whereas the lowest temperature is observed for an alloy con-
taining 70%at. V. Between O and 70%at. V, the temperature for
the absence of ordering between Cr and Ti atoms decreases with
V content.

In W, (CrTaTiV),_, alloys (Fig. E}i), the highest ordering at low
temperatures for Cr-Ti pairs is observed in an alloy containing
70%at. W, and the equiatomic concentration of Cr, Ta, Ti and V.
The highest temperature for the absence of ordering between Cr
and Ti atoms is noted for an alloy containing 50%at. W, whereas
the lowest temperature is observed for alloys containing 0%at.
and 10%at. W. The Cr-Ti ordering temperature decreases with
decreasing W content below 50%at. as well as with increasing W
content above 50%at.

12 | Journal Name, [year], [vol.], 1

Based on these observations and the nature of the plots pre-
sented in Fig. [9] we conclude that short-range ordering for Cr-Ti
pairs in Cr-Ta-Ti-V-W alloys strongly depends on the concentration
of Ta (SRO values ranging from -7 to 1), while still being affected
by Ti, V and W concentrations to a slightly lesser extent.

4.2.2 The influence of Ta, Ti, Vand W concentration on Cr-V
pair ordering.

In Fig. SRO parameters for Cr-V pairs as a function of tem-
perature and Ta, Ti, V and W concentrations are shown. In
Ta, (CrTiVW),_, alloys (Fig. ), the highest attraction at low
temperatures between Cr and V atoms is observed in an alloy
containing 80%at. Ta, and the equiatomic concentration of Cr, Ti,
V, and W. The temperature for the absence of ordering between
Cr and V atoms increases slightly with increasing Ta content.

In Ti,(CrTaVW)_, alloys (Fig. ), the highest attraction at
low temperatures for Cr-V pairs is observed in an alloy containing
30%at. Ti, and the equiatomic concentration of Cr, Ta, V and
W. An alloy without Ti atoms exhibits the highest temperature for
the total absence of ordering between Cr and V atom, whereas the
lowest temperature is observed for an alloy containing 50%at. Ti.
The temperature for the absence of ordering between Cr and V
atoms decreases with increasing Ti content below 50%at., and
increases with increasing Ti content above 50%at.

In V,(CrTaTiW);_, alloys (Fig. ), the highest attraction at
low temperatures for Cr-V pairs is observed in an alloy contain-
ing 10%at. V, and the equiatomic concentration of Cr, Ta, Ti and
W. The highest temperature for the absence of ordering between
Cr and V atoms is observed for an alloy containing 20%at. V,
whereas the lowest temperature is observed for an alloy contain-
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ing 90%at. V. With an increase of V content above 30%at., the
temperature for the absence of ordering between Cr and V atoms
decreases.

In W, (CrTaTiV),_, alloys (Fig. ), the highest attraction at
low temperatures for Cr-V pairs is observed in alloy containing
60%at. W, and equiatomic concentration of Cr, Ta, Ti and V. The
highest temperature for the absence of ordering between Cr and
V atoms is observed for an alloy containing 50%at. W, whereas
the lowest temperature was found in alloys containing 90%at.
W. The Cr-V ordering temperature decreases with decreasing W
content below 30%at. as well as with increasing W content above
50%at.

Based on these observations and the nature of the graphs pre-
sented in Fig. we conclude that short-range ordering for Cr-V
pairs in Cr-Ta-Ti-V-W alloys strongly depends on the concentration
of Ta. The addition of W also results in much smaller ordering of
Cr-V pairs. The lowest ordering for Cr-V pair is observed for an
alloy containing 90%at. V, which is an effect of decreasing the Cr
concentration.

4.2.3 The influence of Ta, Ti, Vand W concentration on Ta-W
pair ordering.

Fig. [11|shows the SRO parameters for Ta-W pairs as a function of
temperature and Ta, Ti, V, W concentrations. In Ta,(CrTiVW);_,
alloys (Fig. [I1p), the highest attraction at low temperatures be-
tween Ta and W atoms is observed in an alloy containing 10%at.
Ta, and the equiatomic concentration of Cr, Ti, V and W. The
highest temperature for the suppression of ordering between Ta
and W atoms is shown by an alloy containing 10%at. Ta, whereas
the lowest temperature is observed for an alloy containing 80%at.

Ta. Overall, an increase of Ta content leads to a decrease of the
disordering temperature.

In Ti,(CrTaVW)_, alloys (Fig. ), the highest attraction at
low temperatures for Ta-W pairs is observed in an alloy contain-
ing 50%at. Ti, and the equiatomic concentration of Cr, Ta, V and
W. The highest temperature for the absence of ordering between
Ta and W atoms occurs in an alloy without Ti, whereas the low-
est temperature is observed for an alloy containing 90%at. Ti.
Overall, with the increase of Ti, the Ta-W disordering tempera-
ture decreases.

In V,(CrTaTiW);_, alloys (Fig. ), the highest attraction at
low temperatures for Ta-W pairs is observed in an alloy containing
90%at. V, and the equiatomic concentration of Cr, Ta, Ti and W.
An alloy containing 30%at. V exhibits the highest temperature for
the total absence of ordering between Cr and V atoms, whereas
the lowest temperature is observed for an alloy containing 90%at.
V. With the increase of V content below 30%at., the temperature
for the absence of ordering between Ta and W atoms increases,
while it decreases with increasing V concentration above 30%at.

In W, (CrTaTiV),_, alloys (Fig. [11p), the highest attraction at
low temperatures for Ta-W pairs is observed in an alloy contain-
ing 10%at. W, and the equiatomic concentration of Cr, Ta, Ti
and V. The highest temperature for the absence of ordering be-
tween Ta and W atoms is seen for an alloy containing 40%at. W,
whereas the lowest temperature is observed for alloys containing
90%at. W. For compositions larger or equal than 40%at. W the
temperature of ordering between Ta and W atoms decreases with
increasing W content.

Based on these observations (presented in Fig. [11)), we con-
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clude that short-range ordering for Ta-W pairs in Cr-Ta-Ti-V-W al-
loys very strongly depends on the concentration of V, especially
below 500 K. The addition of Ti also results in much smaller Ta-W

ordering.

4.2.4 Order-disorder transition temperatures.
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To analyse the influence of each of the element concentra-
tions on the ordering of all 10 pairs found in the quinary Cr-
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Ta-Ti-V-W system, 50 separate MC simulations (that includes re-
sults already presented in Sections 4.2.1, 4.2.2 and 4.2.3) have
been performed for derivative alloys in the form A,(BCDE)_, for
x = (0%,10%,20%...90%) pseudo-binary alloys. Results of those
calculations allowed to study the dependence of the ODTT on

specific elements (Fig. [12).
The ODTT was calculated using inflection points on the en-
thalpy of mixing plots (as it has been discussed in Fig. [4).



The ODTT for the equiatomic quaternary compositions is shown
in Fig. at x=0%. For example, the ODTT for equiatomic
quaternary Cr-Ta-V-W alloy can be found at x = 0% for Ti in a
Tix(CrTaVW)(,_,) alloy, and it is 1300 K, which is consistent with
the values presented in Fig. |4 and Table [5| Values presented in
Fig. [12]are also consistent with the values shown in Figs. [7]and[§]
which also proves that the ODTT can be obtained using inflection
points at both enthalpy of mixing and SRO.

The cross-point of all 5 lines at x = 20% represents the ODTT
for the equiatomic quinary Cr-Ta-Ti-V-W alloy which is 1000 K.

The equiatomic quaternary Ta-Ti-V-W alloy that does not con-
tain any Cr atoms shows an ODTT of 500 K in agreement with our
results presented in Fig. [4] With increasing Cr concentration, the
ODTT significantly increases to 800 K for 10%at. Cr, 1000 K for
20%at. Cr and up to 1400 K for 50%at. Cr. The opposite trend is
observed for alloys containing Ti. The quaternary equiatomic Cr-
Ta-V-W alloy has an ODTT of 1300 K. With the increase of Ti con-
centration the ODTT significantly decreases to 1000 K for 10%eat.
Ti, 800 K for 40%at. Ti and down to only 300 K for 50%at. and
higher concentrations of Ti.

The quaternary equiatomic Cr-Ta-Ti-W alloy has a 500 K ODTT.
With the increase of V concentration up to 20%at. the ODTT
increases to 1000 K, while decreases with further addition of V
down to 400 K at 90%at. V. Similar behavior can be observed for
the concentration of W - the ODTT increases from 700 K for alloys
without W up to 1100 K for 40%at. W and decreases with further
addition of W down to 700 K for alloys containing 90%at. W. The
influence of Ta on the ODTT is weak as it only changes the tem-
perature in the 800-1000 K range for various Ta concentrations.

We then extended our analysis of the ODTT to understand
the influence of pairs concentration for (AB)(CDE);_, for x =
(0%,5%,10%,15%...35%) pseudo-binary alloys, which required
additional 80 MC simulations. In Fig. the ODTT dependence
on specific concentrations of element pairs is shown. As previ-
ously, the inflection points were calculated using the enthalpy of
mixing.

The lowest ODTT was observed for alloys with the lowest con-
centrations of the Cr-V pair. The ternary equiatomic alloy Ta-Ti-W
has an ODTT of only 200 K, and this temperature significantly
increases with the increase of Cr-V concentration up to 1100 K
for alloys containing 35%at. Cr and 35%at. V. A similar trend
has been observed for Cr-Ta and Ta-W pairs - for an alloy with-
out either of those pairs, the observed ODTT was 300 K, while it
significantly increases with increasing Cr-Ta or Ta-W pairs concen-
trations. The ODTT was 1300 K and 900 K for alloys containing
70%at. Cr-Ta and 70%at. Ta-W pairs, respectively.

Increasing the concentration of Ti-W pair from 0%at. to 30%eat.
increases the ODTT from 400 K to 1100 K. Further increases of
Ti-W concentration, up to 70%at., decrease the ODTT back to 400
K. We also observe that increasing the concentration of the Ti-V
pair may significantly decrease the ODTT - alloys without the Ti-
V pair has ODTT = 1300 K, while alloys containing 70%at. Ti-V
pair has ODTT at 500 K. The ODTT decreases almost linearly with
increasing Ti-V concentration.

The V-W and Cr-Ti pairs concentrations do not show a signif-
icant influence on the ODTT. The results shown above are in

agreement with our conclusion made based on Fig. where
we looked into the influence of a single element concentration -
maintaining low concentration of the Cr-V pair by either remov-
ing Cr or V and increasing the concentration of Ti leads to the
lowest ODTT.

4.3 Discussion related to other works

The W derivative alloys for the Cr-Ta-Ti-V-W system, namely
W, (TaTiVCr),_, alloys, for nominal concentrations of W being x =
(30%,40%, ...,90%) were investigated experimentally in Ref.>L.
Samples were synthesized using powder metallurgy processing
followed by spark plasma sintering at 1600 °C. In that work, the
electron probe micro-analyzer (EPMA) tool for W 3(TaTiCrV)g 7
and W g(TaTiCrV),, samples was given. Results of these anal-
yses can be compared to our investigation carried out for Cr-Ti,
Cr-V and Ta-W pairs in W derivative alloys, namely Figs. [0,
and[11[. From Fig. 3a in Ref.5!it has been concluded that for the
W 3(TaTiCrV); alloy in the W-rich region the next most com-
mon element is Ta, which indicates strong attraction between W
and Ta. It is in general agreement with our results presented in
Fig. , where it has been shown that the Ta-W pair has neg-
ative SRO values for the Wy 3(TaTiCrV)( 7 alloy at temperatures
even higher than 1900 K at which the sample was synthesized>L.
Similar observations were made for the Wy g(TaTiCrV),, alloy
(Fig. 3b in Ref.®1) in which the attraction between Ta and W
was once again observed as a high concentration of Ta in W-rich
regions. This observation is in general agreement with our re-
sults obtained for the W g(TaTiCrV)(, alloy in Fig. , where
we have predicted that the SRO parameter has negative values
for the Ta-W pair even at temperatures above 1900 K.
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Fig. 14 Enthalpy of formation dependence on temperature for
W,(CrTaTiV);_, alloys. W30, W37, W44, W52, W57 and W67 de-
note W,(CrTaTiV);_, alloys with W concentration equal to 30%, 37%,
44%, 52%, 57% and 67%, respectively.

In Ref?Z the enthalpy of formation has been calculated for
several W derivative alloys of the Cr-Ta-Ti-V-W system, namely
W, (CrTaTiV)|_, (for x = 30%, 37%, 44%, 52%, 59%, 67%), us-
ing the SQS method. In order to cross-check the results from
Ref. 2% we have decided to perform Monte Carlo simulations using
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Table 6 The comparison of enthalpies of mixing (in meV/atom) obtained
for W,(CrTaTiV);_, alloys using different methods

Method W30 W37 W44 W52 W59 W67
MC @3000 K 1 -10 -19 -29 -35 -40
DFT (SQS) Ref.?2 .87 -97 -109  -130  -152  -166
DFT (SQS) 28 14 -2 -14 -24 -30

10x10x10 bcc simulation cells for the same derivatives using our
Cluster Expansion model. We performed also DFT calculations for
3x3x3 SQS structures containing 54 atoms as in Ref.?Z. The tem-
perature dependence of the formation enthalpies obtained from
MC simulations is shown in Fig. The comparison of formation
energies of disordered structures from MC simulations at 3000 K
and those from DFT calculations for SQS structures computed in
this work and in Ref.27 is presented in Table[6] The values pub-
lished in Ref2Z seem to be significantly lower than our values
obtained both from MC simulations and DFT calculations for SQS
structures. The enthalpies of formation obtained for some of the
bee structures in Ref.?” are even lower than than those of C14
and C15 Laves phases predicted by the present DFT calculations.
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Fig. 15 SRO parameters for pairs in (a) Cr-Ta-V-W equiatomic alloy, (b)
Tio.04(CrTaVW)g96 and (c) Tigo7(CrTaVW)g 93 alloys with highlighted
1600-1900 K region.

Recently, refractory high entropy Ti,(WTaVCr),_, alloys have
been fabricated via spark plasma sintering for fusion plasma-
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Table 7 Short-range Order parameter value at 1800 K for pairs in
equiatomic CrTaVW, Tig.04(CraTVW)g.96 and Tigo7(CrTaVW)g 03 alloys.

Pair CrTavVW Ti()‘()4 (CraTVW)O_% Ti(),m (CrTaVW)0,93
Cr-Ta -0.009 -0.006 -0.009
Cr-Ti -0.072 -0.071
Cr-v -0.086 -0.070 -0.064
Cr-Ww 0.107 0.098 0.098
Ta-Ti 0.063 0.058
Ta-V 0.100 0.081 0.074
Ta-W -0.092 -0.080 -0.077
Ti-v 0.049 0.046
Ti-W -0.049 -0.049
V-W 0.023 0.014 0.010

facing materials®2. Alloys containing 0%at., 4%at. and 7%sat.,
of Ti and close to equiatomic concentration of the rest of the ele-
ments have been synthesized at 1500 °C. The electron backscat-
ter diffraction (EBSD) analysis of the fabricated samples can be
directly compared to some of our SRO results presented in sec-
tions 4.1 and 4.2, specifically SRO parameters at temperatures
around 1750-1800 K for the equiatomic Cr-Ta-V-W alloy (see Fig.
[B). In Fig. the SRO parameter for the equiatomic Cr-Ta-V-
W alloy is given with magnified 1600-1900 K region. From our
investigation we concluded that at these temperatures, the high-
est attraction is observed between Ta-W and Cr-V atoms, as only
those pairs show negative SRO parameter values (around -0.1). It
is in general agreement with Ref.2? (Fig. 3a), where in the V-rich
region the next most commonly observed element was Cr, and in
the W-rich region the next most common element was Ta. In Fig.
the SRO parameter for the Tig o4 (CrTaVW) o6 alloy is given,
with magnified 1600-1900 K region. It can be directly compared
to Fig. 3b in Ref.®?) where EPMA test results are given. Results
presented there are in general agreement with our prediction of
Cr-V pair attraction, as V is the next most common element ob-
served in a Cr-rich region. In Fig. the SRO parameter for the
Tig o7 (CrTaVW)g 93 alloy is given, with a magnified 1650-1850 K
region. For that alloy, we predicted an attraction between, among
others, Cr and Ti atoms. Our predictions are in agreement with
results presented in Ref.*2 in Fig. 3c, where on EPMA test results
it is shown that in Ti-rich regions the next most common element
is Cr.

Comparing Fig. [15h, Fig. and Fig. (see Table [7) we
conclude that the SRO parameter for all the pairs in the three al-
loy systems becomes closer to 0 (disordered configuration) with
an increase of Ti concentration. More precisely, in alloys with
0%at., 4%at. and 7%at. Ti the SRO parameters for the Ta-V
pair are 0.100, 0.081 and 0.074 respectively and for Cr-V are: -
0.086, -0.070 and -0.064, respectively. In Tig g4 (CrTaVW)( 9 and
Tig .07 (CrTaVW) 95 alloys, the SRO for the Ta-Ti pair decreases
from 0.063 to 0.059, respectively. Therefore, alloying with in-
creasing Ti concentration into the quaternary system Cr-Ta-V-W
leads to the decrease of the ODTT in consistence with the previ-
ous analysis of the dependence of the free energy of mixing with
the Ti composition (see Fig. .



5 Phase decomposition in Cr-Ta-V-W alloys and
comparison with experimental results

The main focus of this section is to link our theoretical predictions
of Cr and V clustering formation in the Cr-Ta-V-W system with the
recent experiment work carried out at the Los Alamos National
Laboratory (LANL) for specific alloy compositions. These alloys
have shown a high tolerance to radiation damage and sustain-
able mechanical properties after irradiation and they represent

potential candidates for fusion material applications2.,

5.1 Experimental observation of (Cr,V) precipitation in irra-
diated Wy 33Tag 36Cr0.15Vo.11

— 10 NM

Fig. 16 (a) bright field TEM image of the HEA alloy (100 nm sample
thickness) irradiated with 1 MeV Kr*2 to 8 dpa at 1073 K. (b) and
(c) shows top down views of atomic probe tomography results capturing
three distinct grain boundaries.

In this experimental work, the developed W, 33Tag 36Cro.15Vo.11
alloy was sintered as a thin film using magnetron sputtering de-
position.
layer structure in the as-deposited sample, with separated Cr/V-
rich and W/Ta-rich regions. The sample was then irradiated in
situ at the IVEM-Tandem Facility with 1-MeV Krt? and 1073 K,
with a dpa rate of 0.0006 dpa s~! up to 1.6 dpa. No disloca-
tion loops were observed during irradiation, although precipitates
were formed. APT analysis of irradiated samples showed that
those precipitates were Cr- and V- rich. In Fig. a bright field
TEM image of the HEA sampled along with APT results are given,
with clearly visible Cr/V rich grain boundaries. Next Section
compares the free energy calculations between the equiatomic
Cr-Ta-V-W (which has the layer structure between Cr/V-rich and
W/Ta-rich regions, see Fig. and Fig. [8]) and the derivative
W .38Tag.36Cro.15Vo.11 alloys.

Atom Probe Tomography (APT) analysis revealed a

5.2 (CrV)/(Ta,W) layer structure in equiatomic Cr-Ta-V-W

From our study, we concluded that the equiatomic Cr-Ta-V-W sys-
tem becomes completely disordered at around 1700 K (see Fig.
[8)), which is the highest temperature among all quaternary sub-
systems in our quinary Cr-Ta-Ti-V-W alloy. The ordering in this
alloy is very strongly visible even at 800 K (see Fig. [8D). We
investigated more thoroughly this specific quaternary system in
order to understand what causes the ODTT to be so relatively
high. Monte Carlo simulations for the quaternary Cr-Ta-V-W sub-
system were carried out for a large simulation cell (30x30x30)
containing 54000 atoms. Simulations were performed using the
ATAT package, starting from the disordered state at 2500 K, fol-
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Fig. 17 Enthalpy of mixing, entropy of mixing and free energy of mixing
as a function of temperature for the equiatomic quaternary Cr-Ta-V-W
alloy.

lowed by cooling to 100 K with temperature steps of 100 K. The
30x30x30 structure obtained at 300 K temperature is given in
Fig. S2f. Just like for the 10x10x10 system (see Fig. [8k) we
observe strong clustering between Ta/W and Cr/V atoms and a
layer structure. In the 30x30x30 bcc cell we also observe an or-
dering structure within the Cr/V cluster, identified as the CrV B2
phase with Pm3m symmetry, which was already found by us in
the binary Cr-V system and was marked as a ground state in our
Cluster Expansion simulations (see Table .

In Fig. the H,;x, Fuix and —TS,,, values as a function
temperature for the equiatomic quaternary Cr-Ta-V-W alloy are
shown. Free energy of mixing values were calculated using both
TDI and 1NN pair probabilities methods. The enthalpy of mixing
contribution to the free energy of mixing is dominant at low tem-
peratures, while the —7'S,,;, term dominates at elevated tempera-
tures, where the disorder configuration is preferred. The enthalpy
of mixing value is close to 0 eV/atom at 3000 K.

Fig. shows the local concentration profile along the [100]
direction in the equiatomic Cr-Ta-V-W alloy at 1100 K. We observe
that with the increase of Cr concentration, the concentration of V
increases, while the Ta and W concentrations decrease. Ta/W rich
regions have also been observed to have very low concentrations
of Cr and V. The layer structure in this equiatomic Cr-Ta-V-W alloy
can be observed even at elevated temperatures.

5.3 (CrV)-rich segregation in W 33Tag 36Cr.15Vo.1; alloys

Interest in one specific composition W 33Tag36Crg.15Vo.11 has
been shown in Ref.43. In Fig. SRO parameters are given
for first and second nearest neighbours (Eq. , as well as av-
erage SRO parameters (Eq. E[), comparing the values with the
equiatomic Cr-Ta-V-W alloy. The overall trend is the same re-
gardless of whether it is first or second nearest neighbour - low-
est SRO values for Cr-V and Ta-W pairs. Especially Cr-V pairs
show a strongly negative SRO parameter, indicating very strong
attraction between Cr and V, which was previously observed in
the equiatomic Cr-Ta-V-W quaternary subsystem and Cr-Ta-Ti-V-W
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a)

Fig. 18 Local concentration profile along [100] direction in equiatomic Cr-Ta-V-W
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Fig. 20 Local concentration profile along [100] direction in W33 Tag 36Cro.15Vo.11 at 1100 K.

quinary system. It has also been observed that the SRO parameter
for Ta-W pair is less negative in the case of Wy 33Tag 36Cro.15V0.11
alloy than in the equiatomic Cr-Ta-V-W alloy. The ordering in
Wy 38Tag 36Cro.15Vo.11 alloy vanishes between 1400 K and 1500
K, slightly lower than 1700 K for the equiatomic Cr-Ta-V-W alloy.
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Fig. 21 Enthalpy of mixing, entropy of mixing and free energy of mixing
as a function of temperature for the quaternary Wy 33Tag36Cro.15Vo.11
alloy.

In Fig. the local concentration profile along the [100] di-
rection in the Wy 33 Tag 35Cro.15V.11 alloy is presented. It is found
that inside the precipitates there was a very high concentration of
Cr and V atoms with very low (up to 5%) concentration of W and
Ta. The resulted concentration profile is in general agreement
with the local concentration profile obtained experimentally“3.,

Fig. shows the H,,;;¢, Fnix and —TS,,;; values as a function of
temperature for the quaternary W 33Tag 36Cr.15Vo.11 alloy. Free
energy of mixing values were calculated using both TDI and 1NN
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Fig. 22 Free energy of mixing comparison between equiatomic Cr-Ta-V-
W and W0‘38Tao‘36Cr0‘15V0.11 aIon fom TDI and 1NN.

pair probabilities methods.

Fig. shows a comparison of the free energy of mixing for
the equiatomic quaternary Cr-Ta-V-W alloy and the quaternary
Wy 38Tag 36Cro.15Vo.11 alloy. The free energy of mixing was cal-
culated using TDI (solid lines), and 1NN contribution (dashed
lines). From the TDI results we may conclude that at tempera-
tures below 900 K, and above 1200 K, the free energy of mixing
value is lower for the Wy 33Tag 36Cro.15Vo.11 alloy, while between
900 K and 1200 K it is lower for the equiatomic composition. The
Foix calculated from 1NN contribution is lower for the equiatomic
Cr-Ta-V-W below 1100 K compared to the Wy 33Tag 36Cro.15Vo.11
system. At temperatures above 1000 K both TDI and 1NN meth-
ods present similar trends. At temperatures below 500 K the S,;;,
values obtained using the 1NN method become negative, which
highlights its approximate nature and can be only applied at high
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temperatures=Z. Thus we conclude that the results obtained from
TDI are more accurate in general.

Our prediction of lower mixing free energy calculations for the
Wy 38Tag 36Cro.15Vo.11 alloy at the two different ranges of temper-
ature shows that the phase segregation is, on one hand, strongly
related to the stable configuration in this multi-component sys-
tem. On the other hand, since the formation of Cr- and V-rich
precipitates have also been observed experimentally for the same
alloy composition, it clearly demonstrates that this phenomena is
thermodynamically driven. It is worth mentioning that the same
kind of precipitates in this alloys can be seen without and with
radiation*®?, A recent computational study on relationship be-
tween the SRO-induced local segregation and radiation effects in
CoCuFeNi HEAs has been reported?8. By using hybrid molecu-
lar dynamic and Monte-Carlo simulations, the study in question
showed that the mobility of point defects created by irradiation
can be changed and the system reaches a steady-state configura-
tion of defect creation and annihilation with a tendency of copper
segregation. For understanding of origin of the exceptional radi-
ation resistance of the W-based HEAs under irradiation, a deeper
investigation of kinetic properties of point defect migration and
diffusion is crucial for clarifying additional mechanism for Cr and
V segregation.

6 Conclusions

A DFT-based Cluster Expansion (CE) model has been developed
for the quinary bce Cr-Ta-Ti-V-W system with a cross-validation
value of 10.2 meV/atom. The lowest enthalpies of mixing for bi-
nary systems has been observed for Ta-W, Ti-W and Cr-V systems.

Monte-Carlo simulations based on a CE Hamiltonian have been
carried out to analyse the short-range ordering in the quaternary
and quinary alloys involving the Cr-Ta-Ti-V-W elements. The low-
est order-disorder transition temperature predicted from the de-
pendence of the free energy of mixing as a function of tempera-
ture for equiatomic compositions is observed for the Cr-Ta-Ti-W
and Ta-Ti-V-W alloys and it is 500 K.

Our systematic study of the derivative Cr-Ta-Ti-V-W alloys
shows that the most negative short-range order values are ob-
served for the Ta-W and Cr-V pairs. Removing either Cr or V
from the alloys significantly decreases the order-disorder transi-
tion temperature, while increasing the Ti concentration signifi-
cantly decreases the order-disorder transition temperature.

Increasing concentration of Cr-V, Ta-W and Cr-Ti pairs in the
derivative alloys up to 40%at., significantly increases the order-
disorder transition temperature. Increasing the Ta-Ti and Ti-V
concentration decreases the order-disorder transition tempera-
ture.

Theoretical short-range order results obtained for the
derivative quinary Tigg7(CrTaVW)g93,  Tig o4 (CrTaVW)g 96,
Wy 3(TaTiCrV)p7; and Wy g(TaTiCrV)y, alloys are in general
agreement with experimental results at high temperature pre-
sented in Refs.>ll and®2 showing certain element-rich regions
that are in line with our short-range order predictions for those
concentrations.

The free energy of mixing for the equiatomic Cr-Ta-V-W al-
loy are higher than for the W 33Tag 36Crg.15Vo.11 composition be-

20 | Journal Name, [year], [vol.], 1

low 800 K and above 1100 K. They are similar between 800 K
and 1100 K. Theoretical analysis of local-concentration profiles at
1100 K are in agreement with atom-probe tomography analysis
of samples synthesized as thin films using magnetron sputtering
deposition. The present study shows that the thermodynamics
play a key role in the formation of Cr- and V-rich precipitates
and therefore explain experimental observation of this segrega-
tion phenomena in Cr-Ta-V-W alloys. A further systematic investi-
gation of point defect (vacancy and interstitial) properties would
be very desirable for understanding the micro-structural evolu-
tion and the origin of exceptional radiation resistance in W-based
HEAs.
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Effective cluster interactions for Cr-Ta-Ti-V-W system together
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