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Abstract: In this study, CoCrFe and CoCrFeNi transition high entropy alloys (HEAs) are modelled by extended tight-binding
density functional theory (DFT) method. Also, the geometric optimizations, band structures, density of states (DOS),
thermodynamic properties and phonon dispersion curves of alloys are investigated to give a detailed information. The results
show that the covalent d—d bonding between Fe-Cr is occurred because of strong metallic Cr—Fe interactions. The entropy (S)
value increases gradually with the addition of Ni element to the CoCrFe alloy. The heat capacity (Cv) increases due to the
harmonic effect of the phonons in the range of 0-400 K and then, close to the classic limit at high temperatures with 0.82
J/mol.K and 0.94 J/mol.K for the CoCrFe and the CoCrFeNi. The alloy systems exhibit metallic properties because the DOS
of the metals have a nonzero value at the Fermi energy level. Also, the addition of element Ni to the CoCrFe alloy system
causes a decrease in phonon frequencies.

Key words: Simulation and modelling, metals and alloys, high entropy alloys, DFT method.

Genigsletilmis siki baglanma DFT hesaplama yontemi ile CoCrFe ve CoCrFeNi yiiksek entropili
alasimlarinin elektronik ve termal 6zelliklerinin incelenmesi

Oz: Bu ¢alismada, CoCrFe ve CoCrFeNi yiiksek entropili gecis alasimlar (HEA), genisletilmis siki baglanma yogunlugu
fonksiyonel teorisi (DFT) yontemi ile modellenmistir. Ayrica, modellenen alagimlarin geometrik optimizasyonlari, bant
yapilary, durum yogunluklart (DOS), termodinamik ozellikleri ve fonon dagilim egrileri incelenmistir. Sonuglar Fe-Cr
arasindaki kovalent d-d baginin, giiclii metalik Cr-Fe etkilesimleri nedeniyle olustugunu gostermektedir. CoCrFe alasimina Ni
elementinin eklenmesiyle entropi degeri kademeli olarak artmakla beraber ve 0-400 K araliginda fononlarin harmonik etkisine
bagl olarak 1s1 kapasitesi artmakta ve daha sonra CoCrFe i¢in 0,82 J/mol.K ve 0,94 J/mol.K ile yiiksek sicakliklarda klasik
simira yaklagmaktadir. CoCrFeNi. Alasim sistemleri metalik ozellikler sergiler ¢linkii metallerin DOS'lar1 Fermi enerji
seviyesinde sifirdan farkli bir degere sahiptir. Ayrica CoCrFe alagim sistemine Ni elementinin eklenmesi fonon frekanslarinda
azalmaya neden olmaktadir.

Anahtar kelimeler: Simiilasyon ve modelleme, metaller ve alagimlar, yiiksek entropili alagimlar, DFT yontemi.
1. Introduction

In recent years, high entropy alloys (HEAS) have attracted extensive attentions of researchers because of their
remarkable physical characteristics. Especially, HEAs including equiatomic multicom-ponent enables to develop
in material design and engineering technologies [1-6]. Because HEAs with adding more different elements have
important mechanical properties such as strength, ductility, corrosion resistance [1-10]. In this context, CoCrFeNi,
CoCrFeMnNi, CoFeNi, CoCrNi HEAs have been investigated to understand the mechanical and structural
properties of HEAS via experimental analysis [11-15]. Among them, Li et al. [10] introduced the non-equiatomic
CoCrFeMnNi HEAs which exhibited excellent strength and ductility. Ji et al. [16] studied the CoCrCuFeNi for
understanding the wear resistance properties. Zhang et al. investigated the deformation behaviors of a dual-phase
FeCoCrNiMn alloy with transformation-induced plasticity effect [15]. The microstructures and mechanical
properties of CoCrFeMnNi HEAs with addition of nitrogen alloying during different heat treatments were
systematically studied by Xiong et al [7].

These experimental studies reveal that the addition of Fe and Ni elements to CoCr/CuMn can affect phase
formations behavior, electronic properties, and mechanical characteristics of these alloys [1-5]. Although
experimental studies are available on HEAS, there have been still needed powerful computational approaches to
overcome difficulties arising from experimental studies. Hence, many researchers recently have studied on HEAs
to reveal the mechanical properties and microstructure of HEAs by using computational methods. Sharma et al.
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explored the structural phase transformations in AIXCrCoFeNi using classical molecular dynamics (MD) with
classical Lennard-Jones pair-potentials [17]. Similarly, Liu reported a MD study which performed to mechanical
characteristics and homogeneous plastic inception of CoCrCuFeNi HEAs under uniaxial tension [18]. Besides
classical MD studies, density functional theory (DFT) methods are used in model calculations to evaluate physical
properties of HEAs [19]. Biermair et al. demonstrated the applicability of a DFT for prediction of the lattice
constant and thermodynamic property changes of a paramagnetic HEAs [20]. Moreover, some thermo-physical
properties of NiFeCrCo were investigated via first-principles tool by Niu et al [21].

As it appears from quantum mechanical calculations, Cr/Fe interactions are a notable factor for realizing the
electronic band structure because of the covalent d—d bonding between Cr and Fe d states [19]. For this purpose,
density functional theory (DFT) methods provide an accurate description the different properties of the material’s
[22-27]. Among these, GFN1-xTB supplies higher accuracy for all combination of periodic table [28]. But there
is still a lack of geometric optimization, band structures, phonon spectrum properties and density of states (DOS)
by using extended tight-binding DFT with SCC contributions of CoCrFe and CoCrFeNi HEAs alloys. In the
current work, we reported a computational exploration of CoCrFe and CoCrFeNi HEASs by using extended tight-
binding DFT method. We have calculated the band structures, DOS, phonon spectrum and some thermodynamic
parameters of alloys.

2. Material and Method

A new extended tight-binding method (GFN1-xTB) provides to enough accuracy for geometry optimizations.
The total energy expression comprises electronic (el), atom pairwise repulsion (rep), dispersion (disp), and
halogen-bonding (XB) terms [28]:

E=Egq+ Erep + Edisp + Exp 1)

The electronic energy Eeiis given by
1 1
Eo = X7 ni{pi|Holo;) + EZA,B 2i(4) 20 (B) Piol Vasur + EZA Taqs — TerSer (2

where i are the valence molecular orbitals with occupation numbers n; and Ho is the zero-order Hamiltonian.
TeSel is the electronic free energy term [28]. GFN1-xTB, based on developed extended tight-binding method, aims
to reduce set of physically interpretative parameters to solve the distinct deficiencies of other DFT calculations by
making a parameterization in a wide range of elements up to Z=86. Hence, this method has been recently used for
understanding the optimization process of various materials at nano-scale [28]. Using the symmetry properties,
firstly, the CoCr crystal structure was built according to Pm3m space group with the following unit cell lattice
parameters: a = b = ¢ = 2.821 A. Fig. 1 shows the atomic distribution on the lattice points of Cu-%50Cr alloy
system containing 128 atoms. Fe and Ni atoms were doped on the crystal lattice by creating a random mixture of
elements, respectively. The CoCrFe and CoCrFeNi model systems were created to form crystal phase. The
geometric optimizations are performed using the Amsterdam Modeling Suite (AMS) software (version 2020.104)
[29-31] with DFTB module based on GFN1-xTB calculations. The maximum force and energy convergence are
executed as 0.001 Ha/A and 1x10° Ha on each atom with 0.001A step convergence until the lattice constants and
the atomic positions are relaxed during the geometric optimization process. The stress energy per atom during the
optimized lattice is set up 5x10° Ha.
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Figure 1. Crystal structure of CoCr.
3. Results and Discussion

Fig. 2 (a) and Fig. 3 (a) show the evolution of the total energy with respect to the frame number or optimization
iteration step for CuCrFe and CuCrFeNi systems, respectively. The total energy for the systems has the maximum
value at the beginning of optimization. The energy reaches its minimum with progressing of optimization process.
The systems have high stability at final of optimization compared with the beginning structure and also, the energy
of CoCrFe is lower than CoCrFeNi during the optimization process. The volumes of systems during the
optimization process are shown in Fig. 2 (b) and Fig. 3 (b). The figures show that the volumes of systems linearly
increase at the beginning of optimization and then dramatically decrease at certain optimization step. Then, the
system volumes reach a stable value after iteration 60. Fig. 2 (c, d) and Fig. 3 (c, d) show the atomic configurations
of CuCrFe and CuCrFeNi structures at the beginning and final of optimization. From the figures, we can see that
Fe and Cr atoms tend to bond during the optimization. This result can be explicated that covalent d—d bonding
between Fe-Cr is evidenced because of strong metallic Cr—Fe interactions. This strong bonding interaction between
Cr-Fe for electron exchange and correlation early investigated by Johnson et. al by using DFT [19].
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Figure 2. Geometric optimization process of CoCrFe.
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Figure 3. Geometric optimization process of CoCrFeNi.

14



Fatih Ahmet CELIK, Sefa KAZANC

The variation of thermodynamic parameters obtained from phonon as shown in Fig. 4 (a-d). The internal
energies of both alloys increase linearly in the temperature range of 50-1000 K. It is noted that the internal energy
of CoCrFe at 0 K is lower than the internal energy of CoCrFeNi. When the variation graph of free energy according
to temperature is examined in Fig. 4 (b), it is seen that the free energy is at an almost constant value in both alloy
systems up to 50 K, however, it exhibits a linear decrease with the increase in temperature. The entropy values
calculated in the low temperature region increase rapidly with the increase in temperature as seen Fig. 4 (c). This
increment continues exponentially as the contribution of vibration to entropy (S) increases as the temperature rises
[32, 33]. The increase continues exponentially as the contribution of vibration to entropy increases as the
temperature continues to rise. It is observed that the entropy value increases gradually with the addition of Ni
element to the CoCrFe alloy. From figure, the Cy increases due to the harmonic effect of the phonons in the range
of 0-400 K. The T2 dependence at low temperatures is detailed in Figure 4 (d). This increase is strongly dependent
on temperature. But, when the temperature is higher than 400 K, the Cv is close to the classic limit in good
agreement with Dulong-Petit's law [34] at about 0.82 J/mol.K and 0.94 J/mol.K for the CoCrFe and the CoCrFeNi,
respectively.
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Figure 4. Thermodynamic parameters of model systems (a) internal energy (b) free energy (c) entropy (d) heat
capacity.

Fig. 5 and Fig.6 show the band structure of systems. It is clearly observed that there is no band gap formation
along the high symmetry lines at the Fermi energy level for both alloys. In other words, the top of the valence band
and the bottom of the conduction band overlap. This causes the curve to have a value above zero at the Fermi
energy level in the DOS. It could be argued that because the DOS of the metals have a nonzero value at the Fermi
energy level, both alloy systems exhibit metallic properties. Since most of the occupied states come from the d
states of Co, Cr, Fe and Ni atoms, it could be argued that the d orbitals make the major contribution to DOS in the
energy band structure [35]. The 4s? 3d’, 4s! 3d°, 4s? 3d® and 4s? 3d® orbitals of Co, Cr, Fe and Ni elements are
considered as valence states, respectively. These elements tend to form covalent bonds with each other because of
their 3d electrons. In Figure 6, a small band gap formation is observed in the energy band structure in the A5-T-
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A6 high symmetry directions of the CoCrFeNi alloy system. This band gap causes a decrease in DOS. Although
band gap is formed in some aspects of the Brillouin zone, there are sufficiently high DOS at the Fermi level to
make the CoCrFeNi alloy system metallic [36]. It is clearly observed from the band structure in figure that the p
states are filled well above the conduction band because of the addition of Ni element to the CoCrFe alloy system.
In addition, it is determined that the s and p states also contribute to the DOS in the valence band and conduction

band.
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Figure 5. Band structure of CoCrFe.
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Figure 6. Band structure of CoCrFeNi.
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In order to understand the lattice dynamics microscopically, it is required to know the phonon distribution.
Phonon properties of solids are very important because they are closely related to various fundamental properties
such as thermal expansion, specific heat, electron-phonon interaction, and thermal conduction by lattice [37].
According to the lattice vibration theory, there are 3n number of phonon arms in a crystal with n number of atoms
per unit cell. These phonon arms consist of 3 acoustic arms and 3n-3 optical arms [38]. In order to verify the
dynamic stability of CoCrFe and CoCrFeNi high entropy alloy systems, phonon dispersion curves were calculated
along the path containing the high symmetry points of the Brillouin region, as seen in Fig. 7 and Fig. 8. There are

3 atoms in the primitive unit cell of the Pm3m alloy model with space group symmetry. Thus, it is observed that
the phonon spectrum has a total of 9 branches, 3 being acoustic modes and 6 being optical modes. In a stable
crystal structure, all phonon frequencies must be positive [39]. It was determined that the phonon frequencies
obtained for both alloy systems were positive along the high symmetry directions of the Brillouin region, in other
words, no imaginary phonon frequencies were observed. This clearly indicates that both alloy systems are
dynamically stable [37, 38, 40].

Itis clearly observed in figures that the addition of element Ni to the CoCrFe alloy system causes a decrease
in phonon frequencies. It is known that high-frequency phonon modes originate mainly from light atoms, while
low-frequency phonon modes originate from heavier atoms [39]. Therefore, it can be argued that the addition of
Ni element to the CoCrFe alloy system causes a decrease in phonon frequencies. It is observed that the gaps
between the optical and acoustic phonon modes in the phonon distribution curves of both alloy systems are very
small or does not exist in some high symmetry directions, and they intersect with each other at more than one
Brillouin zone point. It can be argued that this is an indication of the high entropy alloy systems used in the study
exhibiting a ductile structure [41]. There are many studies in the literature in which ductility is analyzed by
associating it with phonon dispersion [42-46]. However, in Figure 8, the formation of a frequency gap between
the optical and acoustic arms in the phonon distribution curve in the A5-I'-A6 high symmetry directions of the
CoCrFeNi alloy system is clearly observed. When the energy band structure of the same alloy system is examined
in Figure 2, it can be determined that a small band gap is formed in the same high symmetry directions. Although
there is a frequency gap in these directions of the Brillouin zone, this does not affect the dynamic stability of the
system. In addition, the frequency gap can be directly related to the mass ratio of atoms in the model system. A
higher mass ratio indicates a larger frequency interval [37].
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Figure 7. Phonon curves of CoCrFe.
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Figure 8. Phonon curves of CoCrFeNi.

4. Conclusion

In summary, we have performed tight-binding DFT calculations of CoCrFe and CoCrFeNi HEAs. The
geometric optimization, electronic and thermodynamic properties have also been investigated. Fe and Cr atoms
tend to bond during the optimization because of strong metallic Cr—Fe interactions. Cv values are obtained as 0.82
J/mol.K and 0.94 J/mol.K for the CoCrFe and the CoCrFeNi. Moreover, there is no band gap formation along the
high symmetry lines at the Fermi energy level for both alloys due to exhibit metallic properties of systems. the
gaps between the optical and acoustic phonon modes in the phonon distribution curves of both alloy systems are
very small and does not exist in some high symmetry directions.
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