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A B S T R A C T

Spinodal phase separation in SMART (Self-passivating Metal Alloys with Reduced Thermo-oxidation) materials 
based on binary W-Cr with alloying elements Y and Zr is systematically investigated by a combination of Density 
Functional Theory with Cluster Expansion Hamiltonian and large-scale Monte Carlo simulations with thermo
dynamic integration. Comparing alloys of Zr with those of Y in ternary compositions with W and Cr, it is shown 
that there is a significant difference in the average short-range order between W and Zr, which changes from 
positive to negative from 500 K to higher temperatures in W70Cr29Zr1 alloys compared with the positive SRO 
(Short-Range Order) between W and Y in W70Cr29Y1 alloys at all temperatures. This change, however, does not 
affect the segregation behavior between W and Cr in the whole range of temperature between these alloys. 
Importantly, it is found that co-segregation of Y and Zr due to the negative SRO between them, in 
W70Cr29Y0.5Zr0.5 and W70Cr28Y1Zr1 considered alloys, increases the W-Cr positive SRO closer to the binary 
W70Cr30. Our modeling results reveal a significant impact on spinodal phase segregation of W and Cr in de
signing SMART materials for DEMO devices of future fusion power plants. Findings from recent experimental 
studies validate the modeling results, particularly the high-temperature behavior of the W-Cr-Zr alloys and the 
microstructure evolution of the W-Cr-Y-Zr alloys. The results provide a fundamental understanding of the ra
diation resistance phenomena observed in recent experiments on neutron-irradiated self-passivating alloys.

1. Introduction

Tungsten (W) represents one of the important baseline materials for 
in-vessel components in the demonstration fusion power plant (DEMO) 
design activities [1]. Due to its attractive thermo-physical properties, 
such as high melting point, high strength, low coefficient of thermal 
expansion, low vapor pressure, and high thermal conductivity, W-based 
materials remain among the priorities of fusion research and develop
ment. Pure W, however, has some drawbacks, such as the high brittle- 
to-ductile transition temperature (DBTT) (for sintered W, it lies in the 
range 400–600∘C) and recrystallization-induced loss of strength which 
occurs at a temperature at above 1100∘C. Another drawback of W is its 
poor oxidation resistance resulting in fast oxidation at temperatures 
above 500∘C and significant oxide sublimation above 900∘C [2]. 
Therefore, the use of pure W represents a potential safety risk in case of 

a loss-of-coolant accident (LOCA) with simultaneous air ingress into the 
vacuum vessel (loss-of-vacuum accident [LOVA]). In such a situation, 
the first wall W oxidizes, forming volatile radioactive WO3 with the 
potential release of significant amounts of highly activated species”[3]. 
The radioactive W oxide can be mobilized to the environment at a rate 
of 10–150 kg per hour [4].

Self-passivating Metal Alloys with Reduced Thermo-oxidation 
(SMART) were originally proposed and developed by Koch and Bolt [5]. 
These alloys change their properties depending on the environment. 
During regular plasma operation, the lighter alloying elements such as 
chromium (Cr), Yttrium (Y), or Zirconium (Zr) will be more easily 
sputtered by plasma particles, leaving most of the pure W surface facing 
the plasma and having all aforementioned advantages of pure W. When 
exposed to air at high temperatures, Cr can form a protective chromium 
oxide (Cr2O3) scale on the surface of W-Cr-based alloys, thus preventing 
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the further oxidation of W [6]. Most recently, it has been found that the 
bending strength in SMART alloys W-Cr-Y has increased under neutron 
irradiation, and the increase is remarkably higher at the highest irra
diation temperature Tirr = 1000∘C. The microstructure analysis showed 
that under irradiation, the single-phase matrix at high temperature 
undergoes a spinodal-like decomposition resulting in a two-phase ul
trafine-grained microstructure [7]. An excellent anti-oxidant perfor
mance and microstructure evolution in the W-Cr-Zr alloy powders 
prepared through mechanical alloying in different modes were in
vestigated in [8]. SMART W-Cr-Y-Zr alloys of different compositions 
were manufactured, and their microstructure was analyzed after heat 
treatment at 1555∘C and oxidation screening test [9]. According to the 
results of that study, the oxidation behavior of W-10Cr-0.5Y-0.5Zr in 
dry air may represent the best system in comparison with W-10Cr-0.5Y 
and W-10Cr-0.5Zr alloys.

Atomistic modeling based on combining first-principles calculations 
with constructing the Cluster Expansion (CE) Hamiltonian for large- 
scale Monte-Carlo simulations has been developed for irradiation tol
erant refractory W alloys for composition stability and segregation 
behavior predictions [10–12]. The development has also been applied 
to the W-Cr-Y alloys and integrated well with experimental research 
activities to support the industrial scale-up of SMART alloy develop
ment for fusion applications [13,14]. It predicts the maintenance of the 
spinodal phase decomposition between W and Cr as a result of Y al
loying due to the positive short-range order of not only W-Cr but also 
W-Y and Cr-Y pairs as a function of temperature. The prediction is in 
excellent agreement with the recent experimental observations of che
mical spinodal boundaries in microstructure evolution in these SMART 
materials irradiated between 600∘C and 1000∘C [7].

The main purpose of this present work is to extend our previous 
modeling studies to SMART alloys containing Zr. In Section 2, the Density 
Functional Theory (DFT) calculations for creating a first-principles data
base for the quaternary W-Cr-Y-Zr system as well as the corresponding 
Effective Cluster Interactions (ECIs), are discussed. In addition, nuclear 
inventory calculations for the transmutation and activation of these alloys 
are also presented. In Section 3, the composition stability of SMART 
materials with separated Zr and Y alloying elements is investigated and 
compared. In Section 4, the analysis of chemical short-range ordering for 
the quaternary system is discussed as a function of composition and 
temperature. The free energy calculations in W-Cr-Y-Zr alloys are per
formed systematically in Section 4 as well. In Section 5, the discussion on 
the application of the model to a wider range of compositions and ex
perimental validation of modeling results are presented. In Section 6, the 
conclusions of our study are summarized.

2. Transmutation and activation simulations

In the previous work [13], nuclear responses, measured by transmu
tation and activation rates, were calculated for pure elements being 
considered in the development of SMART alloys. Here, we repeat those 
calculations for the four alloy compositions W70Cr30, W70Cr29Zr1, 
W70Cr29Y1 and W70Cr28Y1Zr1, where the subscripts refer to the atomic % 
of each element in the alloy. Fig. 1 shows the predicted evolution in the 
composition of the four different alloys during exposure to a 2-year 
continuous (full-power) irradiation under the conditions expected for the 
first wall of a typical concept design for the European demonstration 
fusion power plant (EU-DEMO). The neutron flux-energy-spectrum used 
in the calculations corresponds to the equatorial outboard first wall of the 
conceptual design of a European demonstration fusion power plant [15]. 
Two years of continuous full power operation is equivalent, in terms of 
total neutron fluence, to the five years of pulsed operation planned for the 
first phase of EU-DEMO operation, after which the first wall components 
will be replaced [16–20]. The inventory code FISPACT-II [21] was used 
with TENDL-2019 [22] nuclear data to predict change in composition due 
to the transmutation, which is shown in the plots by the growth in con
centration (defined in units of atomic parts per million or appm) of 

elements different from those in the original alloy composition – the 
concentration of those original elements are largely unchanged, and so 
are represented by near-horizontal lines in the plots. FISPACT-II can also 
evolve compositions after irradiation during decay cooling and hence 
derive the total activity of the material at each time based on the half- 
lives of the decaying radionuclides in the composition. Fig. 2 shows the 
results of this activity evolution, measured in Becquerels per kg of each 
alloy, for 1000 years after the end of the 2-year exposure.

3. Computational methodology for atomistic simulations

3.1. DFT computational details and cluster expansion formalism

DFT calculations were performed using Vienna Ab-initio Simulation 
Package (VASP) together with the projector augmented wave (PAW) 
method [23–26]. The generalized gradient approximation (GGA-PBE) 
was used for exchange and correlation functional [27]. The acceleration 
of DFT calculations was achieved by using PAW potentials without 
semi-core p electron contribution [12]. Since the difference between 
values of the enthalpy of mixing of anti-ferromagnetic and non-mag
netic Cr-rich structures was small, the magnetism was not taken into 
consideration in the present study.

The Monkhorst-Pack mesh [28] of k points in the Brillouin zone, with 
k-mesh spacing of 0.15 Å−1 was used to calculate the total energies. For a 
2-atom bcc cubic cell, this corresponds to 14×14×14 k-point mesh. The 
plane-wave cutoff energy value was set to 400 eV for the carried calcu
lations. The force components were relaxed to 10−3 eV/Åand the total 
energy convergence criterion was set to 10−6 eV/cell.

DFT and CE methods were used to calculate the enthalpies of mixing 
of all bcc structures in the developed Cr-W-Y-Zr system. The enthalpy of 
mixing of an alloy can also be calculated using the Cluster Expansion 
method[12,13]: 

=H m J( ) ( ) ,mix
bcc

CE
(1) 

where the summation is performed over all clusters ω that are distinct 
under group symmetry operations applied to bcc lattice, mω are mul
tiplicity factors showing the number of clusters equivalent to ω by 
symmetry, Jω are the concentration-independent effective cluster in
teractions (ECIs), derived from a set of DFT calculations using the 
structure inversion method, and , ( ) are the average correlation 
functions defined as a product of point functions of occupation vari
ables on a specific cluster ω averaged over all the clusters that are 
equivalent by symmetry to cluster ω.

The enthalpies of mixing for structures in binary subsystems found 
in the quaternary Cr-W-Y-Zr system are given in Fig. 3. All bcc struc
tures in binary Cr-W, Cr-Y, Cr-Zr, W-Y and W-Zr systems had positive 
enthalpy of mixing values, indicating the possibility of atoms segrega
tion in Cr-W-Y-Zr alloys. The highest values (up to 800 meV/atom) 
were observed for structures in binary Cr-Y and W-Y subsystems.

20 out of 63 binary bcc Y-Zr structures had negative enthalpies of 
mixing, with the lowest value of − 48 meV/atom observed for Y5Zr3 

structure, indicating the possibility of atoms ordering between Y and Zr 
in Cr-W-Y-Zr alloys. The cross-validation error value between the CE 
and DFT enthalpies of mixing was 18.9 meV/atom.

Values of all the optimized Effective Cluster Interaction (ECIs) for 
quaternary Cr-W-Y-Zr alloys are shown in Fig. 4 and also in the last 
column of Table 1. 5 shells for the two-body interactions and two shells 
for three-body interactions were optimized in these systems. Compared 
with our previous study for the ternary W-Cr-Y alloys, the 3-body in
teractions for the third shell have been omitted due to the increase of 
ECIs for the quaternary alloys. The general expression of the CE Ha
miltonian used in the present paper can be written in the form of Eq. 
(1), where the high-order many-body interactions starting from four- 
body ones were neglected. It can be seen clearly from Fig. 4 that the 
two-body ECIs are dominant, whereas the three-body ECIs are relatively 
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small, justifying the convergence of our mapping scheme from DFT to 
the CE Hamiltonian. It also demonstrates that the understanding of SRO 
effects in the Cr-W-Y-Zr system can be interpreted from the composition 
dependence of enthalpies of mixing in the corresponding binary sub- 
systems as shown in Fig. 3.

3.2. Monte Carlo simulations

A 10×10×10 and 30×30×30 bcc unit cells containing 2000 and 
54,000 atoms, respectively, were used to perform the Monte Carlo (MC) 
simulations. Simulations were carried out by quenching down an alloy 
from a disordered state from high-temperature 3000 K down to 100 K, 
with a temperature step ΔT = 100 K. 2000 and 1000 MC steps were 
performed at both accumulation and thermalization stages for the 
10×10×10 and 30×30×30 bcc unit cells, respectively. The equili
brium state was been reached at each given temperature, hence the 
time factor did not play a role in the performed calculations.

The Warren-Cowley Short-Range Order (SRO) parameter was cal
culated from the pair probabilities yn

ij, obtained for a chosen alloy 
configuration at considered temperature, following [29,30]: 

=
y

c c
1n

ij n
ij

i j (2) 

where i and j are nearest neighbour atoms corresponding to n-th shell 
while ci and cj are concentrations of atoms i and j. The point and pair 
correlation functions obtained from MC simulations are used to calcu
late the SRO parameters. Point correlation functions are constant for 
the specific composition as they are related to the concentrations, 
whereas pair correlation functions are averaged at the accumulation 
stage over 2000 MC steps at each temperature. The yn

ij values can be 
obtained by the inversion of the pair correlation matrix, or by using the 
analytical formulas [31–33].

For the bcc lattice, the average SRO parameter can be calculated 
using the first and second nearest neighbours via [34]: 

= +8 6
14avg

ij
ij ij
1 2

(3) 

where ij
1 and ij

2 denote the SRO parameters for the 1st and 2nd nearest 
neighbours, respectively.

The cluster expansion Hamiltonian, defined by Eq. (1), which takes 
into account all many-body cluster interactions, can be used to ex
plicitly determine the configuration entropy of a K-component system 
via the thermodynamic integration (TDI) method [11]. Here the en
tropy is computed from fluctuations of the enthalpy of mixing at a given 
temperature using the following formula: 

= =S T
C T

T
dT H T H T

T
dT[ ]

( ) [ ( )] [ ( )]
conf

T conf T mix
CE

mix
CE

0 0

2 2

3

(4) 

where H T[ ( )]mix
CE 2 and H T[ ( )]mix

CE 2 are the square of the mean and 
mean square enthalpies of mixing, respectively. The average over 
configurations at finite temperature in Eq. (4) can be performed by 
combining the CE formalism with MC technique, from which all the 
simulation steps at the accumulation stage for a given temperature are 
taken into account. The accuracy of evaluation of configuration entropy 
from Eq. (4) depends on the size of the temperature integration step and 
the number of MC steps performed at the accumulation stage.

In this work, semi-canonical exchange MC simulations were also 
performed using the Alloy Theoretic Automated Toolkit (ATAT) 
package. For each composition of the K component system, simulations 

Fig. 1. Transmutation (burn-up) response of W70Cr30, W70Cr29Zr1, W70Cr29Y1 and W70Cr28Y1Zr1 under a typical fusion first wall irradiation exposure. 

Fig. 2. Radiological response represented by total activity in Bq/kg of W70Cr30, 
W70Cr29Zr1, W70Cr29Y1 and W70Cr28Y1Zr1 during decay cooling following a two 
full power year exposure under typical fusion first wall conditions.
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were performed starting from a disordered, high-temperature state at 
T = 3000 K. The system was then quenched down with a temperature 
step of ΔT = 10 K, with 2000 equilibration and accumulation MC steps 
at a given temperature within the TDI method. With the definition of 
configuration entropy from Eq. (4), the hybrid CE-MC method enables 
the evaluation of the configuration free energy: 

=F T E T TS T( ) ( ) ( )conf mix conf (5) 

We can also define the excess configuration entropy of mixing as a 
difference between the random configuration entropy at a high-tem
perature limit and those of configuration at a finite temperature as 
follows: 

=S S Smix rand conf (6) 

where Srand is the entropy of a random configuration using the formula: 

=S k c ln c( )rand B i i i (7) 

Finally, the free energy of mixing can be obtained from the excess 
configuration entropy of mixing as it has been defined in [12]; 

=F T H T TS T( ) ( ) ( )mix mix mix (8) 

4. Finite temperature phase stability and short-range ordering

MC simulations for ternary W70Cr29Zr1 as well as quaternary 
W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys were carried out by using the 
ATAT package. To calculate the enthalpy of mixing and short-range 
ordering (SRO), the simulations were performed on the 10×10×10 bcc 
unit cells containing 2000 atoms by quenching down from 3000 K to 
100 K with a 100 K temperature step. Additionally, MC simulations 
were also performed on the 30×30×30 bcc unit cells by quenching 
down from 2000 K to visualize better the structures obtained at finite 
temperatures.

4.1. SRO in ternary W-Cr-Zr system and the comparison with W-Cr-Y alloys

In Fig. 5a, the SRO parameter values are given for pairs in the 
ternary W70Cr29Zr1 alloy, compared to the W70Cr29Y1 alloy (Fig. 5b). 
The Cr-W and Cr-Zr pairs had positive values of the enthalpy of mixing 
in the whole temperature range. The W-Zr pair had a negative value of 
the enthalpy of mixing between 500 K and 3000 K, while having posi
tive values below 500 K.

The behavior of the W-Zr pair can be used to describe the formation 
of the Zr cluster, observed in Fig. 6a in the analyzed alloy. Starting from 
3000 K, while quenching down the alloy, the Zr atoms are mostly 
neutral when it comes to their behavior towards W and Cr atoms. 

Fig. 3. Enthalpies of mixing of bcc binary structures in Cr-W-Y-Zr system, from DFT (blue) and CE (red) simulations. 

Fig. 4. Effective cluster interactions for quaternary Cr-W-Y-Zr system. 
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Table 1 
Effective cluster interactions obtained for the Cr-W-Y-Zr system. Cluster size is denoted by ∣ω∣, shell label is denoted by n, m n

s
,

( ) denotes multiplicities and J n
s

,
( ) are the 

concentration-independent effective cluster interactions in eV. 

∣ω∣ n m n
s

,
( ) J n

s
,

( ) ∣ω∣ n m n
s

,
( ) J n

s
,

( )

1 1 1 0.384636 3 1 12 0.015986
1 0.032608 24 0.003846
1 − 0.183974 24 0.001887
1 − 0.253236 12 0.009868

2 1 4 − 0.027111 24 − 0.000654
8 − 0.015458 24 − 0.000623
8 0.033531 12 − 0.005993
4 − 0.015028 24 0.001551
8 0.019156 24 − 0.000155
4 − 0.007447 12 − 0.00135

2 2 3 − 0.123479 24 − 0.002951
6 − 0.062111 12 − 0.001266
6 0.004498 24 0.000495
3 − 0.016112 12 − 0.000255
6 0.005754 24 − 0.000365
3 − 0.004108 12 − 0.004569

2 3 6 − 0.011881 12 − 0.001679
12 − 0.006327 12 0.000867
12 − 0.003643 3 2 12 − 0.002715
6 0.003901 24 0.001704

12 0.000922 24 0.002166
6 0.004018 12 − 0.001529

2 4 12 − 0.016445 24 0.001665
24 − 0.011315 24 0.001445
24 − 0.001233 12 0.004708
12 − 0.005632 24 − 0.000006
24 0.001509 24 − 0.001336
12 − 0.000647 12 0.003081

2 5 4 0.054353 24 − 0.000124
8 0.026202 12 − 0.000962
8 − 0.007527 24 − 0.000198
4 0.013056 12 − 0.00239
8 − 0.003772 24 0.00067
4 0.000068 12 0.003694

12 0.001126
12 − 0.000523

Fig. 5. Average short-range order parameters in a) W70Cr29Zr1 and b) W70Cr29Y1 alloys. 
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Starting from around 1600 K, the Zr atoms start to separate from Cr 
atoms and are found mostly in the neighbourhood of W atoms (Fig. 6c). 
At around 600 K, the Zr-rich cluster is being formed, which is observed 
as a shift of the W-Zr SRO parameter from negative to positive, as Zr 
atoms are now mostly found within the Zr-rich cluster. At low tem
peratures, we are therefore observing a strong separation into the Cr 
layer, W layer, and the Zr precipitation.

4.2. SRO in quaternary W-Cr-Y-Zr as a function of alloy composition and 
temperature

In Fig. 7a the SRO parameter values are given for pairs in the 
quaternary W70Cr28Y1Zr1 alloy. Negative values in the whole tem
perature range were observed for the Y-Zr pair indicating the attraction 
between Y and Zr atoms and the possibility of clustering in the alloy. 
The highest positive values of the SRO parameter in the whole tem
perature range were observed for the Cr-Y pair. The remaining pairs of 
atoms (Cr-W, Cr-Zr, W-Y and W-Zr) also had positive values of the SRO 
parameter indicating repulsion and a strong tendency towards segre
gation in the alloy.

In Fig. 7b, the SRO parameter values are given for pairs in the qua
ternary W70Cr29Y0.5Zr0.5 alloy. Similarly to the W70Cr28Y1Zr1 alloy, the Y- 
Zr has negative and Cr-Y the most positive values in the whole temperature 
range, with the remaining pairs SRO values being positive. Compared to 
the W70Cr28Y1Zr1 alloy, the SRO parameter values of pairs found in the 
W70Cr29Y0.5Zr0.5 are starting to shift towards 0 above 2500 K.

A comparison of the SRO between Cr and W, which characterizes 
spinodal phase decomposition in SMART materials, is shown in Fig. 8. 
It is found from our systematic study that the average SRO parameter 
value for the Cr-W pair increases from ternary systems: W70Cr29Y1 

and W70Cr29Zr1 to the quaternary W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 

alloys before reaching to the maximum value in the binary W70Cr30.
In Fig. 9, the 30×30×30 unit cells structure images are given for 

the W70Cr28Y1Zr1 alloy at 300 K, 1000 K, and 1800 K temperatures, 
containing 54000 atoms. In Fig. 9a there was observed a big cylindrical- 
shape precipitation of Cr (blue atoms) inside the W (grey atoms), which 
was still present but started to disintegrate at 1000 K (Fig. 9b), while 
being completely vanished at 1800 K (Fig. 9c), which is in agreement 
with the Cr-W pair SRO parameter values presented in Fig. 7a (SRO 
parameter values being close to 0 above 1500 K). At all temperatures, 
the Y-Zr spherical precipitation was also observed, with the Y (yellow) 
atoms occupying the inside of the precipitation and Zr (red) atoms 
surrounding it, separating the Y atoms from W. The formation of Y-Zr 
precipitation was expected from the initial DFT and CE calculations, 
which indicated that for the Cr-Y-W-Zr alloy, only that pair had the 
negative values of the enthalpy of mixing, and it was also the only pair 
with the negative SRO parameter values.

In Fig. 10, the 30×30×30 unit cells structure images are given for 
the W70Cr29Y0.5Zr0.5 alloy at 400 K, 1000 K and 1800 K temperatures, 
containing 54,000 atoms. In Fig. 10a, there was observed big spherical 
precipitation of Cr, which was still present but started to disintegrate at 
1000 K (Fig. 10b) while completely vanished at 1800 K (Fig. 10c), 

Fig. 6. Structure images for W70Cr29Zr1 alloy at a) 300 K, b) 800 K and c) 1800 K in comparison with W70Cr29Y1 alloy at d) 300 K, e) 800 K and f) 1800 K. 
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which is also in agreement with the Cr-W pair SRO parameter values 
presented in Fig. 7b. Similarly to W70Cr28Y1Zr1, the Y-Zr spherical 
precipitation was also observed at all temperatures, with the Y atoms 
occupying the inside of the precipitation and Zr atoms surrounding it.

4.3. Free energy calculations

In Fig. 11 the enthalpy of mixing as a function of temperature for 
W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys in comparison with the 
W70Cr30 alloy is given. In the whole temperature range, the values of 
enthalpy of mixing were positive for all three analyzed compositions. 
The addition of Y and Zr decreased the enthalpy of mixing value by 
about 15 meV/atom at lower temperatures (below 1000 K), with the 
difference diminishing with the increase of the temperature. Between 
1500 K and 2500 K, the W70Cr29Y0.5Zr0.5 alloy had lower enthalpy of 
mixing than W70Cr28Y1Zr1 by around 5 meV/atom.

Fig. 12 compare the calculated random entropy (Eq. (7)), the con
figurational entropy (Eq. (4)), and the excess configuration entropy of 

mixing (Eq. (6)) for the W70Cr29Zr1, W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 

alloys in comparison with the W70Cr29Y1 alloys. The linear temperature 
dependence of the random configuration entropy (Fig. 12a) represents 
the maximum theoretical value of the entropy contribution for a given 
composition and is highest in the whole temperature range for the 
W70Cr28Y1Zr1 alloy (hence the lowest value of the − TSrand expression). 
The configurational entropy shown in Fig. 12b has been calculated by 
the TDI. Finally, Fig. 12c shows the difference between configuration 
entropy from random and the corresponding ones obtained by the TDI 
method. The highest entropy of mixing contribution is observed for the 
W70Cr28Y1Zr1 alloy in the whole temperature range (which is observed 
as the lowest value of the ( − T(Srand − Sconf)) expression.

The configuration free energy calculated from Eq. (5) and the free 
energy of mixing obtained from Eq. (8) shown in Fig. 13a and b, re
spectively, are given for the W70Cr29Zr1, W70Cr28Y1Zr1 and 
W70Cr29Y0.5Zr0.5 alloys in comparison with the W70Cr29Y1 alloy. Below 
1500 K, the highest values of the free energy of mixing are observed for 
the W70Cr29Y1 alloy, up to over 60 meV/atom at 1500 K. The lowest 
values of the free energy of mixing in the whole temperature range 
were observed for the W70Cr28Y1Zr1 alloy, with slightly higher values 
for the W70Cr29Y0.5Zr0.5 alloy. It is worth noting that both the 
W70Cr28Y1Zr1 and the W70Cr29Y0.5Zr0.5 alloys showed negative values 
of the free energy of mixing between 300 K and around 1100–1200 K. 
Both W70Cr29Y1 and W70Cr29Zr1 showed positive values of the free 
energy of mixing in the whole temperature range.

5. Discussion

5.1. Application of the model to a wider range of compositions

The developed model for the W-Cr-Y-Zr system allows investigation 
of the phase stability and short-range ordering of alloys with arbitrary 
composition and temperature range. For example, simulations ex
tending to the equiatomic quaternary W-Cr-Y-Zr alloy were carried out 
to more thoroughly investigate the behavior of W, Cr and Y in the 
presence of Zr in an alloy. In Fig. 14, the short-range order parameter as a 
function of temperature value is given for pairs of atoms present in the 
specified alloy. At around 1100 K and above, a shift from positive to ne
gative SRO parameter value is observed for Y-Zr and Cr-W pairs. With all 
remaining pairs SRO values being positive in the whole temperature range, 
this indicates that at higher temperatures, we should observe a phase 

Fig. 7. Average short-range order parameters in a) W70Cr28Y1Zr1 and b) 
W70Cr29Y0.5Zr0.5 alloys. Insets visualize a wider range of scales to clearly reflect 
the Y-Zr pair SRO parameter values.

Fig. 8. Average short-range order parameter values for Cr-W in W70Cr29Zr1, 
W70Cr29Y1, W70Cr29Y0.5Zr0.5 and W70Cr28Y1Zr1 alloys in comparison with 
W70Cr30 alloy.
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separation between Y/Zr and Cr/W phases. In contrast, at temperatures 
below 1100 K, there is a tendency toward segregating each element in the 
alloy. These predictions were confirmed by visualizing structures obtained 
at 300 K, 1200 K, and 1800 K and presented in Fig. 15. At 300 K (Fig. 15a), 
a layer-like structure is observed with alternating layers of Y and Zr in the 
middle of the simulation cell, through W and Cr layers to the outer of the 
cell. With the increase of the temperature (Fig. 15b,c), the Y and Zr atoms 
mix with each other while still being separated from the W and Cr, which 
also start to mix into the W/Cr-rich phase.

5.2. Experimental validation of modeling results

Results shown in the present study provide a further, more detailed 
look into the Y and Zr behavior in ternary W70Cr29Zr1 as well as qua
ternary W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys, which have already 
been experimentally validated as promising candidates for future fusion 
applications [8,9].

Available study shows that an extremely fine nanoparticle disper
sion is observed in as-HIPed W-10Cr-0.5Y-0.5Zr (wt%, which is 
equivalent to around W70Cr28Y1Zr1 at%) alloy, and even though 
average grain size grows from below 100–620 nm after heat treatment 
at 1555∘C for 1.5 h, the nanoparticles are still present at both the grain 

Fig. 9. Structure images for W70Cr28Y1Zr1 alloy at a) 300 K, b) 1000 K and c) 1800 K. W atoms were removed from the image for better visualization of the cluster of 
Cr (blue), Y (yellow) and Zr (red) atoms.

Fig. 10. Structure images for W70Cr29Y0.5Zr0.5 alloy at a) 400 K, b) 1000 K and c) 1800 K. W atoms were removed from the image for better visualization of the 
cluster of Cr (blue), Y (yellow) and Zr (red) atoms.

Fig. 11. Enthalpy of mixing as a function of temperature of the W70Cr29Zr1, 
W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys in comparison with the W70Cr30, 
W70Cr29Y1 and W70Cr29Zr1 alloys.
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Fig. 12. The random configuration entropy (a), the TDI configurational entropy (b) and the entropy of mixing (c) for W70Cr29Zr1, W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 

alloys in comparison with the W70Cr29Y1 alloy.

Fig. 13. Configuration free energy from the TDI (a) and free energy of mixing (b) calculated for W70Cr29Zr1, W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys in comparison 
with the W70Cr29Y1 alloy.
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boundaries and inside the grains [9]. The presence of those particles 
can be explained by our MC results, which show that both Y and Zr 
strongly segregate from an alloy, separating themselves and forming Y/ 
Zr rich clusters even at elevated temperatures (Fig. 9c).

The same study has also provided a look into the microstructure of a 
ternary W-10Cr-0.5Zr (wt%, which is equivalent to around W71Cr28Zr1 

at%) alloy, both as-HIPed and after the heat treatment at 1555∘C for 
1.5 h [9]. The observed Zr-containing nanoparticles were significantly 
larger in size than those containing both Y and Zr in quaternary alloys 
while being mostly found inside the matrix grains instead of at grain 
boundaries. Those results are in general agreement with our MC results, 
which showed that in ternary W70Cr29Zr1 alloy, the Zr-rich clusters are 
being formed below 500 K, a much lower temperature than that of Y/ 
Zr-rich clusters formation observed in quaternary W-Cr-Y-Zr alloys.

Another experimental study looked into the microstructure evolution of 
the ternary W-11.4Cr-1.0Zr (wt%) alloy consolidated by the field-assisted 
sintering technology (FAST) [8]. In the referenced study, the cross-section 
SEM analysis of the samples revealed the presence of Cr-rich phases as well 
as Zr-rich nanoparticles. Those results are in general agreement with our 
MC results, which showed the presence of Zr-rich cluster at temperatures 

below 500 K, as well as the separation of Cr from W even at around 800 K 
(Fig. 6a,b,c). The same study has also concluded that with the increase of 
sintering temperature up to 1250∘C, the content of the Cr-rich phase in 
W-11.4Cr-1.0Zr (wt%) alloy declines steeply. This is in agreement with our 
MC results, specifically with the SRO parameter value predicted for the Cr- 
W pair in the ternary W70Cr29Zr1 alloy (Fig. 5a), which is strongly negative 
at lower temperatures while quickly coming closer to 0 above 1500 K.

6. Conclusions

A DFT-based Cluster Expansion (CE) model has been developed for 
the quaternary bcc Cr-W-Y-Zr system. All binary structures found in Cr- 
W, Cr-Y, Cr-Zr, W-Y, and W-Zr systems showed positive values of the 
enthalpy of mixing. The only structures with negative values of the 
enthalpy of mixing were found in the Y-Zr binary system.

The CE Hamiltonian has been developed to be used in the MC si
mulations in order to investigate the phase stability and short-range 
ordering of the ternary W70Cr29Zr1 as well as quaternary W70Cr28Y1Zr1 

and W70Cr29Y0.5Zr0.5 alloys.
Formation of the Zr-rich cluster has been observed at temperatures 

around 500 K and below in ternary W70Cr29Zr1 alloy. The clustering is a 
result of the short-range ordering change between W-Zr – from segre
gation above 500 K (positive values of the SRO parameter) to ordering 
below 500 K (negative values of the SRO parameter). While trying to 
separate itself from W, the Zr starts forming a Zr-rich cluster since its 
SRO parameter with Cr is also positive below 500 K.

In quaternary W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys, the formation 
of Y-Zr cluster has been observed at elevated temperatures up to 1800 K. 
The Y-Zr pair had a negative value of the SRO parameter in the whole 
temperature range, while all remaining pairs showed positive values.

The enthalpy of mixing of the W70Cr29Zr1 alloy was higher than the 
enthalpy of mixing of the W70Cr30 alloy in the whole temperature range by 
around 20 meV/atom while being lower than the enthalpy of mixing of the 
W70Cr29Y1 alloy below 1800 K by around 10 meV/atom. The co-existence 
of the Y and Zr in the analyzed alloy resulted in lower enthalpy of mixing 
value than those for ternary W70Cr29Zr1 and W70Cr29Y1 alloys, but higher 
than that for the W70Cr30 alloy in the whole temperature range.

The average SRO parameter value for the Cr-W pair in the qua
ternary W70Cr28Y1Zr1 and W70Cr29Y0.5Zr0.5 alloys was found to be be
tween the SRO parameter values for the binary W70Cr30, and ternary 
W70Cr29Zr1 and W70Cr29Y1 alloys. It is worth emphasizing here again 
that the predicted positive short-range order for the Cr-W pairs in
dicates a strong presence of spinodal phase segregation between W and 
Cr in the quaternary W-Cr-Y-Zr system. Finally, the present modeling 

Fig. 14. Average short-range order parameter values for equiatomic W-Cr-Y-Zr 
alloy as a function of temperature.

Fig. 15. Structure images for equiatomic WCrYZr alloy at a) 300 K, b) 1200 K, and c) 1800 K. Atoms are represented by colors: W (grey), Cr (blue), Y (yellow), and Zr 
(red).
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work demonstrates strong segregation of both Y and Zr due to negative 
SRO between them and other atoms in self-passivating W-Cr-Y-Zr alloys 
at high temperatures supporting the existence of small nano-particles 
observed in the microstructure of self passivating W-Cr-Y-Zr alloys after 
heat treatment at high temperature [9].

In conclusion, the presented work provides understanding of the un
derlying phenomena of microstructure evolution in the recently experi
mentally studied W-Cr-Y-Zr SMART materials [8,9]. Compared with the 
ternary W-Cr-Y, the Y-Zr negative short-range ordering enhances the posi
tive short-range ordering between Cr and W in the quaternary W-Cr-Y-Zr. 
Our modeling results confirm that the spinodal microstructure plays an 
important role in increasing the mechanical strength of the ternary 
W70Cr29Y1 alloy after neutron irradiation, which has been observed recently 
in [7]. Therefore the significant impact of the spinodal phase segregation 
between Cr and W has been revealed, which is crucial to the suitability of 
the anticipated use of SMART materials as fusion first wall components.
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