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The effect of Cr content on the microstructure and mechanical properties of CryFeNiCu high entropy alloys
(HEAs) was firstly studied by first-principles calculations. The calculated results show that the hardness of the
alloys increased with the expense of its plasticity decrease, if the content of Cr in the alloy increased. In order to
verify the calculated results, CryFeNiCu (x = 0.8, 1, 1.5 and 2) high entropy alloys were synthesized by vacuum
induction melting in the present study. The results show that as the value of x increased from 0.8 to 2, the crystal
structure changed from single phase face centered cubic (FCC) phase to a mixture of FCC and body centered

cubic (BCC) phases. For the single phase FCC (x = 0.8) structure, both the tensile strength and hardness values
were low, which were 491.6 MPa and 322.2 HV respectively, however, the plasticity was high, reaching 33.2%.
With the formation and growth of BCC phase (x = 2) the tensile strength and hardness of the alloy were
significantly improved, which were 872.6 MPa and 808 HV, respectively.

1. Introduction

High entropy alloys (HEAs) have attracted considerable attention in
the past decade. Unlike conventional alloys comprising one or two main
elements [1,2], HEAs typically contain more than four principal com-
ponents, which results in high configurational entropy to inhibit the
formation of intermetallic compounds and promote the development of
simple solid solutions, for instance, body centered cubic (BCC), face
centered cubic (FCC) or the mixture of them [1,2]. HEAs have shown
excellent physical and mechanical properties, including high strength
[3-5] and hardness [6,7], and superior resistance to oxidation [8,9] and
corrosion [10-12], thereby heralding a new era for creating high per-
formance structural materials.

The variation of composition in a high-entropy alloy system is ex-
pected to have a significant effect on its crystal structure, micro-
structure and mechanical properties [13-20]. For example, with the
increase of Al content, the relative amount of FCC and BCC phases
changes in Al,CoCrFeNi system [13]. The increase of Al content (and
the decrease of Ni content) in CrFeNi)Aly system saw its strength
enhanced, accompanied by the drop of ductility as a result of the alloy
being transformed from hypoeutectic to hypereutectic microstructure.
Varying the Pd content also affects the microstructure of

CoCrFeMnNiPd, alloy [15]. The results show that with the increase of
Pd content, the alloy microstructure transformed from the divorced
eutectic to the coarse granular divorced eutectic structure, surrounded
by fine flaky dendritic crystals. As the content of Pd continued to in-
crease, the seaweed dendritic pattern emerged.

In recent years, the first-principles calculation based on density
functional theory has been used to shed light on the unique properties
of the high entropy alloys [21-23]. For example, the thermodynamic
properties of the CoCrFeMnNi high entropy alloy (HEA) are probed by
first principles calculations [22]. The results show that the contribution
of vibration, electron and magnetic entropy contribution must be con-
sidered to accurately predict the phase stability in the HEA systems. For
Al,CrMnFeCoNi high-entropy alloy system [23], the effect of Al content
on the elastic properties in both body-centered cubic and face-centered
cubic structures was simulated. With the increase of Al content, the
lattice constant of high entropy alloy is increased. The calculated elastic
parameters show that the elastic anisotropy is unusually high in both
structures.

It is worth noting that computational simulations have rarely been
combined with experiments in the exploration of high entropy alloys.
To address this shortcoming a series of CryFeNiCu high entropy alloys
were prepared in this work, and the influence of Cr content on their
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microstructures and mechanical properties were studied by coupling
first-principle calculations with experiments. The strengthening me-
chanisms were identified and discussed for this alloy system.

2. Computational methods

This work was carried out using the Castep (Cambridge Sequential
total energy package) based on density functional theory. The solid
solution model was established using the VCA(virtual crystal approx-
imation). Because the high entropy alloy has an incompletely ordered
cubic structure, a single cell was employed to build cubic structures and
virtual crystal approximations on atoms in the cell so as to avoid errors
which may produce “virtual atoms” [24].

The PBE (Perdew burke ernzerhof) of the GGA (generalized gradient
approximation) was adopted to create electron exchange association
function. The interaction between electron and ion was disposed by the
norm-conserving pseudopotential [25] based on the first-principles
modelling. The plane truncated energy Ecut was set at 690.0 eV. To
ensure the sensitive simulations of the elastic tensor, the energy cutoff
was increased to 700.0 eV [26]. The alloy integration was performed
using a 12 X 12 x 12 k-point mesh via the Monkhorst-Pack method.
The density mixing (Pulay) was applied in self-consistent field and the
convergence conditions are given as follows: a) the value of SCF (Self-
consistent Field) tolerance is 1.0 x 10~ ° eV/atom; b) the value of
change mixing amplitude is 0.5; and c) the value of max SCF cycles is
100.

3. Experimental procedures

Chrome particles (purity 99.9%, 1-2 mm in diameter and 5 mm in
length), iron particles (purity 99.9%, 1-2 mm in diameter and 5 mm in
length), nickel particles (purity 99.9%, 1-2 mm in diameter and 5 mm
in length) and copper particles (purity 99.9%, 1-2 mm in diameter and
5 mm in length) were used as starting materials. A series of Cr,FeNiCu
x 0.8,1,1.5 and 2) compacts were prepared by a mix of these
powders. The green bodies were placed in ceramic crucible before the
induction melting in high purity argon. The induced current was set as
500 A. After all particles melted, the magnetic force was used to stir
molten metals for about 5 min. The liquid metal was poured into a
copper crucible and then cooled down to room temperature.

The phase constitution was detected by X-ray diffraction (XRD)
analysis (Bruker-AXS D8 Advance). The microstructures and chemical
composition of the four Cr,FeNiCu alloys were characterized by scan-
ning electron microscope (SEM, FEI Quanta 250 FEG) and energy-dis-
persive X-ray spectroscopy (EDS, FEI Quanta 250 FEG). The SEM spe-
cimens were prepared by mechanical polishing, followed by chemical
etching with aqua regia (HCI:HNO3 = 3:1). Image-Pro Plus 6.0 soft-
ware was employed to measure the grain sizes of the four CrFeNiCu
alloys. This was done using the SEM images acquired at 3000 X mag-
nification; at least three SEM images were analysed for each alloy. The
volume fractions of FCC and BCC phases were estimated by the Image J
software. The transmitted samples were cut into thin slices (0.5 mm) by
wire cutting and ground to a thickness of about 40 pm. Three disks were
prepared from the thin samples. Subsequently, the specimens were
further thinned using ion milling (Gatan 695C) at a voltage of 5 keV
with the angle of 6° to be suitable for microstructural analysis under a
transmission electron microscope (TEM, TECNAI G2 20 LaB6).

The tensile samples (length ~10.6 mm; width ~2.4 mm; and
thickness ~1.2 mm) were wire cut from the ingots. Three samples were
prepared for each alloy and tested using UTM/CMT 5000 electronic
universal testing machine under a strain rate of 0.5 mm/min at ambient
temperature. The fracture surface was observed by SEM. The hardness
was measured under a maximum load of 5 N by Vickers hardness tester
(HVS-1000). Each specimen was measured at least 5 times for obtaining
the average value.
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4. Results and discussions
4.1. Phase analysis

In order to build a high-fidelity model for computational simula-
tions, the crystal structure of Cr,FeNiCu high entropy alloys was
tackled. For that, the parameter 22 was proposed to predict whether
stable solid phase can form in an alloy [27,28], which is expressed
below:

 TuASpix
|AH i | (€]
n
Tn = Z Ci(Tm)i
i=1 2
n
ASmix = —R ), (c;Inc;)
i=1 3
" N
AHpiy = 4 ) AH™ci¢;
i=1
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where ¢; is the atomic percent of the each element, T;, is the melting
temperature, R is the gas constant (8.314 J K~ Lmol ~1). Besides, AHmix
ij is the mixing enthalpy between the i, and j,; elements, as pointed out
in Fig. 1.

For CryFeNiCu HEAS, T, ASnix, AHpyi and Q2 are calculated and
shown in Table 1. It can be seen that when Cr content increases from
0.8 to 2, the Q value of Cr,FeNiCu HEAs moves up from 3.98 to 5.57.

In addition, to appreciate the lattice distortion in the structure, the
parameter § can be used as follows [27,29]:
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where ¢; is the atomic percent of each element and r; is the atomic size
of each element (see Fig. 1). § is calculated and it value is given in
Table 2. The criteria for forming a single solid solution are 2 > 1.1
and § < 6.6% [30]. Therefore, the Cr,FeNiCu high entropy alloy is
expected to form solid solution.

The above parameters 2 and § may predict whether an alloy can
form single phase solid solution but are unable to determine the
structure of phase. From the viewpoint of electronic structure, Guo [31]
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Fig. 1. Values of AH,,;x calculated by Miedema model and atomic sizes of the
elements in CryFeNiCu HEA system.
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Table 1
Tpns ASmixs AHpmi and Q of Cr,FeNiCu HEAs with different x values.
Specimen T, K AS iy, JK ™ tmol ! AHpix, kJ'mol ™1 Q
Cro.gFeNiCu 1747.78 11.49 5.04 3.98
CrFeNiCu 1769.25 11.53 4.75 4.29
Cr; sFeNiCu 1814.77 11.38 4.15 4.98
CryFeNiCu 1851.40 11.08 3.68 5.57
Table 2
8 and VEC of Cr,FeNiCu HEAs with different x values.
Specimen 8% VEC
Cro gFeNiCu 1.22 8.89
CrFeNiCu 1.20 8.75
Cr, sFeNiCu 1.14 8.44
CryFeNiCu 1.08 8.20

proposed that the phase stability of HEAs can be assessed by valence
electron concentration (VEC). (Essentially e/a is used to predict the
phase stability of HEAs).

n
VEC = ) ¢(VEC);

i=1

@)

where VEC is the number of valence electrons per element. In Guo's
study, most HEA alloy systems follow the VEC rule. It is found that the
FCC is stable when VEC= 8, and the BCC is stable when VEC< 6.87, in-
betweens are a mixture of FCC and BCC phases. The VEC of the
CryFeNiCu high entropy alloys with different x values were calculated
and presented in Table 2, it indicates that the Cr,FeNiCu high entropy
alloy is made of FCC single phase.

4.2. First principles calculation

The elastic constants of metallic materials are described as the stress
used to maintain given deformations. Stress [0,s] and strain [eqg] are
considered to be second-order symmetric tensors, which are expressed
aso;(i=1,23,456)and¢ (j = 1, 2, 3, 4, 5, 6), respectively.
Therefore, the elastic constant C; can be expressed with a 6 X 6 sym-
metric coefficient matrix, which connected o; and &;.

Note that high entropy alloys assuming cubic crystal structure only
have three elastic constants. The elastic constants (Cyz) of the FCC
CryFeNiCu (x = 0.8, 1, 1.5 and 2) high entropy alloys, which are de-
fined as C;;, C;5 and C4y, were simulated and the results are listed in
Table 3. The elastic constants can be used to evaluate the mechanical
stability of the materials, according to the criterion below [32]:

C;1>0,Ciy>0,Cp —C12>0,C1+2C, >0 8)

The Cauchy pressure (C;2—C4q) is related to the bonding char-
acteristic of the inner part of the structure [33]. The positive value of
Cauchy pressure indicates that metal bonds in the material while the
negative value suggests covalent bonds. As the content of Cr increases,
the Cauchy pressure (C;2-C4q) is always positive. In addition, the
Cro gFeNiCu high entropy alloy exhibits the extremely high value of
Cauchy pressure among as listed in Table 3, suggesting that the metal
bonds are dominant in the alloy.

Table 3

Elastic constants (Cj) of Cr,FeNiCu HEAs.
Specimen C;1/GPa C;2/GPa C44/GPa C12-C44/GPa
Cro gFeNiCu 245.66 241.73 112.28 129.45
CrFeNiCu 227.36 154.64 112.06 42.58
Cr; sFeNiCu 254.34 107.21 92.89 14.32
CryFeNiCu 421.73 119.96 91.68 28.28

Progress in Natural Science: Materials International 30 (2020) 239-245

Table 4
Bulk modulus B, shear modulus G, Young's modulus E, Poisson's ratio v and G/B
of Cr,FeNiCu HEAs.

Specimen B/GPa G/GPa E/GPa v G/B
Cry gFeNiCu 243.04 84.82 227.94 0.34 0.35
CrFeNiCu 178.88 102.39 259.95 0.26 0.57
Cr; sFeNiCu 156.25 107.55 262.44 0.22 0.69
Cr,FeNiCu 220.55 136.05 338.54 0.24 0.62

The bulk modulus B, shear modulus G, Young's modulus E and
Poisson's ratio v of the Cr,FeNiCu high entropy alloy are calculated,
according to Voigt-Reuss-Hill equations below [34]:

_ (Ci1 + 2Cyn)

B
3 ©)
Gy + Gy
g=Sv*tor
2 (10)
G = (C11 + Cia + 3C44)
v 5 (11)
= 5(Cn — C12)Cyy
4Cy + 3(Cpy — C12) (12)
_ 9BG
T 3B4+G 13)
,_ 3B-26
2B + G) 14)

The results are listed in Table 4. The high values of shear and
Young's modulus often signify the high hardness and low plasticity
[35]. With the increase of Cr content, the shear modulus increased from
84.82 GPa to 136.05 GPa, and the Young's modulus increased from
227.94 GPa to 338.54 GPa. Therefore, the CrygFeNiCu high entropy
alloy may have the lowest hardness and highest plasticity, while the
Cr,FeNiCu high entropy alloy may show the opposite pattern.

The ratio of shear modulus to bulk modulus (G/B) can be used to
estimate the plasticity of an alloy; that is, when G/B < 0.57, the alloy
may show a good ductility [36]. As obtained in Table 4, the plasticity of
the high entropy alloys decreases as the content of Cr increases. The
high entropy alloy CrygFeNiCu may have good ductility. Besides, the
Poisson's ratio v can also be used as a criterion for determining whether
materials are brittle. When v > 0.31, the alloy may exhibit a good
ductility [37]. The Poisson's ratio v of the CrygFeNiCu high entropy
alloy again indicates that it is ductile while others might be brittle.
However, it is worth pointing out that the strength and plasticity are
macroscopic properties of the material, which are determined by var-
ious factors. The results of the first principles calculations were used to
gain insight of the mechanical properties of the material. In the fol-
lowing sections, the strength, hardness and plasticity of the alloys will
be verified by the experiments.

4.3. Microstructure

Fig. 2 shows the XRD diffraction patterns of Cr,FeNiCu high entropy
alloys. With the increase of Cr content the phase constituents changed
from single-phase FCC to dual-phase type containing BCC and FCC.
Specifically, when the Cr content was less than or equal to 1 (x < 1),
only the FCC crystal structure could be observed. However, when the
value of x was 1.5 the BCC peak (110) began to appear near FCC peak
(111). When the value of x further was increased to 2, the BCC peak
became more intensive.

The high entropy alloys (x 1.5 and 2) comprise FCC + BCC
phases, which contradicts the VEC rules. The results indicate that other
factors may play an important role. What's more, the phase stability
determined by VEC only applies to the system with similar atomic size
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Fig. 2. XRD patterns of CryFeNiCu high entropy alloys with different x values.

[31]. It is also worth noting that the diffraction peak of CryFeNiCu high
entropy alloy has a small shift to the left, which may result from the
increase of the interplanar crystal spacing caused by the increase of Cr
content.

In order to study the phase development with increasing Cr content,
the microstructures of CryFeNiCu alloys with different Cr contents were
obtained and are shown in Fig. 3. Fig. 3a shows a coarse columnar
structure, and Fig. 3b shows a dendritic structure. Both of them are
supposed to comprise single phase FCC, according to the XRD analysis
in Fig. 2. Fig. 3(c and d) reveals the microstructures of x 1.5 and
x = 2 alloys, respectively. Fig. 3c shows a fine, more equiaxed dendritic
structure, while Fig. 3d shows a much finer structure. In Fig. 3c, a small
number of dark regions (which were found to be BCC phase likely [38])
were found. When the content of Cr continued to increase, these dark
regions expanded. That is because that the volume fraction of BCC
phase increases gradually, accompanied by the decrease in the volume
of FCC phase decrease.

The EDS results in Table 5 show that both the FCC phase (area A)

Progress in Natural Science: Materials International 30 (2020) 239-245

Table 5
Chemical compositions of Cr,FeNiCu HEA by SEM/EDS (areas marked in
Fig. 3).

Specimen Nominal composition Area Element (at.%) Ni Cu
Cr Fe

CrogFeNiCu  Craj 1Fegs 3Nizg3Clzgs A 26.80 31.90 29.77 11.53
C 9.06 9.02 16.36  65.56

CrFeNiCu CrasFeasNiysCuss A 29.95 30.90 27.17 11.98
C 9.72 10.18 19.18 60.92

CrysFeNiCu  Crsz4Fezs oNizy 5Clzz s A 32.04 28.28 27.14 1254
B 33.09 28.38 26.23 12.30
C 11.12 16.13 20.15 52.6

CryFeNiCu CryoFezoNizgCuszg A 33.87 24.01 30.95 11.17
B 50.84 2426 18.75 6.15
C 19.99 9.06 11.53 59.42

and the BCC phase (area B) were enriched in Cr and Fe, while the
crystal boundaries (area C) were enriched in Cu. By contrast, Ni ele-
ments evenly distributed throughout the samples. The Cu element
segregation in the crystal boundaries can be explained by the AHp;y
between Cu atoms and other atoms [39]. The AH,,;; of Cu—Cr,Cu-Fe
and Cu-Ni were 12 kJ/mol, 13 kJ/mol and 4 kJ/mol, respectively
(Fig. 1). The AHp,x of Cu-Ni was significantly lower than others.
Therefore, Cu element tended to segregate at the crystal boundaries,
rather than stayed within the grains where Cr and Fe were con-
centrated.

TEM analysis reveals detailed microstructure and phase composi-
tion of the Cr,FeNiCu HEA. The diffraction pattern of FCC solid solution
is shown in Fig. 4a. In comparison, the diffraction patterns of both FCC
and BCC solid solutions are displayed in Fig. 4b. The lattice planes are
also indexed.

4.4. Mechanical properties

Fig. 5 shows the engineering stress-strain curves of the CryFeNiCu
alloys. It can be seen that with increasing Cr content, the tensile
strength of the alloys increased, while the elongation-to-failure

Fig. 3. Microstructure of Cr,FeNiCu alloy with different x values, (a) x = 0.8; (b) x = 1; (¢) x = 1.5; and (d) x = 2.
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Fig. 4. TEM image and selected area electron diffraction of the Cr,FeNiCu HEA, (a) x = 1 and (b) x = 2.
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Fig. 6. Microhardness of CryFeNiCu HEAs with different x values.

decreased. The hardness values of the CryFeNiCu high entropy alloys
with different Cr contents were also investigated and the results are
reported in Fig. 6. It shows that with the increase of Cr content, the
hardness increased from 322.2 HV to 808 HV. The results indicate that
the Cr variation has a significant effect on the tensile properties of the
CryFeNiCu high entropy alloy system. When x = 0.8, the alloy had a
single FCC structure, its tensile strength was 491.6 MPa and its elon-
gation-to-failure was 33.2%. When the value of x increased to 1, the
tensile strength was 565.5 MPa while the elongation was 21.5%. When
the value of x increased to 1.5, the tensile strength and elongation-to-
failure of the alloy were 761.8 MPa and 12.6%, respectively. As the
value of x increased further to 2, the tensile strength of the CryFeNiCu

243

high entropy alloy was 1.78 times higher than that of single-phase FCC
alloy for Crg gFeNiCu high entropy alloy, while its plasticity reduced
considerably to 3.3%.

A number of strengthening mechanisms have been found in high
entropy alloys [4,5,14,17]. For most of them, the plastic deformation
depends on dislocation slip. Therefore, the factors that resist the dis-
location slip can improve the strength of the materials.

Solid solution strengthening is often seen as one of primary
strengthening mechanisms for high entropy alloys, which is mainly
realized by the uniform distribution of constituent atoms. When Cr
atoms are dissolved in the matrix to form solid solution, lattice dis-
tortion is expected to occur in the matrix. The stress field caused by
lattice distortion interacts with the stress field around the dislocations,
which making the dislocations motion more difficult to take place.
Consequently, the shear stress required for the dislocation slip increase
in order to overcome such pinning effect. In addition, the solute atoms
might segregate around stacking faults, further blocking the movement
of dislocations. The tensile strength rise Ady due to the solid solution
strengthening can be expressed as [40]:

1
)(f 2
Adopyee = Ge| —

4 (15)

where G is the shear modulus of the alloy, ¢ is the difference in the
diameter between the parent atoms and the solute atoms (refer to the
previous dates in Fig. 1), and Xy is the concentration of the solute atoms.
When the value of x increases, the values of G (refer to the previous
simulation in Table 4) and Xy increase as well. Hence, the increase of Cr
content can lead to a higher degree of the solid solution strengthening
effect.

The grain size in this work was found to decrease with the increase
of x value, as shown in Fig. 7a. The decrease of grain size is known to
increase grain boundary area and boost the resistance to dislocation
movement, thereby raising the strength of high entropy alloys. The
yield stress o; can be calculated according to the classical Hall-Petch
equation [41-43]:

0, =0y + st’% (16)

where o; and 0y are the yield stress and lattice friction stress, K; is
constant and d is the average diameter of grains. If the grain size
changes from d; to d,, a change of the strength would result and can be
given as [41]:
1 1

Ag, = Ks(dﬁ - dl‘i) an

As the value of x increases from 0.8 to 2, the average grain size of
the alloys decreases from 25.3 pm to 8.9 pm, indicating that the Hall-
Petch effect plays an important role in the strengthening mechanism of
the alloys.

The structural strengthening also plays an important part in this
work. As the value of x increased the volume fraction of the BCC phase
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Fig. 7. (a) Average grain sizes of Cr,FeNiCu HEAs with different x values (b) Volume fractions of FCC and BCC phases of CrFeNiCu HEAs with different x values.

increased, and at the same time the volume fraction of FCC decreased,
as shown in Fig. 7b. When the values of x were 0.8 and 1, the volume
fraction of the FCC was 100%. As the value of x increased to 1.5, the
volume fraction of the BCC increased from 0 to 12.5%. With a further
increase of the value of x to 2, the volume fraction of the BCC increased
to 34.3%. For Cr,FeNiCu high entropy alloys, the structural strength-
ening O can be given as follows [44]:

Ostrue = Orcc X Vree + Ogec X Vaee (18)

where 0y is the tensile strength, Vpcc and Vpec are the volume frac-
tions of FCC phase and BCC phases, respectively. Due to the fact that
the BCC phase has a greater strength and lower ductility than the FCC
phase (0gcc > Opcc) [45,46], the structural strengthening became
apparent as the volume fraction of the BCC increased.

The SEM images of the tensile fractured surfaces of Cr,FeNiCu high
entropy alloys are shown in Fig. 8a and Fig. 8b, respectively, for
x = 0.8 and x = 1. Many small dimples were observed on the fracture
surface, which were fibrous and showed typical ductile fracture. When
the value of x was 1.5, the dimples became smaller in size and fluvial
patterns appeared, as seen Fig. 8c, which represent a mix of ductile and
brittle fracture. With the further increase of Cr content, the fracture

surface of the high entropy alloy showed typical brittle fracture char-
acteristics. As seen in Fig. 8d, no dimple structure was found, indicating
a brittle failure mode. The previous study [47] has explained this
phenomenon with respect of dislocation motion. The number of slip
system in the FCC structure is more than that of the BCC, and the
stacking fault energy is also higher, so plastic deformation can take
place readily in the FCC-dominated structure.

5. Conclusions

A series of CryFeNiCu (x = 0.8, 1, 1.5 and 2) high entropy alloys
have been prepared by vacuum induction melting. The influence of Cr
content on the phase formation, tensile strength and ductility of the
alloys is addressed.

1) With the increase of Cr content, the Cr,FeNiCu high entropy alloys
exhibit a change in phase composition from FCC single phase to
FCC + BCC dual phase. Moreover, Cu segregates at the crystal
boundaries.

2) With the value of x increasing from 0.8 to 2, the strength and
hardness of the high entropy alloys are significantly enhanced and

Fig. 8. Fracture surfaces of Cr,FeNiCu alloys with different x values, (a) x = 0.8; (b)) x = 1; (¢c)x = 1.5and (d) x = 2.
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the plasticity reduced, which is consistent with the simulation re-
sults. Specifically, the tensile strength increases from 491.6 MPa to
872.6 MPa, and the Vickers hardness rises from 322.2 HV to 808
HV. The fracture surface shows a transition from ductile to brittle
failure pattern. The ductility of the alloys is also in line with the
simulation results.

3) The solution strengthening, grain boundary strengthening and
structural strengthening are the main strengthening mechanisms
identified in this high entropy alloy system. In particular, the in-
crease of Cr content results in the increase in volume fraction of
BCC, which plays an important role in strengthening to the alloys.
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