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Abstract

The degree of short-range order (SRO) can influence the physical andmechanical properties of

refractorymulti-principal element alloys (RMPEAs). Here, the effect of SROdegree on the atomic

configuration and properties of the equiatomic TiTaZr RMPEA is investigated using the first-

principles calculations. Their key roles on the lattice parameters, binding energy, elastic properties,

electronic structure, and stacking fault energy (SFE) are analyzed. The results show the degree of SRO

has a significant effect on the physical andmechanical properties of TiTaZr. During the SROdegree

increasing in TiTaZr lattice, the low SROdegree exacerbates the lattice distortion and the high SRO

degree reduces the lattice distortion. The high degree of SRO improves the binding energy and elastic

stiffness of the TiTaZr. By analyzing the change in charge density, this change is caused by the atomic

bias generated during the formation of the SRO,which leading to a change in charge-density thereby

affecting themetal bond polarity and inter-atomic forces. The high SROdegree also reduces SFE,

whichmeans the capability of plastic deformation of the TiTaZr is enhanced.

1. Introduction

The refractorymulti-principal element alloys (RMPEAs) havemany advantages over traditional alloys [1], such

as high strength and stability at high temperatures [2–6], which can be utilized to gas turbine engines in the

aerospace industry [7–11]. In the past years,multi-principal element alloys (MPEAs) are traditionally assumed

to be random solid solutions [12]. Recently, researches have revealed that the arrangement of atoms inMPEAs is

not an ideal disordered state due to the diversity in the atomic radio, and the complex interactions between the

constituent elements usually result in the chemical short-range order (SRO) structures [13–17]. The SRO is

observed in theCoNiVRMPEA, and reduces the energy of the system [18]. The existence of SRO in theCuMn

alloys promotes the planar slip, and thus leads to the anomalous recovery of thework hardening rate [19, 20].

Moreover, the L12 SRO is discovered in theCoCrNi RMPEA [20]. Notably, these SRO structures could improve

themechanical properties ofMPEAs [21–25].

Although the exceptionalmechanical properties have been found inRMPEAs, the origination of their

mechanical properties is difficult to explore at the atomic level due to the diversity of the atomic environment in

which they react at the atomic size and chemistry [26]. Thefirst-principles calculations based on density

functional theory (DFT) [27, 28]have the outstanding advantages in the atomic and electronic structures. For

example, a recent study fromDFT calculations has demonstrated that Ti, V, Zr,Nb,Mo,Hf, Ta,W andRe alloys

exhibit local lattice distortions to some extent, and a severe local lattice distortion occurs only in the Zr- and/or

Hf-containing RMPEAs [29].Moreover, the elasticmodulus calculated byDFT shows that dopingwithmost

alloying elements increases the strength ofNbMoTaWRHEA,while only Zr-alloying increases the ductility [30].

To further explore the influence of SROon themechanical properties of RMPEAs, the lattice coefficients,
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binding energy, elasticmodulus, differential charge density, and stacking fault energy (SFE) are calculated using

first-principles calculations in the present work. The contribution of SRO for the improvement of the

mechanical properties of RMPEAs is evaluated in amultifacetedmanner using these parameters. Here, the

TiTaZrRMPEAs have superiormechanical properties [31, 32], which are selected as research objective.Hence,

the physical andmechanical properties of the equiatomic TiTaZr RMPEA are investigated.

2.Method andmodel

2.1. First-principles calculation parameters

Allfirst-principles calculations are performed by theVASP [33] based on theDFT.Here, the lattice coefficients,

binding energy, elastic properties, electronic structure, and SFE are calculated. The adopted commutative-

correlation functional ismodified by Perdew–Burke–Ernzerhof (PBE) under the generalized gradient

approximation [34]. Since the calculation involves thousands of structure energies in theDFT calculations,

different calculation accuracies is adopted in the consideration of the cost when calculating different parameters.

After the convergence test, the truncation energy of the plane-wave group is set to 300 eV, the density of K point

is 5× 5× 6, the energy-convergence standard is set to 0.01 meV, and the force convergence standard is

10 meV A−1, which are used to the calculation of the lattice coefficients, binding energy, electronic structure. For

the elastic-modulus calculation, the density of the K point is change to 3× 3× 3. For SFE calculation, the density

of the Kpoint is change to 3× 3× 4.

2.2. Short-range ordered parameter

TheWarren-Cowley (WC) parameter is used to describe the degree of SRO,which is defined as [35, 36]:

a
d

=
-

-
( )

p c

c
1ij

ij j

ij j

where aij is is theWCparameter for the i-j pair type in thefirst nearest neighbor shell, pij is the probability that

an atom is a j-type atom in thefirst nearest neighbor shell of an i-type atom, cj is the overall concentration of type
j, and dij is theKronecker delta. For the completely randomized alloys without SRO structure, theWCparameter
is 0.

2.3. Physicalmodel

To study the SRO effect on the physical properties, the equiatomic TiTaZr bcc supercells for the configuration of

2× 2× 2 (16 atoms), 3× 3× 4 (72 atoms) and 4× 4× 4 (128 atoms) have been tested. Considering the accuracy

and computational cost, the 3× 3× 4 supercell configuration is adopted. The initialmodel is a special

quasirandom structure (SQS) [37], built by Alloy Theoretic Automated Toolkit (ATAT) software package [38].

Then, the initialmodel is iterated byMonte Carlo (MC) simulation [39] to form the SRO structures. According

to the order of the number of iteration steps from0 to 5000, seven samples are selected as research objects.

Figure 1(a) shows the partial SRO structures, formed byMC simulation. Clearly, the aggregation of Ta atoms in

themodel becomes evident as the SROdegree increases. Here, the regionwhere Ta atoms are polarized is

considered as enhanced domain. The variation of SROdegree in themodel is shown in table 1.Obviously, Ta-

Ta, Ta-Ti andTa-Zr groups show strong regularity. Figure 1(b) shows the variation of SROdegree in themodel

with increasingMC simulation steps. The SROdegree enhancedwith increasingMC simulation steps, but stops

increasing beyond 1000 steps. Figure 1(c) shows the trend ofWCparameters of Ta-Ta, Ta-Ti andTa-Zr groups

for physical samples. FromSAM1 to SAM7, theWCparameters show an overall increasing trend, which

indicates the SROdegree increases fromSAM1 to SAM7.

2.4. Stacking fault energymodel

Since building the SFEmodel on the basis of the physicalmodels require intercepting themodel obliquely

according to the slip plane, whichwill lead to the degree of SRO in the intercepted region inconsistent with that

of the physicalmodels, thus affecting the accuracy of the results. So the SFEmodel needs to rebuild by SQS and

MC simulation. In the bcc crystal, the {110} surface is the closest surface, which is easy to formdislocations.

However, there is another possibility of forming dislocations on the {112} surface, which is themost common

slip surface in a bcc crystal, providing favorable conditions for the formation of dislocations [40, 41]. Therefore,

all SFEmodels have {112} surface as their base, and the stacking surfaces are the {112} surface with a slip vector

of 1/6 〈111〉. Figure 2(a) shows the schematic diagramof the bcc SFEmodel on the (112) surface along the

[−1–11] direction. Figure 2(b) shows the SFEmodels with differernt SROdegree, which have 72 atoms. The

truncation energy of the plane-wave group is set to 300 eV, the density of K point is 5× 5× 6, the energy

convergence standard is set to 0. 01 meV, and the force convergence standard is 10 meV/A.Table 2 shows the
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Figure 1. (a)The three configurations of TiTaZr supercells with different SROdegree. (b)The trend of SROdegree in themodel with
increasingMC simulation steps. (c)The trend ofWCparameters for Ta-Ta, Ta-Ti andTa-Zr in physicalmodels.

Figure 2. (a) Schematic diagramof the bcc SFEmodel on the (112) surface along the [−1–11] direction. (b)Representative possible
configures of SFEmodel of TiTaZrwith different degree of SRO. (c)The trend ofWCparameters for Ta-Ta, Ta-Ti andTa-Zr in SFE
samples.

Table 1.The preciseWCparameters of different TiTaZr physicalmodels.

Sample a -( )Ta Ta a -( )Ta Ti a -( )Ta Zr a -( )Ti Ti a -( )Ti Zr a -( )Zr Zr

SAM1 0 0 0 0 0 0

SAM2 0.0625 0.0938 0.0313 0.0469 0 0. 0156

SAM3 0. 1250 0. 2031 0.0469 0. 0156 −0. 1719 −0.0625

SAM4 0. 1875 0. 1406 0.2344 −0. 0938 −0.3281 −0.0469

SAM5 0. 2344 0. 2344 0.2344 −0.0625 −0.3594 −0.0625

SAM6 0. 2813 0. 2344 0.3281 −0.0625 −0.3594 −0.0156

SAM7 0. 3280 0. 3906 0.2656 0.0625 −0.2656 0
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WCparameters for these configurations. Figure 2(c) shows the trend ofWCparameters of Ta-Ta, Ta-Ti andTa-

Zr groups for SFE samples.

3. Results and discussion

In order to avoid errors from randomness, three sets of different configurationswith the sameWCparameters

are calculated for the lattice coefficients, binding energy, elasticmodulus and SFE, and all the results are

represented in the formof error bars. Allmodels are structurally optimized in order for the results to be closed to

reality.

Figure 3(a) presents the trendss of lattice coefficient in x, y and z-direction of physical sample groups after

structural optimization byDFT. In order to visualize the lattice variations of the physicalmodelmore intuitively,

the standard deviation of lattice coefficientσ is used here:

s =
- + - + -( ¯ ) ( ¯ ) ( ¯ )

( )
l l l l l l

3
2

x x y y z z
2 2 2

where lx, ly and lz are the lattice coefficients of x, y and z-direction after structural optimization. l̄ ,x l̄y and l̄z is the
lattice coefficient of x, y and z-direction of initialmodel at the energyminimumobtained byDFT static

calculations. Therefore, the standard deviationσ can indicate the deviation degree of the relaxedmodel from the

stable initial latticemodel. Figure 3(b) shows the trend ofσ, the value ofσ initially increase fromSAM1 to SAM

3,which is consistent with the trend of theWCparameter. However, it decreases sharply fromSAM3 to SAM4

and keep low value form SAM4 to SAM7. The change ofσ implies that the lattice distortion is becoming severe

atfirst, but starts toweakenwhen the SRO structure is strong enough. Thus lowdegree SROpromotes lattice

distortion and high degree SRO favors lattice stabilization. Comparing the trends ofWCparameter of Ta-Ta,

Figure 3. (a)The trend of the lattice coefficients in three direction of physicalmodel of TiTaZrRMPEA. (b)The changes ofσwith SRO
degree.

Table 2.The preciseWCparameters for the different TiTaZr SFEmodels.

Sample a -( )Ta Ta a -( )Ta Ti a -( )Ta Zr a -( )Ti Ti a -( )Ti Zr a -( )Zr Zr

SAMA 0 0 0 0 0 0

SAMB 0.0625 0.0369 0.0938 0.0156 −0.0625 −0.0156

SAMC 0.0938 0.1019 0.0781 −0.0234 −0.1653 −0.0469

SAMD 0.1484 0.1231 0. 1685 −0.0234 −0.2344 −0.0313

SAME 0.1953 0. 1735 0.2344 −0.0469 −0.2519 0

SAMF 0.2422 0.2031 0.2812 −0.0625 −0.3204 −0.0234

SAMG 0.2813 0.2418 0.3125 −0.0469 −0.3204 −0.0078

4

Phys. Scr. 99 (2024) 065924 LYu et al



Ta-Ti andTa-Zr, the change of Ta-Ta andTa-Ti are smaller fromSAM3 to SAM4, but the Ta-Zr shows a large

change (figure 1(c)). It implies that the SROdegree of Ta-Zrmay have a greater effect on the physical properties

of TiTaZr.

Figure 4 exhibits the effect of SROdegree on the binding energy in physicalmodels. The binding energy is

smaller and less variable fromSAM1 to SAM3.However, there is a large increase in the binding energy from

SAM3 to SAM4 and keep high value fromSAM4 to SAM7. This change node is the same as theσ, which again

coincidingwith the later results. It suggests that the SRO structure with high degree will lead to amore stable

lattice. The trend of binding energy is similar to theWCparameters of Ta-Zr (the blue points infigure 1(c)),

which indicates SROdegree of Ta-Zr have a greater effect. This also proves that there is a stronger interaction

between atoms in the process of SRO enhancement.

Figure 5 presents the relationship between the SROdegree and elastic properties of physicalmodels, which is

calculated by theVoigt-Reuss-Hill [42]method after processing the elastic-stiffnessmatrix byDFT. TheVoigt

average formula is described as follows:

= - +[( ) ] ( )G C C C
1

5
3 311 12 44

= +( ) ( )B C C
1

3
2 411 12

=
+

( )E
BG

B G

9

3
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where C C,11 12 and C44 is elastic constant in stiffnessmatrix and, in particular, the cubic crystal systemhas only

three independentmatrix elements. E is the Young’smodulus,G is the shearmodulus, andB is the bulkmodulus

[43]. Figure 5(a) shows the trends of C ,11 C12 and C ,44 whereC11 andC44 increase sharply fromSAM3 to SAM4

andC12 shows an overall decreasing trend. Figure 5(b) shows the trends ofE,B andG.Obviously, E andG have a

dramatic increase fromSAM3 to SAM4. According to equations (4)–(6), this trend is due to the change ofC11

andC44, since the larger value ofC11 so it contributes themost. This results indicate the elastic stiffness of the

material becomes stronger and the bonding between themetal atoms becomes stronger, which is consistent with

the binding energy result. The change point is similar to the lattice coefficient and the binding energy, and can be

taken as evidence that testifying to a high degree of SROhas a significant effect, especially Ta-Zr.

The charge-density difference is used to visualize the flowof electrons after the interaction of individual

fragments or the change of the electron density during the formation of atoms intomolecules. At present, there

are three expressions for the charge-density difference, one of whichwas chosen for this calculation and is

calculated as follows:

r r r rD = - - ( )6AB A B

where rAB is the charge density of thewhole system, rA is the charge density of the fragment composed of a Ta-

atomic distribution, and rB is the charge density of the fragment composed of Ti andZr atomic distributions

[44]. Here, the SAM1, SAM4, and SAM7 are chosen as the representative samples. In order to visualize this

effectmore substantially, a plane-averaged charge-density difference diagram is introduced to reflect the charge-

Figure 4.The distribution of binding energy as the sample numbers increase within the physicalmodel of TiTaZr structures.
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flowdirection [45]. Here, it is obtained by dividing themodel into 160 planes along z-direction and then

calculating the charge-density difference for each plane. Figure 6(a) shows the difference plane of planar cloud

maps in physicalmodels and statistics direction of the plane-averaged charge-density difference diagram.

Figure 6(b) shows the planar cloudmaps of the charge-density difference in difference plane, which obtained by

DFT calculation followed byVESTAprocessing. Here, the color indicate the value of charge-density difference.

Figure 6(c) plots the plane-averaged charge-density difference diagrams. Combining the planar cloudmaps and

plane-averaged diagrams, it can be clearly observed that the enhanced-SROdomains (left side of themodel)

losesmuch chargewhile the right side gains charge. This represents a change in the polarity of themetal bond

and increased strength ofmetal bonds. This result suggests that the Ta atombias caused by the high degree SRO

makes the binding of Ta atoms to other atoms stronger. This is the reason of the enhancement in binding energy

and elastic.

Figure 5.The trends of (a) C ,11 C12 and C44 (b)Young’smodulus, shearmodulus and bulkmodulus for physicalmodel of TiTaZr.

6
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The SFEmeasures the energy cost for shearing one atomic planewith respect to another, which is directly

connected to the response of plasticity deformation. SFE is usuall used to connect results from atomistic

simulation tomacroscopic properties.When the SFE decreases, crystallinematerial can deformby either

dislocation slip, transformation-induced plasticity, or twinning induced plasticity [46, 47]. Figure 7 shows the

effect of SROdegree on the SFE. Clearly, from SAMA to SAMC the value of SFE is around 600. FromSAMD to

SAMG, the SFE decreases considerably and remains around 350. Similarly, the position that SFE significantly

reduced is consistent with the calculations of physical parameters. However, in the SFEmodel, theWC

parameter of Ta-Zr does not increase so large fromSAMC to SAMD, so the decrease of SFE ismainly due to the

Figure 6. (a)The position of the difference plane of planar cloudmaps in physicalmodels and statistics direction of the plane-averaged
charge-density difference diagram. (b)The planar-cloud plot for three typical TiTaZr lattice samples. (c)The plane-averaged charge-
density difference for three typical TiTaZr lattice samples.

Figure 7.The SFE change of TiTaZr under the influence of SRO.
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co-effect of the increasing SROdegree of Ta-Ta, Ta-Ti andTa-Zr. Thismeans the high SROdegree is beneficial

for slip dislocations and can enhance plastic deformation.

Figure 8 shows the planar cloudmaps of charge-density difference on the slip dislocation plane of SAMA

and SAMG.Compared to SAMAwith a low SROdegree, the SAMGwith a high SROdegree has a darker red

color in the charge-density differential region in the charge-density difference cloudmap. It is implies a higher

density of charge-difference on the slip dislocation planes of SAMG.

The above results indicate that lowdegree of SROhas limited effect onTiTaZr, while high degree of SRO can

dominate the physical andmechanical properties changes of TiTaZrRMPEA. In physicalmodel, the SROdegree

of Ta-Zr significantly affects the physical properties. In SFEmodel, the influence of Ta-Zr becomemild, but the

co-effect of increasing SROdegree of Ta-Ta, Ta-Ti andTa-Zr also results in a large decrease in SFE. FromSAM1

to SAM3 and SAMA to SAMC, the distribution of atoms in themodel is dispersed and has not yet formed the

enhanced-SROdomain. FromSAM3 to SAM7 and SAMD to SAMG, the discrete Ta atoms start to aggregate

highly (figures 1 and 2).When the enhanced-SROdomains is formed, significant charge flowoccurs between the

enhanced-SROdomain and another, as shown infigures 6 and 8. Because changes in charge-density affectmetal

bond polarity and inter-atomic forces, this paper considers the effect of charge flows due to the polarization of

Ta atoms is an important reason for the effect of SRO strengthening on physical properties.Moreover, this effect

is good for the strength and toughness of TiTaZr RMPEA.

4. Conclusion

In summary, the effect of SROdegree on the physical andmechanical properties in a TiTaZrRMPEA is studied

usingfirst-principles calculations. The lattice coefficients, binding energy and elastic properties of the crystal

change drastically with the high SRO. This implies high SROdegree results in better elastic stiffness and stability.

Observing changes in charge-structure, there are significant loss of charge in the enhanced-SROdomains. This

means the stronger interaction between atoms in enhanced-SROdomain. Ta atombias caused by the high

degree SROmakes the binding of Ta atoms to other atoms stronger. Similarly, the SFE keep a low value at high

SROdegree, and a high value at low SROdegree. This implies high SROdegree results in better plastic

deformation. The aggregation of atoms in the process of increasing SROdegree leads to a loss of charges, which

influences themetal-bond polarity and affects the physical andmechanical properties of the RMPEAs. This

work reveal the impact of SROonRMPEAs and the sources of that impact. In conclusionwe suggest that if the

mechanical properties need to be enhanced by adjusting the SRO, a higher degree of SRO is required and this

high degree is reflected in the bias of the atoms.
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