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Abstract: In order to understand the influence of ordering behaviors on the thermodynamic and mechanical properties 
of multi-principal element alloys (MPEAs), the temperature-dependent thermodynamic properties and mechanical 
properties of FCC_CoNiV MPEAs were comparatively predicted, where the alloys were modeled as the ordered 
configurations based on our previously predicted site occupying fractions (SOFs), as well as disordered configuration 
based on traditional special quasi-random structure (SQS). The ordering behavior not only improves the thermodynamic 
stability of the structure, but also increases the elastic properties and Vickers hardness. For example, at 973 K, the 
predicted bulk modulus (B), shear modulus (G), Young’s modulus (E), and Vickers hardness (HV) of FCC_CoNiV 
MPEA based on SOFs configuration are 187.82, 79.03, 207.93, and 7.58 GPa, respectively, while the corresponded data 
are 172.58, 57.45, 155.14, and 4.64 GPa for the SQS configuration, respectively. The Vickers hardness predicted based 
on SOFs agrees considerably well with the available experimental data, while it is underestimated obviously based on 
SQS. 
Key words: FCC_CoNiV; multi-principal element alloys (MPEAs); ordering behavior; temperature-dependent 
properties; computational materials science 
                                                                                                             
 
 
1 Introduction 
 

Multi-principal element alloys (MPEAs) are 
also named composition complex alloys (CCAs), 
high entropy alloys (HEAs), or medium entropy 
alloys (MEAs), depending on the number of 
multi-principal components, which consist of 
various elements in equal or approximately equal 
proportions [1−3]. It is believed that some of the 
MPEAs may hold one or more outstanding 
properties at low or even high temperatures. These 

properties include high yield strength, elastic 
modulus and hardness, good fracture toughness, 
good resistance to oxidation, corrosion, and even 
radiation damage, and soft magnetic properties 
[4−6]. For example, FCC_CoCrFeMnNi MPEA 
exhibits exceptional damage tolerance, with tensile 
strength exceeding 1 GPa and fracture toughness 
exceeding 200 MPa·m1/2 [7]. AlCoCrFeNi exhibits 
exceptional wear resistance compared to 
CoCrFeMnNi at 300, 600, and 900 °C, which also 
has a superior microhardness of HV 630 at room 
temperature [8]. What’s more, AlxCryMozNbTiZr  
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MPEAs contain the potential of high temperature 
oxidation behavior for its protective oxide layer [9]. 
Especially, the FCC_CoNiV MPEA has received 
intensive investigations recently since SOHN et al 
[10] reported a trade-off of the yield strength and 
ductility due to the severe lattice distortion, while 
the strength was affected considerably by the grain 
size [11]. NUTOR et al [12] found that CoNiV may 
have high strength and ductility even at liquid 
helium temperature (4.2 K). Thus, FCC_CoNiV 
MPEA shows potential application prospects 
[10−12]. However, the systematical thermodynamic 
and mechanical properties at definite temperatures 
are still rare. It is urgent to obtain sufficient 
fundamental data for engineering applications. 

In the past decade, computational materials 
science played ever-increasing role in exploration 
of the advanced materials [13−15]. The elastic 
properties, which refer to a material’s ability to 
return to its original shape after being stressed, are 
crucial indicators of mechanical performance     
in materials [16]. Considering the application 
circumstance, the temperature-dependent elastic 
properties are crucial for material design [17−19]. 

MPEAs were previously believed as a kind  
of random solid solution, however, due to the 
existence of the difference among different types of 
the multi-principal constituent alloying elements, as 
well as among different types of the constituent 
sublattices of the crystal lattice structure of the 
alloy phase. The site preferences of the atoms 
occupying the sublattice are inevitably at definite 
temperatures, which are also known as the ordering 
behavior. In this work, we focused on the effect of 
the site preference behaviors on the thermodynamic 
and mechanical properties at definite temperatures. 

The predominant influence on the temperature- 
dependent elastic properties is the change in the 
volume of the unit cell. Here, we employed quasi- 
harmonic approximation (QHA) method [20,21] to 
study the thermodynamics and elastic properties at 
definite temperatures. We consider only lattice 
thermal expansion due to constraints on available 
computing resources, without further exploring 
lattice vibration behaviors using AIMD simulation 
[22,23]. According to a previously published work 
within our group on the temperature-dependent 
thermodynamics and elastic properties of 
FCC_CoCrFeNi MPEA [24], it was found that the 
related data may vary by 1%−10% depending on 

the different properties and specific temperatures. 
Additionally, the ordered structure shows better 
stability in thermodynamics and larger elastic 
properties. Since we aim to address the significant 
influence of ordering behaviors on the 
thermodynamic and mechanical properties of multi- 
principal element alloys, we rationally omitted the 
AIMD part in the case of computing resource 
limitation. However, it is necessary to consider the 
lattice vibration behaviors precisely by employing 
the AIMD approach in our further work based on 
site preference. 

The site preferences have been quantitatively 
described using the site occupying fractions  
(SOFs) in the sublattice model following the 
crystallographic information strictly. Till now, the 
temperature- and composition-dependent SOFs of 
some typical intermetallic compounds with two 
sublattice model for L12 [25−27] and C15 [28,29] 
phases, three sublattice model [30−32] or four 
sublattice model [33], and the general 
characterization approaches [34,35], as well as 
some typical systems of HEAs/MPEAs [36−38] 
have been reported. Recently, the experimental 
evidence stimulated the hot topics so-called 
chemical short-range order (CSRO) or local 
chemical order (LCO), with heated arguments 
[39−42]. In fact, the CSRO or LCO behaviors are 
affected by many factors, such as inhomogeneous 
fabrication under insufficient smelting temperature 
or heat treatment time, site preference, and even the 
precipitating second phase at the phase equilibrium 
state. DING et al [39] proved that CSRO is 
thermodynamically favored in high-entropy alloys 
(HEAs) which can be adjusted and thus affect the 
mechanical behavior of these alloys. Unraveling the 
internal ordering behavior in MPEAs has become 
an interesting and fundamental issue among 
researchers [43−45]. CHEN et al [41,42] observed 
CSRO directly in FCC_CoNiV MPEA, and it is 
shown that the CSRO behavior is caused by the   
V—Co bond and V—Ni bond preference and     
V—V bond avoidance, which agrees well with  
the results of our previous theoretical work of 
FCC_CoNiV MPEA with (V1.000)1a(Co0.444Ni0.444V0.112)3c 
configuration, where all the 1a sublattice sites 
(angular position of the FCC unit cell) are occupied 
by V atoms, and the rest V atoms (a quarter      
of all the V atoms) occupy the 3c sublattice (face 
center position) [37]. Thus, the common modeling 
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methods for MPEAs, such as special quasi-random 
structure (SQS) [46], are not the reasonable models 
to accurately reflect the distribution of atoms in the 
crystal lattice structure. 

In this work, we carried out a comparative 
study of the temperature-dependent thermodynamic 
properties and elastic properties of FCC_CoNiV 
MPEA with the ordered configurations (V1.0000)1a- 
(Co0.4445Ni0.4444V0.1111)3c (representing a considerably 
ordered FCC structure) based on our previously 
rationally predicted site occupying fractions (SOFs) 
previously [37], as well as the disordered 
configuration (Co0.3333Ni0.3333V0.3334)1a(Co0.3333- 
Ni0.3333V0.3334)3c (representing a disordered FCC 
structure) based on the traditional SQS, which 
hypothesized the alloy holding a perfectly random 
structure. Based on the first-principles calculations 
at the ground state and at definite temperatures,  
the total energy, temperature-dependent lattice 
parameters, thermodynamic properties, and 
mechanical properties of the ordered and disordered 
FCC_CoNiV MPEAs were predicted and discussed. 
 
2 Structural model and computing method 
 
2.1 Structural model of ordered and disordered 

structure of FCC_CoNiV MPEA 
Our previous study of the site preference    

of FCC_CoNiV MPEA shows that there is a 
significant ordered behavior with (V1.000)1a- 
(Co0.444Ni0.444V0.112)3c at all considered heat 
treatment temperature ranges [37], which deviates 
obviously from the random mixing structure, that is, 
V atoms occupy all the 1a sublattices (angular 
position of FCC) exclusively, and rest of V atoms 
and all the Co and Ni atoms randomly occupy 3c 
sublattices (face-centered position of FCC). In   
the following model, considering the available 
computing power to calculate the temperature- 
dependent thermodynamics and elastic properties, 
as well as modelling the ternary equimolar 
composition, we constructed 2×2×3 supercells 
based on the L12_AuCu3 prototype structure, which 
corresponds to the ordered FCC structure, and 
totally there are 48 atoms in the supercell. It is 
worth noting that for FCC_CoNiV MPEAs, the 
previously predicted temperature-independent site 
occupancy behavior brings us convenience. We 
only need to establish one type of atomic 

distribution configuration for the ordered structure 
at all relevant heat treatment temperatures. 
Alternatively, various site occupancy configurations 
should be established according to the varying site 
occupancy behaviors at different heat treatment 
temperatures, based on the defined temperature- 
dependent SOFs for the studied MPEAs. For 
comparison, we constructed a disordered 2×2×3 
supercells of FCC_CoNiV MPEA based on    
SQS [46] using the ATAT software package [47]. 

To represent the disordered structure, we need 
also to establish only one kind of atom distributing 
configuration for the disordered structure used at all 
concerned heat treatment temperature because it is 
assumed as a perfect random structure at all 
concerned heat treatment temperatures. It is evident 
that the only distinction between the SOFs model 
and the SQS model lies in the distribution of atoms 
on the atom positions of the supercell of L12 
structure. When fulfilling the crystal lattice relaxing 
calculation to characterize the lattice distortion, we 
adopted the selective dynamics approach, where we 
fixed one of the atoms as the original point to avoid 
the swift of the full lattice, and guided three 
selective atoms sliding along the direction of X, Y, 
and Z axis, respectively, to avoid the rotation of the 
full crystal lattice structure which may complex the 
characterization of lattice distortion, while the rest 
44 atoms were allowed to relax freely. The ordered 
and disordered supercell models are shown in  
Fig. 1, and the formatted crystal lattice structure  
file (POSCAR) called in current calculations is 
provided in Part I of Supplementary Materials 
(ESM). 
 
2.2 First-principles and phonon calculations 

All the first-principles calculations at the 
ground state were fulfilled using the Vienna Ab 
initio Simulation Package (VASP) based on the 
density functional theory (DFT) [48−50]. The 
ion−electron interaction was described by the 
generalized gradient approximation (GGA) and the 
projection augmented wave (PAW) method [49]. 
The GGA of the Perdew-Burk-Ernzerhof (PBE) 
was used to describe the exchange−correlation 
function [50,51]. The energy convergences of the 
optimization calculation at the ground and the 
phonon calculation were both set to be 1×10−5 eV, 
and the cut-off energy setting was set to be 450 eV. 



Chu-bo ZHANG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 2320−2331 2323 

 

 

Fig. 1 Ordered model based on SOFs and disordered model based on SQS of FCC_CoNiV MPEA established using 
2×2×3 supercell of L12 structure (The red triangle mark represents the fixed origin, the red dot represents the 
manual-guiding sliding atom, and the red double-headed arrow represents the slip directions allowed): (a) Ordered 
FCC_CoNiV MPEA based on SOFs; (b) Disordered FCC_CoNiV MPEA based on SQS 
 
The ordered and disordered configurations only 
consider the ferromagnetic state in all calculations, 
achieved by setting ISPIN=2 in the INCAR file 
prepared for VASP, and all calculation settings 
ensure that the convergence threshold of the total 
energy at the ground state is set to be less than 
1 meV/atom. 

Strictly speaking, the FCC_CoNiV was now 
modeled as tetragonal structure rather than an FCC 
structure, which led to an increased number of 
isolating elastic constants from three to six. Based 
on the relationship between strain energy and strain, 
the elastic properties of the ordered and disordered 
FCC_CoNiV MPEAs at the ground state were 
predicted and compared with the available 
experimental literature. 

Due to the limitation of the available 
computing power at the moment, the temperature- 
dependent thermodynamic properties and 
mechanical properties of the ordered and disordered 
FCC_CoNiV MPEAs were predicted based on the 
quasi-harmonic approximation (QHA), where the 
properties were mainly determined by volume 
changes caused by thermal expansion although the 
thermal-electron contribution and lattice vibration 
should also be considered further to obtain more 
accurate predicted results for the temperature- 
dependent elastic properties [19]. Therefore, 
prediction of temperature-dependent equilibrium 
volume is essential to predict the temperature- 
dependent mechanical properties. The temperature- 

dependent thermodynamic properties and 
equilibrium volume of the ordered and disordered 
FCC_CoNiV MPEAs were obtained using density 
functional perturbation theory (DFPT) based on 
QHA. The Brillouin region sampling (KPOINTS) 
was set to be a 3×3×2 Monkhorst- Pack grid [52]. 
The temperature-dependent thermo- dynamic and 
thermophysical properties at definite temperatures 
were calculated by combining VASP with 
PHONOPY software package. 
 
3 Results and discussion 
 
3.1 Crystal lattice parameters, and elastic 

constants of FCC_CoNiV MPEAs at ground 
state 
The calculated crystal lattice parameters and 

total energies of FCC_CoNiV MPEA are presented 
in Table 1. The results show that the total energy  
of the ordered structure is smaller than that      
of the disordered structure, indicating that the 
ordered structure based on SOFs is more stable 
thermodynamically than the disordered structure 
based on SQS. Meanwhile, the volume of the 
ordered structure based on SOFs is smaller than that 
of the disordered structure based on SQS. Due to 
the lattice distortion, the crystal lattice structure 
tends to deform slightly to a triclinic structure, with 
the angles deviating from 90° by less than 0.25°, 
which can be omitted. 

The elastic properties of the ordered and 
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disordered FCC_CoNiV MPEAs at the ground state 
are predicted and compared with the available 
experimental literature, seen in Table 2. 

From Table 2, it is seen that the calculated 
elastic constants of the FCC_CoNiV MPEAs at  
the ground state based on SOFs using a 2×2×3 
supercell agree well with our previous results using 
a 3×3×3 supercell [37]. Of these, C44 has the largest 
deviation of 6.56%, and for C11 and C12, the 
deviation is less than 2%. The elastic constants   
of the FCC_CoNiV MPEAs at the ground state 
calculated based on the 2×2×3 disordered supercell 
are in good agreement with those by ZHOU et al 
[53], with a maximum deviation in C44 of only 
2.60%. The calculated elastic constants (C11, C12, 
and C44) of the tetragonal FCC_CoNiV MPEAs are 
also applicable to FCC_CoNiV MPEAs. It is found 
that except the elastic constant of C13, the rest of 
elastic constants of the FCC_CoNiV MPEA based 
on SOFs configuration are larger than those based 
on SQS configurations at the ground state. Among 
them, the elastic constant of C11 represents the 
linear compression along the X-axis, and the larger 
the value, the greater the stiffness. The elastic 
constant of C44 is the indentation hardness of the 
solid, and the larger the value, the stronger the 
ability of a material to resist shear deformation of 
the (100) crystal plane is. Therefore, combined with 
the predicted elastic constants of C11 and C44, it is 
found that the ordered configuration has greater 
stiffness and stronger resistance to (100) crystal 
plane shear deformation. For the tetragonal crystal 
lattice structure, its stability criterion is different 

from that of face-centered cubic or body-centered 
cubic structure, and the Born elastic stability 
criteria are shown in Eqs. (1)−(3) [54−57]: 
 
C11>0, C33>0, C44>0, C66>0                 (1) 
 
(C11−C12)>0, (C11+C33−2C13)>0              (2) 
 
2(C11+C12)+C33+4C33>0                    (3) 
 

By examining the corresponding data, it is 
concluded that both the ordered and disordered 
FCC_CoNiV MPEAs satisfy the Born elastic 
stability criteria at the ground state, indicating    
that both the ordered and disordered FCC_CoNiV 
multi-principal element alloys are mechanically 
stable at the ground state. 

 
3.2 Temperature-dependent thermodynamic 

properties of FCC_CoNiV MPEAs 
The temperature-dependent thermodynamic 

properties and equilibrium volume of the ordered 
and disordered FCC_CoNiV MPEAs are obtained 
using density functional perturbation theory (DFPT) 
based on QHA, which are shown in Fig. 2 and Part 
II of Supplementary Materials, respectively. These 
predicted thermodynamic properties include the 
temperature-dependent Gibbs free energy, entropy, 
heat capacity, and thermal expansion coefficient. 

Figure 2(a) shows the temperature-dependent 
Gibbs free energy of the ordered and disordered 
FCC_CoNiV MPEAs. The Gibbs free energy of  
the ordered and disordered FCC_CoNiV MPEAs 
decreases with increasing temperature, and the 
temperature-dependent Gibbs free energy of the  

 
Table 1 Crystal lattice parameters and total energies of ordered structure of FCC_CoNiV MPEAs based on SOFs and 
disordered structure based on SQS at ground state using 2×2×3 supercells based on L12 unit cell 

Configuration a/Å b/Å c/Å α/(°) β/(°) γ/(°) V/Å3 Etot/eV 

SOFs 7.075 7.071 10.772 90.110 89.951 90.204 538.914 −350.353 

SQS 7.214 7.107 10.661 90.008 90.103 89.900 546.584 −346.528 
 
Table 2 Elastic constants of FCC_CoNiV MPEAs at ground state for ordered states based on SOFs and disordered 
states based on SQS at ground state 

Configuration 
(Number of atoms involved) 

C11/GPa C12/GPa C13/GPa C33/GPa C44/GPa C66/GPa Supercell size Source 

SOFs (48) 295.59 188.75 182.81 296.20 130.10 140.35 2×2×3 This work 

SOFs (108) 300.11 185.19 − − 138.64 − 3×3×3 [37] 

SQS (48) 254.29 175.59 184.32 256.93 106.24 109.96 2×2×3 This work 

SQS 251.00 173.00 − − 109.00 −  [53] 
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Fig. 2 Temperature-dependent thermodynamic properties of ordered and disordered FCC_CoNiV MPEAs: (a) Gibbs 
free energy; (b) Entropy; (c) Isobaric capacity and isochoric heat capacity; (d) Thermal expansion coefficient 
 
ordered configuration is lower than that of the 
disordered configuration, indicating that the ordered 
FCC_CoNiV multi-principal element alloy is more 
stable than the disordered state thermodynamically. 
Figure 2(b) displays the related temperature- 
dependent entropy, which increases for both the 
ordered and disordered configurations as the 
temperature rises. The entropy of the ordered 
configuration is slightly smaller than that of the 
disordered configuration. Figure 2(c) shows the 
temperature-dependent isochoric heat capacity (Cθ) 

and isobaric heat capacity (Cp) of the related 
configurations, respectively. It is seen that as the 
temperature increases, all the heat capabilities 
increase rapidly when the temperature is below 
200 K. Both the ordered and disordered 
FCC_CoNiV MPEAs exhibit almost the similar 
heat capacities. However, as the temperature further 
increases, the isochoric heat capacities of both the 
ordered and disordered configurations reach a 
constant value of 1197.216 J/(K·mol) at high 

temperatures, satisfying the Dulong-Petit Limit: 
Cθ=3nR, where n is the total number of atoms in the 
system, and R is the molar gas constant. However, 
the isobaric heat capacity of the disordered 
configuration and the ordered configuration are 
similar when the temperature is below 600 K, and 
beyond 600 K, the isobaric heat capacity of the 
disordered configuration gradually exceeds that of 
the ordered configuration. Figure 2(d) shows the 
related temperature-dependent thermal expansion 
coefficients, where the change trends are similar to 
those of the isobaric heat capacities. The thermal 
expansion coefficients of both the ordered and 
disordered configurations increase rapidly with 
temperatures below 200 K, and beyond 200 K, the 
thermal expansion coefficients of the disordered 
configuration are larger those of the ordered 
configuration. 

There are some inherent relationships  
between the temperature-dependent volume and  
the temperature-dependent thermal expansion 
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coefficient, and some complex transformations are 
involved when performing the calculations. Thus, 
the temperature-dependent volume and temperature- 
dependent thermal expansion coefficient reflect 
each other. Since the data are indispensable for 
further calculations at definite temperatures, to read 
the data easily, the directly calculated results of the 
temperature-dependent equilibrium volumes of the 
ordered and disordered FCC_CoNiV MPEAs are 
shown in Fig. S1 in Supplementary Materials.  
The equilibrium volume of ordered configuration is 
smaller than that of the disordered configuration 
across all temperature ranges. Below 800 K, the 
temperature−volume curves of the ordered and 
disordered configurations are almost parallel, 
indicating similar growth rates. However, above 
800 K, the volume growth rate of the disordered 
configuration increases gradually. 
 
3.3 Temperature-dependent mechanical properties 

of FCC_CoNiV MPEAs 
Based on the predicted temperature-dependent 

equilibrium volume, the predicted temperature- 
dependent elastic constants of the ordered and 
disordered FCC_CoNiV MPEAs based on QHA are 
shown in Figs. 3(a) and (b) respectively. It is seen 
that the polycrystalline elastic constants of both the 
ordered and disordered FCC_CoNiV MPEAs show 
a nearly linear decreasing trend with increasing 
temperature, which may be attributed to the thermal 
expansion effect at high temperature that weakens 
the covalent bonds between atoms. Except for the 
elastic constant of C13, the remaining temperature- 
dependent elastic constants of the ordered 
FCC_CoNiV MPEAs surpass those of the 
disordered configuration at all temperatures. The 
temperature-dependent elastic constants of both 
configurations satisfy the Born elastic stability 
criteria, which means they are mechanically stable 
at definite temperatures. 

The elastic modulus of the material can be 
further deduced from the elastic constant. The 
relationship between the polycrystalline elastic 
moduli and elastic constants of the tetragonal 
structure are different from that of the face-centered 
cubic (FCC) and body-centered cubic (BCC) 
structures. Through Voigt-Reuss-Hill approximation, 
the bulk modulus (B), shear modulus (G), and 
Young’s modulus (E) of the tetragonal structure can 
be obtained through the elastic constants based on 

 

 
Fig. 3 Temperature-dependent elastic constants of 
ordered (a) and disordered (b) FCC_CoNiV MPEAs 
 
Eqs. (4)−(9) [57−59]:  
M=C11+C12+2C33−4C13                                (4)  

( )2 2
11 12 33 132C C C C C= + −                  (5) 

 
( )V 11 12 33 13=[2 4 ]/9B C C C C+ + +             (6) 

 
V 11 12 44 66=[ 3 3 12 6 ]/30G M C C C C+ − + +       (7) 

 
BR=C2/M                                (8) 

1
V

R 2
11 12 44 66

18 6 6 3=15 BG
C C C CC

−
 

−


+ 


+ +      (9) 
 
where BV is the Voigt approximation value of bulk 
modulus, GV is the Voigt approximation value    
of shear modulus, BR is the Reuss approximation 
value of bulk modulus, and GR is the Reuss 
approximation value of shear modulus, respectively.  
B=0.5(BV+BR)                           (10)  
G=0.5(GV+GR)                          (11)  
where Eqs. (10) and (11) are based on Hill average.  

9
3

BGE
B G

=
+

                            (12) 
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Table 3 Temperature-dependent mechanical properties of ordered and disordered FCC_CoNiV MPEAs 
Structure  

model 
Temperature/ 

K 
Pugh’s 
ratio, k 

Bulk modulus, 
 B/GPa 

Poisson’s 
 ratio, v 

Young’s  
modulus, E/GPa 

Shear modulus, 
G/GPa 

Source 

SOFs 0 0.42 221.79 0.31 246.70 93.83 This work 

SOFs 0 0.43 223.28 0.31 255.09 97.12 Ref. [37] 

SQS 0 0.34 205.92 0.35 188.52 69.95 This work 

SOFs 373 0.42 207.89 0.32 227.99 86.54 This work 

SQS 373 0.30 192.55 0.36 175.34 65.03 This work 

SOFs 673 0.42 198.11 0.32 218.55 83.03 This work 

SQS 673 0.34 183.11 0.35 167.26 62.05 This work 

SOFs 973 0.42 178.82 0.32 207.93 79.03 This work 

SQS 973 0.33 172.58 0.37 155.14 57.45 This work 

SOFs 1273 0.42 176.55 0.32 194.92 74.06 This work 

SQS 1273 0.32 160.11 0.37 140.61 51.94 This work 
 

In addition to the equations mentioned above 
(Eqs. (6) and (7)), Pugh’s ratio (k) and Poisson’s 
ratio (v) are calculated by these equations [57−59]:  
k=G/B                                (13) 
v=(3−2k)/[2(3+k)]                       (14)  

The Vickers hardness (HV) of ordered and 
disordered FCC_CoNiV MPEAs are calculated 
with TIAN’s model [56]:  
HV=0.92k1.137G0.708                                    (15)  

Based on the above empirical equations 
(4)−(15), all the bulk modulus (B), shear modulus 
(G), and Young’s modulus (E) of ordered and 
disordered tetragonal MPEA CoNiV at the ground 
state and finite temperature are given in Table 3. 
The temperature-dependent Vickers hardness of 
FCC_CoNiV MPEA with ordered or disordered 
configuration is shown in Fig. 4. 

It is seen that the predicted temperature- 
dependent bulk modulus, shear modulus, and 
Young’s modulus of the FCC_CoNiV MPEA at all 
temperatures are larger than those of disordered 
configuration. This indicates that the ordered 
configuration exhibits good resistance to the 
compression deformation, shear deformation, and 
volume change. Therefore, the ordered FCC_ 
CoNiV MPEA has better temperature-dependent 
mechanical properties than its disordered 
configuration. As a result, the site preference 
behaviors of atoms on the sublattices stabilize not 
only the crystal lattice structure from the viewpoint 
of thermodynamics but also enhance the elastic 

properties compared to the corresponding 
hypothesized perfectly random structure. The 
limited experimental result concerns the Vickers 
hardness [59], which is used to verify the validity of 
the ordered and disordered structure models. It is 
evident that the Vickers hardness of the ordered 
configuration based on SOFs agrees considerably 
with the available experimental data [59], while it is 
underestimated obviously when using disordered 
configuration. The Vickers hardness decreases 
significantly with the increase in temperature for 
both the ordered and disordered structure models. 

 

 
Fig. 4 Temperature-dependent Vickers hardness of 
ordered and disordered FCC_CoNiV MPEAs 
 
4 Conclusions 
 

(1) The ordered configuration based on SOFs 
model is (V1.0000)1a(Co0.4445Ni0.4444V0.1111)3c, while the 
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disordered configuration based on SQS model is 
(Co0.3333Ni0.3333V0.3334)1a(Co0.3333Ni0.3333V0.3334)3c. 

(2) The total energy at the ground state and 
Gibbs free energies at all specified temperatures are 
lower for the ordered configuration compared to  
the disordered configuration, indicating better 
thermodynamic stability of ordered configuration. 

(3) The predicted elastic properties and 
hardness decrease with increasing temperature for 
both the ordered and disordered structures. Except 
for the elastic constant of C13, the ordered structure 
shows considerably greater mechanical properties 
(elastic constants, bulk modulus, shear modulus, 
Young’s modulus, and Vickers hardness) compared 
to those of the disordered configurations. 

(4) At 973 K, the predicted bulk modulus (B), 
shear modulus (G), Young’s modulus (E), and 
Vickers hardness (HV) of FCC_CoNiV MPEA 
based on SOFs configuration are 187.82, 79.03, 
207.93, and 7.58 GPa, respectively, while the 
corresponding data are 172.58, 57.45, 155.14, and 
4.64 GPa for the SQS configuration, respectively. 
The predicted Vickers hardness of the ordered 
structure agrees well with the experimental data, 
while it is noticeably underestimated based on the 
disordered structure. 
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有序化行为对 FCC_CoNiV 多主元合金热力学和力学性能的影响 
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3. 钢铁研究总院 高温合金研究院，北京 100081 

 
摘  要：采用对比研究方法，以 FCC_CoNiV 多主元合金(MPEAs)为案例，研究了多主元合金的有序态构型和

无序态构型的随温度变化的热力学性质和力学性质。有序态构型的搭建是基于先前预测的该多主元合金的原

子占位分数(SOFs)；而无序态构型的搭建则基于传统特殊准随机结构(SQS)假设。结果表明，有序化行为不仅

提高了合金相结构的热力学稳定性，而且提高了弹性性能和维氏硬度。例如，对于基于 SOFs 的有序化构型，在

973 K 下，预测获得的体积弹性模量(B)、剪切模量(G)，杨氏模量(E)以及维氏硬度(HV)分别为 187.82 GPa、79.03 GPa、

207.93 GPa 和 7.58 GPa；而对于基于 SQS 的无序化结构，相应力学性能数据分别为 172.58 GPa、57.45 GPa、155.14 GPa

和 4.64 GPa。基于有序化结构预测获得的硬度值与实验值吻合良好，而基于无序态结构预测得到的硬度值被明显

低估。 

关键词：FCC_CoNiV；多主元合金(MPEAs)；有序化行为；随温度变化的性能；计算材料科学 
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