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1 Introduction

Chemical short-range order in derivative
Cr-Ta-Ti—V-W high entropy alloys from the
first-principles thermodynamic study+

Damian Sobieraj, 2°° Jan S. Wrobel, (2 ** Tomasz Rygier,?
Krzysztof J. Kurzydtowski, Osman El Atwani,® Arun Devaraj,®
Enrique Martinez Saez® and Duc Nguyen-Manh () *°f

The development of high-entropy alloys (HEAs) focuses on exploring compositional regions in multi-
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 combi-
nation 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 com-
positions. 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 Wq 38Tag 36Cro.15Vo.11 alloy which in turns shows
an exceptional radiation resistance.

of such materials poses many challenges that need to be addressed
for fusion energy to become a viable power source.>* Tungsten (W)

Fusion energy requires materials with extraordinary properties
able to withstand exceptionally high temperatures and stress
gradients, radiation damage, high concentrations of trans-
mutation products and/or plasma exposures.’? The development
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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 unfortu-
nately 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 irradia-
tion environments.'®>° Despite these significant efforts from both
experimental and modelling investigations, detailed studies of
conventional binary alloys revealed several constrains and limita-
tions. For example, some of W-based binary alloys were found
to deteriorate the mechanical properties™**' whereas for other
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systems such as W-Re, W-Os, transmutation induced precipita-
tions were observed under neutron irradiation.>>>® Therefore, 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
materials.”®*” 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 (bcc) crystal structures.*®* > Equiatomic compositions
maximize this entropic term, promoting random solutions
versus intermetallic phases or phase decomposition. The inter-
metallic 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 refractory bcc-based
TiZrHfNbTa, show superior mechanical properties compared
to traditional materials, displaying high hardness, high yield
strengths, large ductility, excellent fatigue resistance and good
fracture toughness.’**® 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 results.>°
The focus on configurational entropy frequently ignored essen-
tial contributions from the enthalpy of mixing to the phase
stability.>”*® However, the configurational entropy can change
with temperature due to small changes in short-range atomic
ordering or by chemical partitioning between different alloy
elements.'”**™*® The fundamental hypothesis also assumes
that the maximum configurational entropy is achieved at high
temperature or in the liquid 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 concen-
tration may be higher than 35 atom percent.’® In this paper,
we call them simply as derivative HEAs when studying W-based
refractory alloys which have been recently developed specifi-
cally in the context of high temperature for fusion materials
applications.”**"*> The derivative HEAs not only give a vast
number of new alloys with an infinitesimal fraction of all
possible combination 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.®®™>®
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While investigating the enormous number of derivative HEAs
compositions and their microstructures would be valuable, it
also presents big challenges to match the explosion of new alloy
bases. New high throughput experiments are needed as well as
new fundamental models are important to quickly narrow the
path between properties that sensibly depend on both alloy
composition and designed microstructures. 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 dramatically
decreases the time, effort and cost of developing new
allOyS.31’48'59_67

The main focus of this paper is the investigation of the
thermodynamic properties for the bcc-based Cr-Ta-Ti-V-W
derivative HEAs from first-principles calculations. We employ
a combination of methods that allows investigating the phase
stability at finite temperature for different compositions,
namely density-functional theory (DFT), cluster expansion
(CE) and canonical Monte-Carlo (MC) simulations.?”41743:45:68
In a variance with other conventional methods such as special
quasirandom structure (SQS) approaches or coherent potential
approximation (CPA), which are more relevant for disordered
substitutional alloys, our hybrid combination of ab-initio based
CE Hamiltonian with MC simulations allows to investigate the
dependence of configurational entropy in multi-component
alloys as a function of temperature and composition and
to integrate it into the free energy calculations by properly
considering the contribution from the enthalpy of mixing.
More importantly, by using statistical mechanics simulations,
this approach, which uses many-body interactions, is able to
clarify the important role of chemical short-range effect on the
transformation of stable and ordered phases at low tempera-
ture into a fully disordered configuration at high temperature
and therefore allows to predict the order-disorder transition
temperature (ODTT) for different alloy compositions. Our pre-
vious study for a specific composition of four component
Cr-Ta-V-W alloys also reveals that the present approach also
predicts a strong segregation of Cr and V elements that is in
an excellent agreement with experimental observations of Cr
and V rich phase decomposition under irradiation.** 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
particles.”*>%97! Ag it will be shown in Section 4, increasing
Ti concentration significantly decreases the ODTT in the deri-
vative 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 selection for the
development of materials for potential fusion plasma facing
applications.”>”?

This paper is organised as follows. Computational Metho-
dology Section 2 describes in detail the DFT calculations (2.1),
the cluster expansion (CE) formalism and its results (2.2) and
the relationship between chemical short-range order and free
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energy of mixing for quinary alloys (2.3). A systematic discus-
sion of the phase stability analysis for the Cr-Ta-Ti-V-W alloys
is presented in Section 3 by comparing DFT and CE calcula-
tions 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 component 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 experimental data with a particular interest of
Ti alloying effects in the quinary alloys. Section 5 focuses on the
quaternary Cr-Ta-V-W alloy 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.”* 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 augmen-
ted wave (PAW) method implemented in VASP.”*7® Exchange
and correlation were treated in the generalized gradient
approximation GGA-PBE.”” 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 contributions did not differ. Since the difference
between enthalpies of mixing of anti-ferromagnetic and non-
magnetic Cr-rich structures was small, the magnetism was not
considered in this study. Total energies were calculated using
the Monkhorst-Pack mesh”® of k points in the Brillouin zone,
with k-mesh spacing of 0.2 A™'. This corresponds to 14 x
14 x 14 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 per cell, and force components were relaxed to
10 evVA"

2.2 Cluster expansion formalism for quinary alloys

In our study, we use the enthalpy of mixing to determine the
stability of the system. We employ an approach similar to the
approach already described for ternary alloys.”’ We define
the enthalpy of mixing obtained in DFT calculations of a
K-component bcce alloy as a:

AHSS(3) = E(3)

mix

EE (1)

where Ets(G) is a total energy per atom of the considered alloy

in a bec structure represented by a vector of configurational
variables ¢, c, are the average concentrations of each compo-
nents, and EXSS(p) are the total energies of pure elements in a

bee structure. The enthalpy of formation is calculated as the
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energy of the structure with respect to the energies of pure
element ground states, namely bece Cr, Ta, V, W and hexagonal
closest packed (hcp) Ti.

The enthalpy of mixing of an alloy can also be calculated

using the Cluster Expansion method.”®"%?

AH, Eﬁiu me o (Lot () (2)

where summation is performed over all clusters w that are
distinct under group symmetry operations applied to a bcc
lattice, m,, are multiplicity factors showing the number
of clusters equivalent to o by symmetry, J, are the
concentration-independent effective cluster interactions (ECIs),
derived from a set of DFT calculations using the structure
inversion method, and (I',,(5)) are the average correlation
functions defined as a product of point functions of occupation
variables on a specific cluster o averaged over all the clusters o’
that are equivalent by symmetry to cluster ».** 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 5 in Appendix). In a K-
component system, a cluster function is defined as a product
of orthogonal point functions y; «(7;):

i (@) = 75k (01)7,k(02) - - Y/‘,U‘K(a\a>\) 3)
where (s) = (1. - Jjw|) 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)l The point functions for a K-component
system are defined following:**

1 ifj=0,

—cos <2n [2—‘ Kl> if j > 0 and odd, @

—sin (21{ P—‘ ﬁ) if j > 0 and even,
2|K

where ;= (0, 1, 2, 3, 4,.

Y/,K(Ji) =

.,K — 1) is the index of point functions
and [ 2-‘ 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:

K
Z Oq VI 0/7 h [5)

1 b=1

i
hgls

(ry)) =

a

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

(i) =y =335 nieanlon) oy (6)

S
Il

T
I
Il
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where y% is the probability of finding 3 atoms a, b and ¢ (|o| = 3)
in the corresponding shell, denoted by label n, see Table 5 in
Appendix.

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

AHyis(G) = D J0) ml) (I ()

[ON/ X

0 0 ) [ ()
= J1(,1)<F§.1)> + Zjl(f1<lﬁ§§,1>
3 () 7(5) / p(s) )
s) (s s
+ Z Z m27n‘]2,n<l—‘2,n>
n=1 s

2
(s) 7(s) / p(s)
+ Zl Z m3fn‘]3fn<r3fn>7
=1 s

It should be noted that a summation over all possible
decorations of clusters s in eqn (7) 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 eqn (7)),
there are 4 non-zero point functions (second term in the second
line), which means that there are 4 possible decorations of the
point cluster. The cluster of two sites (Jw| = 2) can be decorated
in (K — 1)l = (5 — 1) = 16 ways, namely (s) = (1,1), (1,2), (1,3),
(1,4), (2,1), (2,2),. . .,(4,4). Due to symmetry reasons (1,2) = (2,1),
(1,3) = (3,1),- . ,(3,4) = (4,3), thus there are 10 required effective
cluster interactions to describe the interactions in each 2-body
cluster in quinary system (third line in eqn (7)). In a similar
way, the number of required effective cluster interactions goes
up to 40 for 3-body clusters (fourth line in eqn (7)). Considered
decorations of clusters, multiplicity factors and concentration-
independent effective cluster interactions are given in Table 5
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 quaternary and 22 quinary struc-
tures). The value of cross-validation® error between DFT and
CE formation enthalpies achieved during simulations was 10.2
meV per atom, proving that the final set of effective cluster
interactions describes interatomic interactions in Cr-Ta-Ti-V-W
system accurately.

One hundred and twenty ECIs for a 5-component system
obtained with the CE mapping are given in Fig. 1 and in Table 5
in Appendix. Forty 2-body and eighty 3-body interaction para-
meters were derived (pairs with up to fourth nearest neighbour
and two smallest 3-body clusters were used). /51, /2.2, J2,3, Jo,4
denote pairs with 1st, 2nd, 3rd and 4th nearest neighbour,

23932 | Phys. Chem. Chem. Phys., 2020, 22, 23929-23951

View Article Online

PCCP

ECI (meV)

B A o o N A o an

Fig. 1 Effective cluster interactions obtained from Cluster Expansion
model. Jo1, Jz2, J23. Jo4 denote pairs with 1st, 2nd, 3rd and 4th nearest
neighbour, respectively, while Js; and Js, denote 2 smallest 3-body
clusters. Numbers 1-10 and 1-40 refer to ten and forty possible decora-
tions of 2-body and 3-body correlation functions in 5-element system,
respectively.

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 5 in Appendix. /3 ; and J; , denote 2
smallest 3-body clusters, while numbers 1-40 in Fig. 1 refer to
all possible 3-body decorations of 3-body cluster functions in a
5-element system, described also in detail in Table 5 in Appen-
dix. 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 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
package.®* Most of the simulations were carried out using a
cell containing 2000 atoms in the form of 10 x 10 x 10 bce unit
cells. For each composition, simulations started from a dis-
ordered 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. 86. The Warren—Cowley SRO parameters can

be obtained from the pair probabilities as follows:?%*

i

_Zn (8]

CiCj

/-
o) =1

where i and j are n-th nearest neighbour atoms, ¢; and ¢; the
concentrations of atoms 7 and j, respectively. The y} values can
be obtained by the matrix inversion from eqn (5) following
ref. 37. The SRO parameters can be calculated from the point
and pair correlation functions. Point correlation functions are

This journal is © the Owner Societies 2020
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related to concentrations and do not change whereas pair
correlation functions are averaged at each temperature over
2000 MC simulations. Analytical formulas have been given in
ref. 42. The expression to calculate the average SRO parameter
for a bec lattice for first and second nearest neighbours is:*

; 8al +60)

Y =— 11— ©)
where of and of 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 1
CCO]’I T
Seont(T) =J %dr, (10)
0
where the specific heat contribution to the configurational
entropy is related to the fluctuations of the enthalpy of mixing

calculated by Monte Carlo at a given temperature:*>**

(Huix (T)?) — (Hix(T))?

Cconf(T) = T2 )

(11)

where (Hpix(T)) and (Hpi(T)?) are the mean and mean square
enthalpies of mixing, respectively. The configurational entropy
contribution to the free energy of mixing has been also com-
puted using the pair probabilities from first nearest neighbours
as in ref. 45

Seont = +7 > _ {1 [3]logl"}[7]] — 4 Y 318 log[y$) 6] (12)

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

Smix = Srand — Sconf (13)

where Syang is the entropy of a random configuration and is
calculated using:**

(14)

Srand = —kg Z Cj 1H(Ci)

From eqn (10)-(14), we can then calculate the free energy of
mixing, either from thermodynamic integration or with the
analytical expression:

Fmix = Hmix - TSmix (15)

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 methods
for all 682 bcec structures in the obtained Cr-Ta-Ti-V-W system
database.'”*"*>%* 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.
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Fig. 2 Enthalpy of mixing of binary alloys in Cr-Ta-Ti—-V-W system
obtained from DFT (blue dots) and Cluster Expansion (red dots)
simulations.

Enthalpy of mixing values close to 0 eV per atom indicate the
possibility of solid solution creation, negative values indicate a
tendency 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. 2. 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.

We observe (Fig. 2) that the Cr-Ta binary system shows
several structures with positive enthalpy of mixing, with values
up to 142 meV per atom for the CrTa structure. There are only
few binary structures with negative enthalpies of mixing, with
the most negative values of —39 meV per atom for CrTa. Several
enthalpy of mixing values for structures with the same chemical
composition can be found in our system and in Fig. 2, as they
have different chemical configurations. For example, CrTa
structures with Pm3m and Fd3m symmetry groups, have
—39 meV per atom and 142 meV per atom enthalpy of mixing
values, respectively. The Cr-Ti binary system presents struc-
tures with both negative and positive values of enthalpies of
mixing in the whole concentration range. The highest observed
values were up to 50 meV per atom, while the lowest one
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(—67 meV per atom) was observed for the Cr,Ti, structure. It
should be noted that the difference between DFT and CE for the
Cr,Ti; structure is relatively high (32 meV per 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 per atom, while
almost all Cr-W structures had positive enthalpy of mixing up
to 130 meV per atom. 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 per atom and
90 meV per atom for Ta-Ti and Ta-V binary systems, respectively.

Most structures in the binary Ta-W and V-W systems have
negative 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 per atom and —118 meV per atom)
were found for the TaW, and the Ta;Ws5 structures, respectively.
The value obtained for the Ta;Ws5 is in general agreement with
the result (—117 meV per atom) obtained for the same structure
in ref. 18. The general trend in Ta-W system agrees with
experimental work done in ref. 94 (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 ref. 17. In ref. 18, 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,
structure (—91 meV per 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 per atom.

All but one structure found for the Ti-W system had negative
enthalpy of mixing, with values as low as —117 meV per 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 per atom.
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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 elements from the same columns have positive enthalpy of
mixing and a tendency towards segregation. Results presented
in Fig. 2 are in general agreement with above conclusions, as we
observe 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 periodic table.

In Table 1 the most stable compounds, marked by ATAT
package 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 structures 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 calculations.'” 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
compared with results in the literature ref. 17. Some of the
compounds obtained in our study were previously found, such
as W;sTa with a Pm3m symmetry group, TaW, with a I4/mmm
symmetry and TaW, with a I4/mmm symmetry in the Ta-W
binary system and VW, with a I4/mmm symmetry group, VW3
with a Fm3m symmetry, VW, with a R3m symmetry, VW,5 with a
Pm3m symmetry, V,W, with a Fd3m symmetry and V;W, with a R3m
symmetry group in the V-W binary system. Additional DFT calcula-
tions were performed for Laves C15 phases for Cr,Ti and Cr,Ta.

Table1l 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 per atom

Enthalpy of mixing

Enthalpy of mixing

Symmetry Symmetry

Structure group DFT CE Structure group DFT CE

CrTa Pm3m —0.039 —0.039 TazW, R3m —0.096 —0.089
Cr,Ti I4/mmm —0.059 —0.044 TazW, I4/mmm —0.114 —-0.113
Cr,Ti; c2/m —0.067 —0.035 Ta;W5 P4/mmm —0.118 —0.117
CrgTi I4/mmm —0.026 —0.011 Ta,W I4/m —0.050 —0.042
Crs3Ti Pm3m —0.005 —0.013 TiW, P3m1 —0.105 —0.112
Crv Pm3m —0.086 —0.088 TiW, R3m -0.117 —0.082
Crv, Ia/mmm —0.063 —0.059 TiW,5 Pm3m —0.058 —0.034
Cr,V I4/mmm —0.090 —0.074 TiWs; Pm3m —0.022 —0.019
CrzVv Fm3m —0.070 —0.065 Ti,W P3m1 —0.074 —0.060
Cry5V Pm3m —0.024 —0.030 VoW, Imma —0.076 —0.076
Crs3V Pm3m —0.007 —0.019 V,W, Fd3m —0.076 —0.077
CrWs; Pm3m 0.000 —0.006 VW P3m1 —0.082 —0.079
TaWw, I4/mmm —0.119 —0.109 V3W, R3m —0.063 —0.060
TaWw, I4/mmm —0.088 —0.070 VW, I4/mmm —0.091 —0.078
TaWys Pm3m —0.036 —0.035 VW; Fm3m —0.086 —0.088
TaWs; 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,W; R3m -0.117 -0.119 VW5 Pm3m —0.034 —0.032
Ta, W, Immm —0.094 —0.087 VWs3 Pm3m —0.015 —0.018
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The enthalpy of mixing values were —148 meV per atom and
—129 meV per atom respectively, both lower than the values
predicted for bce Cr-Ti (—80 meV per atom) and Cr-Ta
(—50 meV per atom) binary systems. We then compared stable
compounds obtained from DFT and CE simulations to experi-
mental phase diagrams for binary and ternary alloys. For Cr-Ti
we have obtained a bec Cr,Ti compound with —59 meV per
atom enthalpy of mixing, while on the Cr-Ti phase diagram
there is a Laves phase observed at this composition.”®

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 S1 (ESIt).
All ternary Ta-Ti-V structures have a positive enthalpy of
mixing, with the lowest being TaTiV, with 12 meV per 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 per atom, Ta,Ti,W with
—58 meV per atom, and TaTi,W with —69 meV per atom
enthalpy of mixing.

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 subsystem are given in Table S2 (ESIt). The Cr,TiV,W,
quaternary structure is shown in Fig. 3a. This structure
has a R3m space group symmetry, which is the same as
for the one presented in Fig. 11 in ref. 63 using Pearson
notation HR7. Our CE database included 266 quaternary
structures from 5 different quaternary subsystems found in
Cr-Ta-Ti-V-W system. The most stable quaternary structure
was found to be Cr,TiV,W, with the enthalpy of mixing value
of —67 meV per atom. Quaternary structures with a A,B,C,D
chemical formula from ref. 63 were included in our database

%M

b

a)

b
&
a
b)
Qcr@raOTiQVvOw
Fig. 3 Quaternary and quinary structures with the lowest enthalpies of

mixing: (a) Cr,TiVo,W, presented in Table S2 (ESIT) and (b) CrTaTivVW
presented in Table S3 (ESIT).
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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 S3 (ESIt). Five of the
22 quinary structures had negative enthalpy of mixing, with the
lowest being —38 meV per atom for the equiatomic CrTaTivVW
structure with the R3m symmetry group. The structure for the
most stable quinary structure (equiatomic CrTaTiVW) is given in
Fig. 3b. 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 1), ternary (see Table S1, ESIf) and
quaternary (see Table S2, ESIT) structures, as the lowest observed
enthalpy of mixing for binary structures was —119 meV per atom
for TaW, with I4/mmm symmetry group, for ternary structures it
was —91 meV per atom for TaTi,W, with R3m symmetry group,
for quaternary structures it was —67 meV per atom for Cr,TiV,W,
with R3m symmetry group.

4 Finite-temperature stability
of Cr—Ta-Ti—-V-W alloys
4.1 Equiatomic compositions

Monte Carlo simulations for quinary and quaternary HEA at
equiatomic concentrations of elements have been performed
using the ATAT package for 6 equiatomic alloys - 1 quinary
alloy from Cr-Ta-Ti-V-W system, and 5 quaternary alloys
missing 1 different element. Simulation cells were 10 x 10 x 10
bee unit cells, containing 2000 atoms. The purpose of these
simulations was to determine the lowest temperatures at which
random solid solutions 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 enabled 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 composi-
tion as the highest temperature at which the inflection points
on the enthalpy of mixing as a function of temperature plot are
present. It can also be calculated analysing the short-range
order as a function of temperature. We have found the inflec-
tion points of the enthalpy of mixing to be the same as those
observed on SRO plots. In order to find the optimal composi-
tion 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
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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.

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 per atom) and is lower than the value of
—67 meV per atom observed for the Cr,TiV,W, structure - the
most stable ordered quaternary structure (see Table S2, ESIt).

Table 2 summarises our predictions for the ODTT for
equiatomic quinary and quaternary alloys compared to the
average melting points of those alloys, calculated as:

T3¢ =" ¢, Tu(p) (16)

where T,(p) is the melting point of pure element p. The lowest
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 2 highlights
the difference between the calculated ODTT using the CE
formalism and the average melting points, which are used as
one key empirical parameter in the phenomenological treat-
ment for HEAs solid solutions.?® It was found, for example, that
the lowest ODTT was observed for equiatomic quaternary
Cr-Ta-Ti-W and Ta-Ti-V-W alloys (500 K), whereas the average

Table 2 Order—disorder transition temperatures and average melting
points for equiatomic alloys

Alloy ODTT [K] 2% [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
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melting points are 2478 K and 2488 K, respectively. For the
equiatomic Cr-Ta-V-W alloy, the average melting point is
2535 K compared with the highest predicted ODTT (1300 K).
The difference between the ODTT and T, can be explained by
the important role that short-range ordering plays on the
formation of a disordered solid solution.

In order to investigate the phase stability at elevated tem-
peratures, we computed the free energies of mixing of different
alloys. In Fig. 5 the configurational entropy of mixing (TSmix)
contribution to free energy of mixing as a function of tempera-
ture and composition is given. The TSy, contribution to the
free energy of mixing was calculated using thermodynamic
integration (TDI) from eqn (10), (11), (13) and (14) (see solid
lines in Fig. 5) as well as from 1st nearest neighbours pair
probabilities (1NN) using eqn (12)-(14) (see dashed lines in
Fig. 5). The TS,ix 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 1NN 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.

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 (eqn (10), (11) and (13)-(15)) (solid
lines) as well as 1NN pair probabilities (eqn (12)-(15)) (dashed
lines). The free energy of mixing values obtained from TDI were
higher at elevated temperature in comparison 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 lowest
free energy of mixing value at temperatures below 1000 K was
noted for equiatomic quaternary Cr-Ta-V-W alloy, while the

T T T T T T T
0 ————S=—=—=S=S=Z=ZcS=ZcZ:Z= 0
0,01+ - {096
= 0,02 d0s
E —
2 »
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- ] = — 5comp[1NN]| _ [l
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K 0054 ‘ —— noTa[TDI] | -4,82
J — — noTa[1NN]
. agv’ ——noV[TDI] .
-0.06 - — — noviinN | BT
-noW[TDI]
-0,07 noW[INN] | -6,75
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Fig. 5 Configurational entropy contribution to the free energy of mixing
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.
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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 INN 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-—
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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 calcula-
tions to compare them with our results from the H,;; and SRO
plots. ODTT values obtained from F,;; were the same as those
calculated from H,,;x 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, respectively).

4.1.2 Short-range order parameters. The chemical Warren—
Cowley short-range order (SRO) parameter was used to deter-
mine the derivation from random configuration toward order-
ing/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 eqn (9) for first and
second nearest neighbours.

In Fig. S1 (ESIT), we show the SRO values for 1st and 2nd
shell, the average value and the first derivative of the average
SRO parameter 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. S1 (ESIY), that the inflection
points at the highest temperature are found at 1000 K for all
pair interactions. This is the same value that was obtained from
enthalpy of mixing derivative (see Table 2).

In Fig. S2 in the ESIf the SRO parameters for 1st and 2nd
shells in all equiatomic quaternary and quinary alloys are given.
It should be mentioned that the lack of ordering in the average
SRO parameter does not always 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
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(see Fig. 7m), while there is still some ordering observed in 1st
and 2nd shell for some pairs (see Fig. S2k and S21, ESI+).

Average chemical SRO parameters as a function of tem-
perature for equiatomic quinary and quaternary alloys in
Cr-Ta-Ti-V-W system are given in Fig. 7a, d, g, j, m and 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 determined 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 depicted in Fig. 7b,
e, h, k, n, q and Fig. 7c, f, i, 1, o, r, respectively.

In the equiatomic quinary Cr-Ta-Ti-V-W alloy (Fig. 7a) 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. 7b at 400 K and in Fig. 7c
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. 7d) the most
negative SRO parameter is shown for the Ta-W pair. This can
be seen at 400 K on Fig. 7e as W/Ta-rich areas. At 800 K (Fig. 7f)
there is no significant attraction or segregation observed.

In the equiatomic Cr-Ti-V-W alloy (Fig. 7g) 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. 7h). The layer structure is not
visible at 800 K (Fig. 7i).

In the equiatomic Cr-Ta-V-W alloy (Fig. 7j) the most nega-
tive 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. 7k) and 800 K (Fig. 71) 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. 7m) the most
negative SRO parameter values are observed for Ta-W and
Cr-Ti pairs. It results in strong segregation between Ta-W
and Cr-Ti pairs and a layer structure at 400 K (Fig. 7n). The
layer structure disappears at 800 K (Fig. 70).

In the equiatomic Cr-Ta-Ti-V alloy (Fig. 7p) the Cr-V pair
presents the most negative SRO parameter, which leads to Cr-V
precipitates at 400 K (Fig. 7q). However, they are not so strongly
visible at 800 K (Fig. 7r).

The previously defined ODTT is the temperature at which
alloys starts to become fully disordered, but in most cases,
there is still some ordering between atoms observed at those
temperatures. 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 calculated from H,,;x and the observed tempera-
ture 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,
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Fig. 7 The average short-range order parameter for 5 quaternary and 1 quinary equiatomic compositions in Cr—Ta—-Ti—-V-W system. The average SRO
plots are given in a, 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 determined from SRO and enthalpy of mixing plots are marked with vertical dashed lines. The
structures obtained from Monte Carlo simulations at 400 K for those compositions are depicted in b, e, h, k, n, g, respectively, the structures obtained at
800 K for those compositions are given in c, f, i, |, o, r, respectively.
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as for example 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 disappears at around 1800 K. The lowest
temperature of a disordered solid solution is observed in the
Ta-Ti-V-W alloy, as short-range ordering 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. 7 reflect the degree 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 those specific pairs changes with different
concentrations of elements 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 parameter 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, V and W concentration on
Cr-Ti pair ordering. In this paper we also look at the derivative
alloys in the form of A,(BCDE), _, for x = (0%, 10%, 20%. . .90%)
pseudo-binary systems. In Fig. 8 the SRO parameter for Cr-Ti
pairs as a function of temperature and Ta, Ti, V, W concentra-
tions is shown. Monte Carlo simulations for HEA derivatives
have been performed using the ATAT package, starting from
the disordered state at 3000 K, followed by cooling to 100 K with
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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 concentration 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. 8a), the highest attraction at
low temperatures between Cr and Ti atoms is observed in an
alloy containing 90 at% Ta, and the equiatomic concentration
of Cr, Ti, V and W. The highest temperature for the absence of
ordering 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 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. 8b), the highest ordering at
low temperatures for Cr-Ti pairs is observed in an alloy con-
taining 10 at% of Ti, and the equiatomic concentration of Cr,
Ta, V and W. The alloy containing 10 at% of Ti presents the
highest temperature for the absence of ordering between Cr
and Ti atoms, whereas the lowest temperature is observed for
an alloy containing 90 at% Ti. Overall, increasing Ti concen-
tration decreases the temperature for the absence of ordering.

In V,(CrTaTiW),_, alloys (Fig. 8c), the highest ordering at
low temperatures for Cr-Ti pairs is observed in an alloy con-
taining 40 at% V, and the equiatomic concentration of Cr, Ta,
Ti, and W, while the biggest attraction between Cr and Ti atoms
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is observed for an alloy without V. The highest temperature for
absence of ordering between Cr and Ti atoms is observed for an
alloy without V, whereas the lowest temperature is observed for
an alloy containing 70 at% V. Between 0 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. 8d), the highest ordering at
low temperatures for Cr-Ti pairs is observed in an alloy con-
taining 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%.

Based on these observations and the nature of the plots
presented in Fig. 8, 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, V and W concentration on
Cr-V pair ordering. In Fig. 9 SRO parameters for Cr-V pairs as a
function of temperature and Ta, Ti, Vand W concentrations are
shown. In Ta,(CrTiVW), _, alloys (Fig. 9b), the highest attrac-
tion at low temperatures between Cr and V atoms is observed in
an alloy containing 80 at% Ta, and the equiatomic concen-
tration of Cr, Ti, V, and W. The temperature for the absence of
ordering between Cr and V atoms increases slightly with
increasing Ta content.
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In Ti,(CrTavVW),_, alloys (Fig. 9c), the highest attraction at
low temperatures for Cr-V pairs is observed in an alloy con-
taining 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. 9d), 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 containing 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. 9a), 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
presented in Fig. 9, we conclude that short-range ordering for
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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, V and W concentration on
Ta-W pair ordering. Fig. 10 shows the SRO parameters for Ta-
W pairs as a function of temperature and Ta, Ti, V, W con-
centrations. In Ta,(CrTiVW), _, alloys (Fig. 10b), the highest
attraction at low temperatures between 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 tempera-
ture 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. 10c), the highest attraction at
low temperatures for Ta-W pairs is observed in an alloy con-
taining 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 lowest temperature is observed for an alloy containing
90 at% Ti. Overall, with the increase of Ti, the Ta-W dis-
ordering temperature decreases.

In V,(CrTaTiW), _, alloys (Fig. 10d), the highest attraction at
low temperatures for Ta-W pairs is observed in an alloy con-
taining 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
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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. 10a), the highest attraction
at low temperatures for Ta-W pairs is observed in an alloy
containing 10 at% W, and the equiatomic concentration of
Cr, Ta, Ti and V. The highest temperature for the absence of
ordering between Ta and W atoms is seen for an alloy con-
taining 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. 10), we
conclude that short-range ordering for Ta-W pairs in Cr-Ta-
Ti-V-W alloys 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. To analyse
the influence of each of the element concentrations on the
ordering of all 10 pairs found in the quinary Cr-Ta-Ti-V-W
system, 50 separate MC simulations (that includes results
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. 11).

The ODTT was calculated using inflection points on the
enthalpy of mixing plots (as it has been discussed in Fig. 4).
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The ODTT for the equiatomic quaternary compositions is
shown in Fig. 11 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 Ti,(CrTavW);_y alloy, and it is 1300 K, which is
consistent with the values presented in Fig. 4 and Table 2.
Values presented in Fig. 11 are also consistent with the values
shown in Fig. S1 (ESIt) and Fig. 7, 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
contain any Cr atoms shows an ODTT of 500 K in agreement
with our results presented in Fig. 4. With increasing Cr concen-
tration, 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 qua-
ternary equiatomic Cr-Ta-V-W alloy has an ODTT of 1300 K.
With the increase of Ti concentration the ODTT significantly
decreases to 1000 K for 10 at% 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 temperature 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 (4B),(CDE),_, for
x = (0%, 5%, 10%, 15%...35%) pseudo-binary alloys, which
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required additional 80 MC simulations. In Fig. 12, the ODTT
dependence on specific concentrations of element pairs is
shown. As previously, the inflection points were calculated
using the enthalpy of mixing.

The lowest ODTT was observed for alloys with the lowest
concentrations 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 without either of those pairs, the observed ODTT
was 300 K, while it significantly increases with increasing Cr-Ta
or Ta-W pairs concentrations. 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 at% 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
significant influence on the ODTT. The results shown above are
in agreement with our conclusion made based on Fig. 11 where
we looked into the influence of a single element concentration -
maintaining low concentration of the Cr-V pair by either
removing Cr or V and increasing the concentration of Ti leads
to the lowest ODTT.

The presence of Cr and V in the system causes the increase
of ODTT since all structures found in the binary Cr-V system
have strongly negative enthalpies of mixing (as shown in Fig. 2).
By removing V from the system, there are only three possible
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pairs with Cr left in an alloy and none of those have as negative
enthalpies of mixing as structures found in the Cr-V system,
with most of them being positive. Removing Cr from the alloy
results in V having three possible pairs, among which only V-W
structures have negative enthalpies of mixing, but because of
the competition between V and Ta in attracting W (see Fig. 7d),
we are not observing strong attraction between V and W in the
equiatomic Ta-Ti-V-W alloy.

The increase of Ti content in the system causes the decrease
of ODTT since the majority of binaries including Ti possess
enthalpies of mixing close to zero, which means that Ti does
not form very stable compounds with other elements present in
the system. The negative enthalpy of mixing of Ti-W structures
does not cause a significant increase of ODTT since the attrac-
tion of Ti and W is minimized by the stronger attraction
between Ta and W.

Based on the carried investigation, a common rule to select
components to change the ODTT of HEAs could be proposed -
in order to select components to minimize the probability of
formation of brittle intermetallic phases in multi-component
alloys, it is profitable to remove from the system the elements
that form with other elements the binary structures with
either very negative or very positive enthalpies of mixing and
it is profitable to add those elements to the system which form
binary structures with enthalpies of mixing close to zero.

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. 51. 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),, and W, g(TaTiCrV),, samples was given.
Results of these analyses can be compared to our investigation
carried out for Cr-Ti, Cr-V and Ta-W pairs in W derivative
alloys, namely Fig. 8d, 9d and 10d. From Fig. 3a in ref. 51 it has
been concluded that for the W, 5(TaTiCrV), ; alloy in the W-rich
region the next most common element is Ta, which indicates
strong attraction between W and Ta. It is in general agreement
with our results presented in Fig. 10d, where it has been
shown that the Ta-W pair has negative SRO values for the
W,.3(TaTiCrV), ; alloy at temperatures even higher than 1900 K
at which the sample was synthesized.>" Similar observations
were made for the W, 4(TaTiCrV),, alloy (Fig. 3b in ref. 51), 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 results obtained
for the W, g(TaTiCrV),, alloy in Fig. 10d, where we have
predicted that the SRO parameter has negative values for the
Ta-W pair even at temperatures above 1900 K.

In ref. 97 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%), using the SQS method. In order to cross-check the
results from ref. 97 we have decided to perform Monte Carlo
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Table 3 The comparison of enthalpies of mixing (in meV per atom)
obtained for W,(CrTaTiV);_, alloys using different methods

Method W30 W37 Wi4 W52 W59 W67
MC@3000 K 1 -10 -19 —-29 -35 —40
DFT (SQS) ref. 97 —87 —-97 —-109 —-130 —152 —166
DFT (SQS) 28 14 -2 —14 —24 —-30

simulations using 10 x 10 x 10 bcc simulation cells for the
same derivatives using our cluster expansion model.
We performed also DFT calculations for 3 x 3 x 3 SQS
structures containing 54 atoms as in ref. 97. The temperature
dependence of the formation enthalpies obtained from MC
simulations is shown in Fig. S3 (ESIt). The comparison of
formation energies of disordered structures from MC simula-
tions at 3000 K and those from DFT calculations for SQS
structures computed in this work and in ref. 97 is presented in
Table 3. The values published in ref. 97 seem to be signifi-
cantly lower than our values obtained both from MC simula-
tions and DFT calculations for SQS structures. The enthalpies
of formation obtained for some of the bec structures in ref. 97
are even lower than those of C14 and C15 Laves phases
predicted by the present DFT calculations.

Recently, refractory high entropy Ti,(WTaVCr),_, alloys have
been fabricated via spark plasma sintering for fusion plasma-
facing materials.>® Alloys containing 0 at%, 4 at% and 7 at%,
of Ti and close to equiatomic concentration of the rest of
the elements have been synthesized at 1500 °C. The electron
backscatter diffraction (EBSD) analysis of the fabricated
samples can be directly compared to some of our SRO results
presented in Sections 4.1 and 4.2, specifically SRO parameters
at temperatures around 1750-1800 K for the equiatomic
Cr-Ta-V-W alloy (see Fig. 7g). In Fig. 13a 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 highest 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. 52 (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. 13b the SRO parameter for the Tig 04(CrTaVW), o6 alloy
is given, with magnified 1600-1900 K region. It can be directly
compared to Fig. 3b in ref. 52, 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 observed in a Cr-rich region. In Fig. 13c the
SRO parameter for the Ti, ;(CrTaVW), o5 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. 52
in Fig. 3¢, where on EPMA test results it is shown that in Ti-
rich regions the next most common element is Cr.

Comparing Fig. 13a-c (see Table 4) we conclude that the
SRO parameter for all the pairs in the three alloy systems
becomes closer to 0 (disordered configuration) with an increase
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Table 4 Short-range order parameter value at 1800 K for pairs in
equiatomic CrTaVW, Tig 04(CraTVW)g. 96 and Tig o7(CrTaVW)g o3 alloys

Pair CrTavVW Tip.04(CraTVW)g 06 Tip.07(CrTaVW)g o3
Cr-Ta —0.009 —0.006 —0.009
Cr-Ti —0.072 —0.071
Cr-vV —0.086 —0.070 —0.064
Cr-W 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

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 o4(CrTaVW), 06 and Tig o7(Cr-
TaVW), o5 alloys, the SRO for the Ta-Ti pair decreases from
0.063 to 0.059, respectively. Therefore, alloying with increasing
Ti concentration into the quaternary system Cr-Ta-V-W leads
to the decrease of the ODTT in consistence with the previous
analysis of the dependence of the free energy of mixing with the
Ti composition (see Fig. 11).
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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 sustainable mechanical properties after
irradiation and they represent potential candidates for fusion
material applications.*?

5.1 Experimental observation of (Cr,V) precipitation in
irradiated Wo.38T30.36Cr0.15V0.11

In this experimental work, the developed W 35Ta4 36Cro.15Vo.11
alloy was sintered as a thin film using magnetron sputtering
deposition. Atom Probe Tomography (APT) analysis revealed a
layer structure in the as-deposited sample, with separated
Cr/V-rich and W/Ta-rich regions. The sample was then irra-
diated in situ at the IVEM-Tandem Facility with 1 MeV Kr* and
1073 K, with a dpa rate of 0.0006 dpa s * up to 1.6 dpa. No
dislocation 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. 14 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. 7k and 1) and the
derivative Wy 3T 36Cr¢.15V0.11 alloys.

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
system becomes completely disordered at around 1700 K (see
Fig. 7j), which is the highest temperature among all quaternary
subsystems in our quinary Cr-Ta-Ti-V-W alloy. The ordering in
this alloy is very strongly visible even at 800 K (see Fig. 71).
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 subsystem were carried out for a large simulation

m— 10 NM

Fig. 14 (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 atom probe tomography results capturing three distinct
grain boundaries.
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cell (30 x 30 x 30) containing 54 000 atoms. Simulations were
performed using the ATAT package, starting from the dis-
ordered state at 2500 K, followed by cooling to 100 K with
temperature steps of 100 K. The 30 x 30 x 30 structure
obtained at 300 K temperature is given in Fig. S4 (ESIt). Just
like for the 10 x 10 x 10 system (see Fig. 7k) we observe strong
clustering between Ta/W and Cr/V atoms and a layer structure.
In the 30 x 30 x 30 bcc cell we also observe an ordering
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 1).

In Fig. 15 the Hpyix, Fimix and —TSy,x values as a function
temperature for the equiatomic quaternary Cr-Ta-V-W alloy
are shown. Free energy of mixing values were calculated using

ot o
-0,02 13
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£ -0,06 -4-579
g z
% -0,08 47,72 3
01 — Huix {065
012 ’ — Frix [TDI] 58
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T _T(Srand'sconf) [1 NN]
-0,16 i 15,44
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1000 1500 2000 2500 3000

Temperature [K]

T
0 500

Fig. 15 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.

a) -
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both TDI and 1NN pair probabilities methods. The enthalpy of
mixing contribution to the free energy of mixing is dominant at
low temperatures, while the —TS,,;x term dominates at elevated
temperatures, where the disorder configuration is preferred.
The enthalpy of mixing value is close to 0 eV per atom at 3000 K.

Fig. 16 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 concentra-
tions 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 (Cr,V)-rich segregation in W, 33Ta, 36Crg 15V.11 alloys

Interest in one specific composition Wy 35Tag 36Cro.15Vo.11 has
been shown in ref. 43. In Fig. S5 (ESI{), SRO parameters are
given for first and second nearest neighbours (eqn (8)), as well
as average SRO parameters (eqn (9)), comparing the values with
the equiatomic Cr-Ta-V-W alloy. The overall trend is the same
regardless of whether it is first or second nearest neighbour -
lowest 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 quinary system. It has also been observed
that the SRO parameter for Ta-W pair is less negative in the
case of Wy 35Tag36Cr0.15Vo.11 alloy than in the equiatomic
Cr-Ta-V-W alloy. The ordering in Wy 35Ta4.36Cro.15Vo.11 alloy
vanishes between 1400 K and 1500 K, slightly lower than 1700 K
for the equiatomic Cr-Ta-V-W alloy.

In Fig. 17, the local concentration profile along the [100]
direction in the Wy 3Ta36Cro15V0.11 alloy is presented.
It is found that inside the precipitates there was a very high

100 T T T T

— 904 3
X 80 ]
c 704 4
(s}
2 60 ] cr
I w
£ 501 b
g 404 —V
S 30 —Ta
O 20 4

10 7 ]

O T T T T
0 20 40 60 80 100
b) Distance [A]

Fig. 16 Local concentration profile along [100] direction in equiatomic Cr-Ta-V-W at 1100 K.
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Fig. 17 Local concentration profile along [100] direction in W 3gTag36Cro.15Vo.11 at 1100 K.
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Fig. 18 Enthalpy of mixing, entropy of mixing and free energy of mixing as
a function of temperature for the Wq 38Tag 36Cro.15Vo.11 alloy.

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.*?

Fig. 18 shows the Hyix, Finix and —TSp,ix values as a function
of temperature for the quaternary Wy 35T 36Cro.15V0.11 alloy.
Free energy of mixing values were calculated using both TDI
and 1NN pair probabilities methods.

Fig. 19 shows a comparison of the free energy of mixing for
the equiatomic quaternary Cr-Ta-V-W alloy and the quaternary
Wy 38Ta936Cl0.15Vo.11 alloy. The free energy of mixing was
calculated using TDI (solid lines), and 1NN contribution
(dashed lines). From the TDI results we may conclude that at
temperatures below 900 K, and above 1200 K, the free energy of
mixing value is lower for the W, 35T 36Cr¢.15Vo.11 alloy, while
between 900 K and 1200 K it is lower for the equiatomic
composition. The F,;x calculated from 1NN contribution is
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Fig. 19 Free energy of mixing comparison between equiatomic Cr-Ta-
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lower for the equiatomic Cr-Ta-V-W below 1100 K compared
to the Wy 33Ta036Cr0.15V0.11 System. At temperatures above
1000 K both TDI and 1NN methods present similar trends.
At temperatures below 500 K the S,,;x values obtained using the
1NN method become negative, which highlights its approxi-
mate nature and can be only applied at high temperatures.”
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 .35Ta0.36Cr0.15Vo.11 alloy at the two different ranges of
temperature shows that the phase segregation is, on one hand,
strongly related to the stable configuration in this multi-
component system. On the other hand, since the formation
of Cr- and V-rich precipitates have also been observed experi-
mentally for the same alloy composition, it clearly demon-
strates that this phenomenon is thermodynamically driven.
It is worth mentioning that the same kind of precipitates in
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this alloys can be seen without and with radiation.** A recent
computational study on relationship between the SRO-induced
local segregation and radiation effects in CoCuFeNi HEAs
has been reported.”® By using hybrid molecular 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 excep-
tional radiation resistance of the W-based HEAs under irradia-
tion, a deeper investigation of kinetic properties of point defect
migration and diffusion is crucial for clarifying additional
mechanism for Cr and V segregation.

6 Discussion and conclusions

A DFT-based cluster expansion model has been developed for
the quinary bec Cr-Ta-Ti-V-W system with a cross-validation
value of 10.2 meV per atom. The lowest enthalpies of mixing for
binary systems have 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 lowest order-disorder transition temperature
predicted from the dependence of the free energy of mixing
as a function of temperature 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
observed for the Ta-W and Cr-V pairs. Removing either Cr or
V from the alloys significantly decreases the order-disorder
transition temperature, while increasing the Ti concentration
significantly decreases the order-disorder transition tempera-
ture. The physics origin of these phenomena is in the enthalpy
of mixing of binaries formed by Cr/V and Ti. The presence of Cr
and V in the system causes the increase of ODTT since all
structures found in the binary Cr-V system have strongly
negative enthalpies of mixing, while most binary structures
containing Ti possess enthalpies of mixing close to zero and
thus increased concentration of Ti results in the decrease
of ODTT.

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
temperature.

Theoretical short-range order results obtained for the
derivative quinary Tig;(CrTaVW)g03, Tig.04(CrTaVW)g o6,
W,.3(TaTiCrV),, and W, ¢(TaTiCrV),, alloys are in general
agreement with experimental results at high temperature pre-
sented in ref. 51 and 52 showing certain element-rich regions
that are in line with our short-range order predictions for those
concentrations.
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The free energy of mixing for the equiatomic Cr-Ta-V-W
alloy are higher than for the Wy 33Tag36Cro.15Vo.11 cOmposi-
tion below 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 tomo-
graphy 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 segregation phenomena in Cr-Ta-V-W
alloys. Our prediction of the negative free energy of mixing
shown in Fig. 19 for W, 35T 36Cr0.15V0.11 alloy is strongly
correlated with the chemical short-range order of the Cr-v
pairs leading to the Cr/V segregation in the HEAs. The latter
phenomenon is observed experimentally in W 35Tag 36"
Cro.15Vo.11 alloy after irradiation and thermal annealing at
high temperature (see Fig. 14b and c). These results reveal
that the short-range order maintains even under irradiation
and the thermodynamically stabilised HEAs predicted in this
study represent a steady-state configuration in a driven
system.”® To correlate the experimental observation of Cr/V
segregation with the properties of irradiation-created defects,
a rate theory model in which the defect mobilities and their
recombination probability should be taken into considera-
tion, is currently developing to investigate the steady-state
conditions of the long-term microstructural evolution of the
HEAs under irradiation. A further systematic investigation
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.

Finally, it is worth to highlight the benefits of DFT-based MC
simulations for the design of high entropy alloys. One of the
possible issues with those kinds of alloys for mechanical
applications is their brittleness. The developed model enables
to increase the ductility of alloys by designing the alloy compo-
sitions with decreased ODTT and thus avoiding the formation
of brittle intermetallic phases. The DFT-based MC simulations
allow to investigate the phase stability and chemical short-
range order at different temperatures and composition ranges
to further analyse alloys behaviour under distinct conditions.
It could be used to find the optimal compositions for numerous
applications e.g. fusion, where high radiation resistance is
important.
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A Appendix

Effective cluster interactions for Cr-Ta-Ti-V-W system
together with the description of considered clusters are given
in Table 5.
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Table 5 Effective cluster interactions for Cr-Ta-Ti-V-W system. ||, n, (s), mf&);, and Jf5);, denote the cluster size, label, decoration of the cluster,
multiplicity, and concentration-independent effective cluster interactions in meV, respectively

|| n (s) Coordinates m]f,l‘,,, jﬁ),w, || n (s) Coordinates m]f),m 112‘,,,

1 1 (0) ¢33 1 12.179 (4,1,2) 24 —0.258
1) 1 54.547 (2,2,2) 12 —0.388
(2) 1 —17.909 (3,2,2) 24 —0.288
(3) 1 59.666 (4,2,2) 24 0.501
(4) 1 —51.130 (2,3,2) 12 -0.175

2 1 (1,1 1,15(1,0,0) 4 2.285 (3,3,2) 24 0.390
(2,1) 8 0.866 (4,3,2) 24 0.308
(3,1) 8 —8.905 (2,4,2) 12 0.137
(4,1) 8 —5.029 (3,4,2) 24 0.180
(2,2) 4 —0.943 (4,4,2) 24 0.220
(3,2) 8 —10.447 (3,1,3) 12 0.008
(4,2) 8 —4.934 (4,1,3) 24 —0.673
(3,3) 4 15.816 (3,2,3) 12 0.577
(4,3) 8 9.557 (4,2,3) 24 0.323
(4,4) 4 5.188 (3,3,3) 12 —1.529

2 2 (1) L0654 3 ~17.608 (4.3,3) 24 ~0.826
(2,1) 6 —8.283 (3,4,3) 12 —1.586
(3,1) 6 14.425 (4,4,3) 24 —-1.063
(4,1) 6 5.287 (4,1,4) 12 —0.402
(2,2) 3 —2.982 (4,2,4) 12 1.033
(3,2) 6 7.100 (4,3,4) 12 -1.321
(4,2) 6 3.058 (4,4,4) 12 —0.331
(3,3) 3 —0.664 3 2 (1,11 G5 000,006, 5,0 12 —0.146
(4,3) 6 4.228 (2,1,1) 24 —0.528
(4,4) 3 4.951 (3,1,1) 24 —0.185

2 3 (171) (%r %7 %)7(%v %7 %) 6 —3.359 (47111) 24 0.047
(2,1) 12 —2.981 (1,2,1) 12 —0.107
(3,1) 12 —0.367 (2,2,1) 24 0.230
(4,1) 12 —0.315 (3,2,1) 24 0.219
(2,2) 6 —0.680 (4,2,1) 24 0.353
(3,2) 12 0.175 (1,3,1) 12 1.179
(4,2) 12 —0.409 (2,3,1) 24 0.714
(3,3) 6 4.225 (3,3,1) 24 —1.419
(4,3) 12 2.925 (4,3,1) 24 —0.414
(4,4) 6 1.330 (1,4,1) 12 1.096

2 4 (1,1) &1 9,0,0,1) 12 —2.940 (2,4,1) 24 0.480
(2,1) 24 —0.552 (3,4,1) 24 -1.027
(3,1) 24 3.591 (4,4,1) 24 —0.136
(4,1) 24 1.040 (2,1,2) 12 0.096
(2,2) 12 —0.141 (3,1,2) 24 0.321
(3,2) 24 0.017 (4,1,2) 24 0.010
(4,2) 24 —0.212 (2,2,2) 12 0.679
(3,3) 12 —6.531 (3,2,2) 24 —-0.397
(4,3) 24 —2.363 (4,2,2) 24 0.071
(4,4) 12 0.295 (2,3,2) 12 0.792

3 1 (1,1,2) 33,000,333 12 —0.288 (3,3,2) 24 -0.177
(2,1,1) 24 —0.163 (4,3,2) 24 0.224
(3,1,1) 24 —0.140 (2,4,2) 12 0.719
(4,1,1) 24 —0.008 (3,4,2) 24 0.096
(1,2,22) 12 —0.283 (4,4,2) 24 0.394
(2,2,21) 24 —0.270 (3,1,3) 12 —0.526
(3,2,1) 24 0.300 (4,1,3) 24 —-0.155
(4,2,22) 24 0.055 (3,2,3) 12 1.105
(1,3,1) 12 0.570 (4,2,3) 24 0.369
(2,3,1) 24 0.547 (3,3,3) 12 —0.443
(3,3,1) 24 —1.138 (4,3,3) 24 —0.836
(4,3,1) 24 —0.403 (3,4,3) 12 0.064
(1,4,1) 12 0.318 (4,4,3) 24 —0.730
(2,4,1) 24 0.020 (4,1,4) 12 —0.082
(3,4,1) 24 —0.689 (4,2,4) 12 0.159
(4,4,1) 24 —0.530 (4,3,4) 12 —0.579
(2,1,2) 12 —0.487 (4,4,4) 12 —0.419
(3,1,2) 24 0.001
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