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1 Introduction

Mechanical properties of CrFeCoNiCu, (0 = x = 0.3)
HEAs from first-principles calculations

Yu Liu, ©2° Zhipeng Wang, Hui Xiao,® Gang Chen,*® Touwen Fan*® and Li Ma®

Frist-principles calculations combined with exact muffin-tin orbitals (EMTO) and coherent potential
approximation (CPA) methods are conducted to investigate the effects of Cu content on mechanical
properties of CrFeCoNiCu, (0 = x = 0.3) high-entropy alloys (HEAs), and the dependencies of relevant
physical parameters on Cu content in HEAs are shown and discussed in this work. It is found that the
equilibrium lattice constant increases linearly and the elastic constant decreases gradually with
increasing Cu content, and the crystal structure of CrFeCoNiCu, (0 = x = 0.3) HEAs can preserve
mechanical stability according to the stability criterion of cubic crystals. From the general trend, adding
Cu atoms to CrFeCoNi-based HEAs will reduce elastic moduli, Vickers hardness, and yield strength,
whereas ductility and plasticity of HEAs show the opposite trend. Also, three different dislocations,
including screw, edge, and mixed dislocations, and twins are more likely to occur in HEAs with high Cu
content because energy factors decrease steadily and dislocation widths increase gradually with
increasing Cu content. The present results provide valuable theoretical verification for further research
on the mechanical properties of CrFeCoNiCu, (0 = x = 0.3) HEAs.

e.g., mechanical properties,"” hydrogen embrittlement,'®"

An alloy with five or more principal elements in equiatomic or
nearly equiatomic proportions is called a high entropy alloy
(HEA), which was first introduced by Yeh et al. and Cantor et al.
in 2004.%* Due to the high entropy,® severe lattice distortion,*
sluggish diffusion,® and Cocktail effects,® promoting the alloy
forms a simple solid solution, such as a face-centered cubic (fcc)
phase, body-centered cubic (bcc) phase or hexagonal close-
packed (hcp) phase or their mixtures, rather than a complex
crystal structure with multiple phases and intermetallic
compounds.”> Moreover, making the special mixture reflects
many outstanding properties, including high hardness,® high
strength," corrosion resistance,' wear resistance," and elec-
tromagnetic properties,'® which cannot be matched by tradi-
tional alloys. Thereby, HEAs have become one of the hotspots in
material research in recent years. In addition, first-principles
calculations has been widely applied and proved to be effec-
tive in studying the physical properties of different materials,
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antioxidation mechanism,**** and thermodynamic properties,>
thus theoretical analysis is a significant means to reveal the
intrinsic properties of materials.

To date, the properties of HEA systems composed of Fe, Co,
Cr, Ni, Mn, Al, Cu, Mo, and Ti elements have become the
research focus and a lot of related studies have been done. For
experimental researches, Shun et al.>* produced four modified
CoCrFeNiAl 3, CoCrFeNiTig 3, CoCrFeNiMoy 3, and
CoCrFeNiAl, sMo, 1 HEAs, and investigated their microstruc-
tures to understand the relationships between nanoparticle
formation/ordering and alloy composition for fcc HEAs, the
results revealed that the formation of nanoparticles was mainly
affected by the high mixing entropy, sluggish cooperative
diffusion of atoms, and negative mixing enthalpies. Fu et al.>*
observed the formation of 5 vol% nano-twins in the bulk
Co,5Ni,sFeysAl; sCuyy s HEA, and found that the alloy exhibited
a hardness of 454 HV and a compressive yield strength of
1795 MPa, which was much higher than that of most previously
reported HEAs with fcc crystal structure (130-700 MPa). Zhao
et al.” studied the effects of Cr content on phase formation and
magnetic properties of CoCr,CuFeMnNi (x = 0, 0.5, 1.0, 1.5, 2.0
mol) HEAs, and the results showed that the alloys milled for
50 h formed a single fcc phase when Cr content was below
1.5 mol, whereas the phase structure consisted of fec and bee
phases when Cr content was between 1.5 and 2.0 mol, and the
soft magnetic properties decreased gradually with the increase
in Cr content, which was attributed to the decrease in the
content of ferromagnetic components and the formation of bec
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phase. Gludovatz et al.” studied the mechanical properties of
equiatomic CrMnFeCoNi HEA at a cryogenic temperature of 77
K, and found that the alloy had excellent fracture toughness
above 200 MPa m"? and tensile strength exceeding 1000 MPa.
For theoretical studies, Ma et al*® applied the finite-
temperature ab initio methods to investigate the thermody-
namic properties of CoCrFeMnNi HEA, indicated that the vari-
ation of vibrational entropy, electronic entropy, configuration
entropy, and magnetic entropy among the various phases
induces a strong spread in the corresponding entropy contri-
butions and thus affects phase stability differences markedly.
Meanwhile, on the basis of exact muffin-tin orbitals (EMTO)
and coherent-potential approximation (CPA),*” Sun et al’®
studied the phase selection rule of paramagnetic Al,-
CrMnFeCoNi (0 = x = 5) HEAs with fcc and bee phases, and the
results showed that the crystal structure of the alloys trans-
formed from fcc phase to bee phase with increasing Al content
in the range of 0.482 < x < 1.361. Huang* explored the ordering-
induced elastic anomaly in the FeCoNiAl, ,Ti, (0 <x = 1) HEAs
by first-principles calculations, and the existence of L1, phase
was the reason for the strong stability of shear deformation of Ti
rich components. In addition, Singh et al.** proved the existence
of short-ranged order (SRO) structure in AICoCrFeNi HEA by the
thermodynamic theory of electronic structure.

According to above researches, the experimental and theo-
retical studies on the physical properties of HEAs have been
extensively carried out. However, the theoretical analysis on the
mechanical properties of HEA systems consisted of Fe, Co, Cr,
Ni, Mn, Al, Cu, Mo, and Ti elements is still insufficient.
Therefore, this paper aims to study one of the HEA systems,
CrFeCoNiCu, (0 = x =< 0.3) HEAs with fcc crystal structure, and
analyze the effects of Cu content on mechanical properties of
the HEAs by first-principles calculations combined with the
EMTO-CPA method. Physical parameters, such as elastic
constants, elastic moduli, Poisson's ratios, Pugh's ratio, and so
on, are calculated for the HEAs with different Cu contents, and
the corresponding variation curves are displayed and discussed.
The present results provide a valuable theoretical guidance for
studying high-performance CrFeCoNiCu, (0 = x < 0.3) HEAs in
the future.

2 Computational details

In this work, the EMTO-CPA method based on the density
functional theory (DFT) was used to investigate the effects of Cu
content on mechanical properties of CrFeCoNiCu, (0 =< x = 0.3)
HEAs with fcc crystal structure. The EMTO method was an
effective theoretical approach for solving the Kohn-Sham
equations to obtain the exact single-electron potential under the
optimized overlapping muffin-tin potential spheres and calcu-
lating the total energy by the full charge-density tech-
nique.”®*3*  The CPA was a single-site mean-field
approximation theory to deal with the substitutional disorder
of chemical and magnetic degrees of freedom, herein, the local
lattice relaxation effects and atomic short-range order were
ignored completely.>**® The generalized gradient approxima-
tion (GGA) of Perdew-Burke-Ernzerhof (PBE) was selected as
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the exchange-correlation functional to obtain the charge
density and total energy.”® The electronic states of s, p, d, and f
orbitals of EMTO basis set was optimized.*” Moreover,
a rigorous k-points convergence test is conducted by Brillouin
zone integrations before calculation, and then the k-points of 29
x 29 x 29 are chosen to ensure the accuracy of all energies and
energy differences between different crystal lattices.*® The
Green's function of 16 complex energy points distributed on the
Fermi surface was solved.?> The calculated energy-volume data
were accurately fitted by the Morse-type function® to obtain the
equilibrium volume, and the thermal contribution was ignored
because all calculations were based on static lattice.

3 Results and discussions

According to the set conditions, the equilibrium lattice constant
a, of CrFeCoNiCu, (0 = x = 0.3) HEAs is calculated firstly, and
then the corresponding variation curve of the physical param-
eter versus Cu content for the HEAs is displayed in Fig. 1.
Clearly, it can be seen that the value of equilibrium lattice
constant a, gradually increases in a linear form with the
increase in Cu content from 0 to 0.3, which shows that Cu atom
addition to CrFeCoNi-based HEAs will reduce the interaction
between atoms, thereby causing the lattice expansion. Mean-
while, we compare the calculated lattice constants with avail-
able experimental and theoretical data for CrFeCoNi and
CrFeCoNiCu HEAs, as listed in Table 1. It can be found that the
corresponding theoretical predications are 3.578 A and 3.590 A,
respectively, which are very close to the previous experimental
data for CrFeCoNi and CrFeCoNiCu HEAs,"** and the theo-
retical data for CrFeCoNi HEA,*>** the comparison results verify
the validity of the theoretical analysis method.

Meanwhile, we calculate the elastic constants Cy;, Cy,, and
Cy44 of CrFeCoNiCu, (0 = x =< 0.3) HEAs due to their cubic crystal
structure, and the variation curves of elastic constants C;; versus
Cu content are illustrated in Fig. 2. On the basis of the calcu-
lated results, it can be found that the overall variation trend of
these three parameters is gradually decreasing with the increase
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Fig. 1 Calculated lattice constant ag as a function of Cu content for
CrFeCoNiCuy (0 = x = 0.3) HEAs.
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Table 1 Comparisons of calculated lattice constants with previous experimental and theoretical data for CrFeCoNi and CrFeCoNiCu HEAs

Experimental data

Theoretical data

ao (A) Present
CrFeCoNi 3.578
CrFeCoNiCu 3.590
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Fig. 2 Calculated elastic constants Cj; as a function of Cu content for
CrFeCoNiCuy, (0 = x = 0.3) HEAs.

in Cu content, although there is an obvious fluctuation for the
elastic constant C,, when Cu content is in the range of 6-10%,
suggesting that the capability to resist external forces declines
with increasing Cu content. And the remarkable enhancement
of elastic constant C,, shows that the deformation resistance of
materials increases at 6-10% Cu concentration, which may be
induced by the structural phase transition due to severe lattice
distortion in HEAs, but the specific reasons cannot be obtained
by using the EMTO-CPA method yet. In addition, the calculated
elastic constants C; must meet the stability criterion of cubic
crystals,* the corresponding relationships are formulized by
the following eqn (1). Hence, according to the calculated results
in Fig. 2, it can be seen that the elastic constants C; always
satisfy the constraint conditions at different Cu contents, which
indicates that the cubic crystal structure of CrFeCoNiCu, (0 =< x
= 0.3) HEAs can maintain mechanical stability. To verify the
validity of the calculated results, we compare the theoretical
predictions with available research results for CrFeCoNi HEA,
the present values are respectively C;; = 273.9 GPa, Cy, =
180.1 GPa, and C44 = 176.5 GPa, which agree well with the
previous research data C,;; = 271.0 GPa, C;, = 175.0 GPa, and
C,4 = 189.0 GPa.*

Ci1>0,C44>0,(Cy — C12) >0, (Cpy +2C1) >0 &Y

To study the mechanical properties of CrFeCoNiCu, (0 < x =<
0.3) HEAs, we first calculate three important elastic moduli,
such as bulk modulus B, shear modulus G, and Young's
modulus E, to evaluate the deformation resistance of materials.
According to reference,”” the elastic moduli are related to the

41326 | RSC Adv, 2020, 10, 41324-4133]

3.572,%° 3.574," 3.575 (ref. 42)
3.579,% 3.584," 3.595 (ref. 44)

3.540,*> 3.568 (ref. 45)

elastic constants Cy, the calculation expressions are formulized
by the following eqn (2)-(4), in which Gy and Gy, are respectively
the Voigt and Reuss shear moduli.*® The theoretical predictions
are presented in Fig. 3a, it can be seen that the elastic moduli of
CrFeCoNiCu, (0 = x = 0.3) HEAs decrease gradually with
increasing Cu content, indicating that Cu atom addition to
CrFeCoNi-based HEAs will reduce the deformation resistance of
materials, and it has the greatest influence on the elastic
deformation resistance of alloys. Meanwhile, the results show
that CrFeCoNi HEA has the best deformation resistance with
respect to other CrFeCoNiCu, (0 < x = 0.3) HEAs. According to
the calculated data, the three elastic moduli of CrFeCoNi HEA
are respectively B = 211.4 GPa, G = 104.2 GPa, and E =
268.5 GPa, which fit well with the previous research results B =
207.0 GPa, G = 110.0 GPa, and E = 280.0 GPa,* the comparison
results show that the calculated data are accurate.

B = (Cy +2C0)3 (2)
G = (Gy + Gp)2 (3)
E = 9BGI(3B + G) (4)

In addition, we calculate other elastic moduli, G ooyo10),
G(110)110) and E[140), to further study the deformation resistance
of CrFeCoNiCu, (0 =< x = 0.3) HEAs. Herein, G op)010] = Ca4 and
Guioyiio] = (C11 — C12)/2 represent respectively the resistance to
shear deformation of crystal structure in the (100)[010] and
(110)[110] directions, and Ef;0) = (C11 — C12)(1 — C12)/(C11 + Cr2)
is the resistance to elastic deformation in the [100] crystallo-
graphic direction.®®** Through calculation, we display the
calculated results of these three elastic moduli in Fig. 3b.
Obviously, the values of elastic moduli G100)j010}y G10)170) a0
Epy00) have the similar trend that the overall trend of each
parameter is gradually decreasing, although each variation
curve has an obvious fluctuation at 6-10% of Cu content, sug-
gesting that the deformation resistance of CrFeCoNiCu, (0 =< x
= 0.3) HEAs in the three different crystallographic directions
also decreases with increasing Cu content, and CrFeCoNi HEA
has the best deformation resistance in nature.

Pugh's ratio B/G is a significant physical parameter, which is
usually used to determine the ductility or brittleness of mate-
rials, and the critical value of ductile-brittle transition is
1.75.°>°* Herein, we calculate the ratio of CrFeCoNiCu, (0 < x <
0.3) HEAs according to the calculated elastic moduli B and G,
and the corresponding variation curve is displayed in Fig. 4.
Clearly, the calculated results are always greater than 1.75 in the
range of 0-30%, which indicates that CrFeCoNiCu, (0 =< x =< 0.3)

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Calculated Pugh's ratio B/G as a function of Cu content for
CrFeCoNiCuy (0 = x = 0.3) HEAs.

HEAs are ductile materials, and Cu atom addition to CrFeCoNi-
based HEAs can increase the ductility of alloys as a whole,
thereby CrFeCoNiCu,; HEA has the best ductility compared
with other HEAs with different Cu contents. The curve has
a marked downward fluctuation when Cu content is in the
range of 6% and 10%, indicating that the ductility of
CrFeCoNiCu, (0.06 =< x < 0.1) HEAs decreases dramatically, and
the interesting phenomenon may be related to the severe lattice
distortion of HEAs.

Plasticity is one of the significant physical properties of
materials to evaluate the capability to resist plastic deformation.
In this work, we calculate respectively Poisson's ratios aoo1) and
o[111] to determine the plastic property of CrFeCoNiCu, (0 = x =
0.3) HEAs in the [001] and [111] crystallographic directions, the
calculation expressions are formulized by the following eqn (5)
and (6),>* and the calculated results are depicted in Fig. 5.
According to the calculated results, the overall trend of ypoq]
and o7y11] is slowly increasing with the increase in Cu content,
reflecting that adding Cu atom to CrFeCoNi-based HEAs can
increase the plastic property of materials in the [001] and [111]
crystallographic directions. However, when Cu content is in the
range of 6% and 10%, the calculated values of ajgo1] and o143
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Calculated (a) and (b) elastic moduli as a function of Cu content for CrFeCoNiCu, (0 = x = 0.3) HEAs.

show different trends, which indicates that the corresponding
Cu content has opposite effect on the plastic property of
CrFeCoNiCu, (6 = x = 10) HEAs in the [001] and [111] direc-
tions. Moreover, Poisson's ratio o111 gets the minimum value
when Cu content is 8%, indicating that CrFeCoNiCug 0 HEA
has the worst plasticity compared to other HEAs with different
Cu contents in the [111] crystallographic direction. Additionally,
CrFeCoNiCu,; HEA is the best plastic material in the two
crystallographic directions according to the variation curves.

Cp
= 5
7hot Ciu+ Ci )
o — Ci +2C1 —2Cy (6)
o 2(Cyy +2C1p + Cu)

In addition, Vickers hardness H, and yield strength o, are
calculated to further investigate the mechanical properties of
CrFeCoNiCu, (0 = x = 0.3) HEAs. According to reference,**° the
formulas are respectively H, = 2(k’G)*** — 3 and ¢, = H./3,
where k = G/B. Through calculation, the theoretical predictions
are depicted in Fig. 6. We can find that the total trend of
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Fig. 5 Calculated Poisson's ratios ¢ as a function of Cu content for
CrFeCoNiCuy (0 = x = 0.3) HEAs.
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Fig. 6 Calculated (a) Vickers hardness H, and (b) yield strength ¢, as a function of Cu content for CrFeCoNiCu, (0 = x = 0.3) HEAs.

variation curves is gradually decreasing with increasing Cu
content in the range of 0-30%, though the values of two phys-
ical parameters have upward fluctuations when Cu contents are
in the range of 6% and 10%, and the results indicate that Cu
addition to CrFeCoNi-based HEAs will decrease the Vickers
hardness and yield strength of materials as a whole, namely, the
Vickers hardness and yield strength of CrFeCoNi HEA are better
than those of other HEAs with different Cu contents in nature.

Elastic anisotropy is one of the significant characteristics for
the crystal structure of HEAs due to the severe lattice distortion.
Herein, we calculate anisotropy factors Az and A(;1g)[001] to study
the effects of elastic anisotropy on mechanical properties of
CrFeCoNiCu, (0 = x = 0.3) HEAs, and the calculated expres-
sions are formulized by the following eqn (7) and (8),°**” where
A, denotes the Zener ratio that the ratio of shear moduli
between the (100) and (110) crystal planes,”* A(1g)jo01] is the
anisotropy factor of crystal structure in the (110)[001] direction,
and C' = Cy4 + (Cy1 + C15)/2. Through calculation, the theoretical
predictions of Az and A(110)j001] are displayed in Fig. 7. It can be
seen that the general trend of variation curves is gradually rising
with increasing Cu content, the result suggests that increasing
Cu atom in CrFeCoNi-based HEAs will rise the elastic
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Fig. 7 Calculated anisotropy factors A as a function of Cu content for
CrFeCoNiCuy (0 = x = 0.3) HEAs.
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anisotropy of crystal structure, and it has the greatest effect on
the anisotropy factor Az of materials. In addition, the values of
Az and A(110)[001] increase dramatically when Cu content is 8%,
suggesting that the lattice distortion in CrFeCoNiCu, g HEA is
severer than that in CrFeCoNiCu, o; and CrFeCoNiCu,; HEAs.
Meanwhile, it can be found that the large anisotropy factors
correspond to the good plasticity and the worse deformation
resistance of CrFeCoNiCu, (0 = x = 0.3) HEAs in conjunction
with the previous calculations, the result is consistent with an
important conclusion that the large elastic anisotropy is more
likely to boost the cross slip of screw dislocations in crystalline
materials.®

2Cyu
Ay = — % 7
270y - Cn 9
Cu(C' +2C+C
Ai10)001) = ul 2+ Cu) (8)

CnC - Gy’

It is generally known that the capability of dislocation
nucleation is closely related to the mechanical properties of
crystalline materials, which can be quantified by means of
energy factor K and the small value of K means that dislocations
are more likely to nucleate in materials. In this work, we
calculate respectively energy factors Kycrew and Keqge to investi-
gate the nucleation ability of screw and edge dislocations in
CrFeCoNiCu, (0 = x = 0.3) HEAs, the corresponding formulas
are written by the following eqn (9) and (10),°~** and the
calculated results are displayed in Fig. 8. According to the
calculated results, we can find that the values of Kycrew and Kegge
gradually decrease with increasing Cu content, which implies
that the Cu addition to CrFeCoNi-based HEAs will increase the
capability of dislocation nucleation in HEAs, and the high Cu
content corresponds to the strong nucleation ability, therefore,
the screw and edge dislocations are more likely nucleated in
CrFeCoNiCuy; HEA compared to the HEAs with other Cu
contents. And the energy factor K. is always less than the
energy factor Keqg in the set range of Cu content, indicating
that the screw dislocation is more likely to nucleate in

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Calculated energy factors K as a function of Cu content for
CrFeCoNiCuy, (0 = x = 0.3) HEAs.

CrFeCoNiCu, (0 = x =
dislocation.

0.3) HEAs compared to the edge

Krew = M (9)

Cus(Cry — C12)
Kc e —
dge = (Cin + C12)\/C“(C” + Cip 4+ 2Cy4)

(10)

And finally, we calculate the energy factor Kyixeqa and dislo-
cation width ¢ of mixed dislocation of CrFeCoNiCu, (x = 0, 0.1,
0.2, 0.3) HEAs to further study the dislocation properties of
CrFeCoNiCu, (0 = x = 0.3) HEAs, and the calculated results are
depicted in Fig. 9. The specified formulas are written by the
following eqn (11) and (12),°"% in which 6 (0 = 6 =< ) denotes
the direction angle between Burgers vector and dislocation line,
6 = 0 and 6 = m/2 correspond to the screw and edge disloca-
tions, respectively, and d is the distance between glide planes.
In Fig. 9a, we can find that the energy factor Kixeq of mixed
dislocation gradually decreases with increasing Cu content,
which indicates that the high Cu content is easier to promote
the nucleation of mixed dislocation in CrFeCoNiCu, (0 < x =<
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0.3) HEAs. However, the varying trend of dislocation width { is
opposite to that of energy factor Kpa that the theoretical
prediction of { gradually increases with increasing Cu content,
as depicted in Fig. 9b, suggesting that Cu addition to CrFeCoNi-
based HEAs is conducive to decrease the stacking-fault energy
of the HEAs, thereby boosting the twinning deformation and
improving the plasticity of HEAs.

Kinixed = Kedge Sinz 0+ Kicrew COSZ 0 (11)
I(mixedd

(= ——— 12

Cll - CIZ ( )

4 Conclusions

In summary, the effects of Cu content on mechanical properties
of CrFeCoNiCu, (0 = x = 0.3) HEAs are investigated in this
work. It is demonstrated that Cu addition to CrFeCoNi-based
HEAs will increase the equilibrium lattice constant and
decrease the elastic constants as a whole, and the calculated
lattice constant, elastic constants, and elastic moduli fit well
with previous research results for CrFeCoNi HEA. The general
varying trend of elastic moduli, Vickers hardness, and yield
strength is gradually decreasing with increasing Cu content,
though the corresponding variation curves have an obvious
fluctuation when Cu content is in the range of 6% and 10%,
indicating that HEAs with low Cu content may have better
deformation resistance, whereas the ductility and plasticity of
CrFeCoNiCu, (0 =< x =< 0.3) HEAs are reversed. When Cu content
is 8%, CrFeCoNiCuy s HEA has the worst plasticity in the [111]
crystallographic direction because the Poisson's ratio o[;11] gets
the minimum value, and CrFeCoNiCug s HEA has more severe
lattice  distortion compared to CrFeCoNiCugos and
CrFeCoNiCu, ; HEAs due to the remarkable increase of anisot-
ropy factors. The screw, edge, and mixed dislocations are more
likely to nucleate in CrFeCoNi-based HEAs with high Cu
content, and the screw dislocation is easily inclined to occur in
CrFeCoNiCu, (0 = x = 0.3) HEAs compared to the edge dislo-
cation. Adding Cu atoms to CrFeCoNi-based HEAs is beneficial
to decrease the stacking-fault energy in HEAs, thereby boosting
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Fig. 9 Variation curves of (a) energy factor Knmixeq @and (b) dislocation width ¢ versus direction angle #(0 = 6 = =) between Burgers vector and

dislocation line.
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the twinning deformation and improving the plasticity of HEAs.
The present results provide a theoretical verification for
studying the effects of Cu content on mechanical properties of
CrFeCoNiCu, (0 = x = 0.3) HEAs, which is helpful for the
optimal design and application of high-performance
CrFeCoNiCu, (0 = x = 0.3) HEAs in the future.
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