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High-entropy alloys (HEAs) are a new type of multi-principal metal materials that exhibit excellent mechanical
properties, good thermal stability, and high corrosion resistance, with versatile potential applications. In this
paper, we have investigated CoCrFeNi(Alp 3Tip2)x HEA with different Ti and Al contents using XRD, tensile
testing, and molecular dynamics simulations. The effects of Ti and Al contents and temperature on the me-
chanical properties were also explored. The experimental results showed that the CoCrFeNi(Aly 3Tip2)x HEAs
were mainly composed of the FCC matrix phase and y' phase (Nis(Al, Ti)) after rolling and annealing. The
addition of Ti and Al induced the formation of high-temperature strengthening phases in the CoCrFeNi HEA,
which significantly improved the mechanical properties. The molecular dynamics simulations also indicates that
the elastic modulus and tensile strength of CoCrFeNi(Alp 3Tig.2)x HEA are steadily improved with the Ti and Al
addition. The tensile strength increases with the dislocation density. Besides, we have performed a high-
temperature mechanical characterization of the CoCrFeNiAlp225Tip.15 HEA. The experimental data have
revealed that the material’s strength continuously declines with stretching temperature, opposed to that of
toughness. The high-temperature tensile modulus of elasticity decreases with the temperature. Temperature also

diminishes the tensile strength due to the average reduction of the dislocation density.

1. Introduction

High-entropy alloy (HEA) [1] is a new kind of equimolar
multi-principal alloy. These unique materials go beyond the design of
the traditional alloys with much richly design spaces. HEA are charac-
terized by a particular atomic structure, which in turn stimulates the
interaction of multiple microscopic mechanisms [2,3]. HEA exhibits
various excellent macroscopic mechanical properties, such as high
strength [1], superior hardness [4], high-temperature oxidation resis-
tance, and good corrosion resistance [5]. Doping with different elements
may cause a change in the structural and mechanical properties of HEAs.
At the atomic scale, doping can change the atomic structure of HEA and
aggregation of elements. The microstructural evolution caused by
thermo-mechanical treatment may effectively improve the comprehen-
sive mechanical properties [6]. The characteristics of multi-principal
components provide a very high level of designability of HEAs. HEA
significantly broadens the developmental horizons of new alloys and
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provides a possibility to surpass the performance limits of traditional
alloys.

Many studies have been recently performed on HEAs’ plasticity.
Large blocks of HEA ingots have been prepared using different melting
techniques, and the corresponding tensile properties were examined. Ma
et al. [7] have prepared for the first time a single crystal FCC
Alp 3CoCrFeNi HEA with (001) orientation using the Bridgman direc-
tional solidification method. The tensile strength was only 399 MPa, but
the total elongation could be as high as 80%. It is very challenging for
the (001) orientation and the small-angle grain boundaries formed
during the solidification process to suppress the slippage of dislocations
during the stretching process effectively. Shun et al. [8] studied the
microstructural and mechanical properties of the coarse-grained
Alp 3CoCrFeNi HEA after aging at 700 and 900 °C, showing that the
aging treatment could promote the formation of hard precipitates to
strengthen the alloy. However, due to the large grain size of the FCC
matrix phase, the alloy’s tensile strength after aging treatment was still
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less than 600 MPa. He et al. [9] prepared a dispersion-strengthened HEA
with nano-precipitated phases by adding Ti and Al as trace elements to
FeCoNiCr alloy. The tensile test showed a significant work-hardening
effect. The room temperature yield strength was 645 MPa, the
breaking strength was more than 1 GPa, while the plastic elongation was
39%. Dong et al. [10] studied the effects of Co and Ni on the micro-
structural and  mechanical properties of  AlCoxCrFeNisy
eutectic-high-entropy alloys (EHEAs). They found that Ni and Co in the
AlCoyCrFeNi3 y EHEAs could replace each other, and that the (Ni + Co)
atomic percentages of the FCC phase and B2 phase in each AlCoxCrFe-
Nis.x EHEAs was approximately equal. Besides, the AlCoxCrFeNisy al-
loys with different Co. Ni content exhibited excellent and similar
compression properties, with a fracture strength exceeding 2000 MPa
and a compression rate above 35%.

Molecular Dynamics (MD) simulations is a powerful complementary
approach to traditional theories and experimental methods [11]. For
HEAs, it is of great significance to reveal and predict the properties at the
atomic scale. Liu et al. [12] used MD simulations to study the mechan-
ical behavior of AlCrFeCuNi HEA under uniaxial tensile load, and
showed high strength and good plasticity. During tensile deformation,
dislocation slip, lattice distortion, and twinning are still the main
mechanisms of AlCrFeCuNi alloy plastic deformation. Afkham et al. [13]
used the MD method to simulate the tensile behavior of Al,CrCoFeCuNi
HEA at different temperatures. They studied the alloy’s deformation
behavior and mechanism at room temperature, high temperatures, and
various strain rates. The yield stress decreased significantly with the
temperature, while the alloy exhibited superplastic behavior under all
test conditions; remarkably, the increment of Al content resulted in a
significant decrease in the yield stress and elastic modulus. Korchuganov
[14] studied mechanical properties of bulk Co;¢CrioFesoMngoNiyg and
CosoCrspFe1oMn;oNigg HEAs and determined Young’s moduli of 81 and
103 GPa, respectively. Furthermore, it was found that in the process of
high-rate stretching or compression, the plasticity in the single crystal
CoCrFeMnNi was nucleated by the formation of internal accumulation
faults. Qi et al. [15] studied the plastic deformation of single-crystal and
polycrystalline CoCrFeMnNi HEA under tension and compression using
the MD method and showed that the FCA/HCP phase transition occurred
during the plastic deformation of HEA materials. At the same time, for
compressive loading, the grains were refined, and the crystal orientation
was different due to the interaction of inherent stacking faults (SFs) in
different directions, which effectively improved the material’s strength.

HEAs’ excellent properties have sparked research interest. Extensive
theoretical, experimental, and numerical studies have been performed.
This paper aims to investigate the mechanical properties of CoCrFeNi
(Alp sTip.2)x HEA (x = 0.25, 0.50, 0.75, 1.00) obtained by tensile ex-
periments at room temperature and high temperatures. Furthermore, we
used MD method to simulate the mechanical properties of CoCrFeNi
(Alp 3Tig.2)x HEA under uniaxial tensile loading. The effects of temper-
ature and Ti and Al contents on the mechanical properties were studied,
and the dislocation changes during the stretching process were
analyzed.

2. Experimental materials and methods

The composition of HEAs investigated in this paper was CoCrFeNi
(Alp 3Tig.2)x, where x = 0.25, 0.50, 0.75, 1.00. Experimental alloys were
prepared in an arc melting furnace, and raw materials were high-purity
(>99.9%) Co, Cr, Fe, Ni, Ti, and Al metals. To prevent segregation of the
alloy components, melting the master alloys was repeated four times to
finally obtain oblate alloy ingots with a maximum diameter of about 38
mm and a thickness of about 12 mm.

From the maximum outer diameter of the cast samples, we cut out a
sheet with a thickness of 3 mm, which was then subjected to heat
treatment and rolling process. To eliminate the alloys’ casting stress, we
placed all the alloy flakes in a quartz tube for vacuum sealing, heated to
1000 °C in a box-type electric furnace for 8 h, and then water-cooled and
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quenched. The alloys with a thickness of 3 mm were rolled to 1.5 mm
using a cold-rolled strip experimental rolling mill. The reduction in a
single pass was 0.05 mm. Subsequently, the rolled samples were kept at
800 °C for 2 h and then cooled and annealed in the furnace. This allowed
the formation of the maximum number of effective strengthening phases
in the alloy, which improved the mechanical properties.

Bruker D8 FOCUS X-ray diffractometer (XRD) was used to analyze
the phase structure of the rolled surface of the samples. The scanning
angle was 20-100° 26, and the scanning speed was 10°/min. The sample
dimensions were 5 pm in length, 3 pm in width, and 50 nm in thickness.
The room temperature tensile experiment was performed on a CMT4105
electronic universal testing machine with a strain rate of 5 x 10~%/s. The
tensile specimens were fabricated in a dog-bone shape along the rolling
direction, with a gauge length of 20 mm, a width of 2 mm, and a
thickness of 1.5 mm. For the high-temperature tensile experiment, we
used an MTS Landmark type high-temperature tensile testing machine.
In the experiment, when the samples’ surface reached the target tem-
perature, the samples were held for 5 min before stretching, and the
strain rate was 5 x 10~*/s. The performance indicators specified in the
high-temperature tensile experiment were the same as those in the room
temperature tensile experiment.

3. MD model and method

In this study LAMMPS [16], molecular dynamics simulation software
was used to realize the MD simulation calculations of CoCrFeNi
(Alp.3Tip.2)x HEAs x = 0.25, 0.5,0.75,1.00. Fig. 1 shows the CoCrFeNi
(Alp.3Tip 2)x alloy models of different components. In those simulations,
the atomic interactions of the Co-Cr-Fe-Ni were described by
many-body embedded-atom potential [17,18]. The Ti-Al interactions
were described by the empirical embedded-atoms method (EAM) po-
tential [19],. Lennard-Jones potential and Lorenz-Berthelot mixing rules
[20,21] were used to describe the remaining atomic interactions,
including Co, Cr, Fe, Ni, and Ti and Al. According to the lattice pa-
rameters of these single elements, we chose the maximum value of the
lattice parameter to build up the initial MD model of CoCrFeNi
(Alp.3Tip2)x- The six elements were randomly distributed in the FCC
crystal structure according to the required ratio. As shown in Fig. 1,
there are 82944 atoms in the models, with the size of the models being
24a x 24a x 36a (a is the lattice constant).

In the MD simulations, the periodic boundary conditions have been
used in x-, y-, and z-directions. Before the model was loaded, the energy
was minimized, and the geometric structure was optimized using a
conjugate gradient algorithm. The entire model underwent full relaxa-
tion for an isothermal and isostatic pressure (NPT) system to simulate
the melting-cooling process. The scalar external pressure is 0 Bar and the
pressure damping parameter is 10.0 ps. All atoms were heated to 3000 K
at arate of 1.35 K/ps and relaxed for a while at this temperature to reach
equilibrium. The time for equilibration at 3000K is 500 ps. Then, the
temperature of the system was reduced at a rate of 0.225 K/ps and
relaxed 500ps at 300K. Our cooling rate is below a critical value of
0.333 K/ps as pointed in our previous work [21]. The time-step was set
to be 0.001 ps. The Verlet leapfrog method was used to solve the MD
integral equation, and the Nose-Hoover thermal bath method was used
to control the system temperature. During the loading process, the
pressure in the other two directions was always set to zero except for the
z-direction where the deformation was applied. Under the NPT system,
the model loading process was realized by using a strain rate of 4 x 108
s~ ! in the simulations.

The visual tool OVITO [22] was used for structural analysis and
processing. After relaxation, the simulated powder X-ray diffraction
(XRD) patterns were used [23] to analyze the phase structure of the
CoCrFeNi(Alg 3Tig 2)x HEA film [24,25]. The dislocation extraction al-
gorithm (DXA) was employed to analyze the dislocation evolution [26].
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x=0.25

Fig. 1. CoCrFeNi(Alp 3Tip.2)x HEA models with different Ti and Al contents for x = 0.25, 0.5,0.75,1.00.

4. Results and discussion
4.1. Phase structure

Fig. 2a shows the X-ray diffraction pattern of the CoCrFeNi
(Alp.3Tip 2)x HEA samples after rolling. The CoCrFeNi(Alg 3Tig2)x HEA
retains its dual-phase structure composed of the FCC matrix phase and y’
phase with the increase of Ti and Al contents, and other phases are not
formed. The y' phase has Niz(Al, Ti) molecular formula and a face-
centered cubic crystal structure of L1,. The y' phase forms because the
crystal structure of Ni-Al and Ti bonds preferentially appears in the
alloy, exhibiting strong chemical order, when Ti and Al alloying ele-
ments are added to CoCrFeNi. Conclusively, the XRD results show that
micro-additions of Ti and Al elements cause the formation of the y’ phase
in the alloy, which significantly improves the alloy properties through
precipitation strengthening methods.

Fig. 2b shows the XRD patterns obtained by MD simulations after the
relaxation of the alloy models. The simulation results are consistent with
experiment. The HEA exhibits a single FCC phase without apparent
second phase peaks. The position of each FCC peak in the XRD pattern
shifts toward smaller 26 angles with the increase of Ti and Al contents. Ti
and Al atoms have a large radius in the FCC matrix, causing the lattice
distortion. This increases the interplanar spacing, d, so the diffraction
peak angle of the matrix decreases. Note that only FCC phase is dis-
played in Fig. 2b to avoid overlapping with the y’ phase.

It is worth noting that it is impossible to compare the intensity and
width of the XRD peaks of the experimental and simulated samples
directly. The relative intensity of the XRD peaks is related to the crys-
tallinity of the material, while the half-width depends on the size of the
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x=0.75

crystal domain. Hence, the total number of atoms involved in diffraction
is entirely different [25].

4.2. Effects of Ti and Al contents

Fig. 3a shows the stress-strain tensile curves of the CoCrFeNi
(Alp.3Tig.2)x HEA at room temperature. With the addition of Ti and Al
alloying elements, the yield strength and tensile strength of CoCrFeNi
(Alp 3Tig 2)x HEA gradually increase, as shown in Table 1. Combining the
XRD and (S)TEM results, the tensile properties of the alloys could be
explained as follows: the increase in the strength of HEAs is attributed to
the strengthening of lattice distortion caused by the large atomic radii of
Ti and Al elements and the precipitation strengthening of y’ phase.
However, the formation of the y’ phase reduces the relative content of
the plastic FCC matrix in the alloy, resulting in a toughness decrease.
Therefore, when the content of Ti and Al increases to x = 1, the strength
and toughness of the alloy decrease, and the fracture mechanism of the
alloy changes from plasticity to brittleness.

Fig. 3b shows the stress-strain curves obtained by tensile simulation
of the CoCrFeNi(Aly 3Tip 2)x HEA model at a temperature of 300 K and a
strain rate of 0.0004 ps_l. The CoCrFeNi(Alg 3Tig 2)x HEA undergoes the
three stages of elasticity-plasticity-fracture. In the first stage, the HEA
follows Hookean’s law, and the elastic modulus of the alloy can be ob-
tained by linear fitting of the slope in the elastic stage. With the strain
increase, the HEA enters the plastic stage, and the stress-strain curves of
the alloy change nonlinearly. The rapid drop in stress-strain curve after
the maximum indicates that the alloy has experienced a fractured fail-
ure. The peak stress in the curves represents the tensile strength of the
alloy. Table 1 lists the elastic modulus and tensile strength of the
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Fig. 2. XRD patterns of the CoCrFeNi(Aly 3Tip 2)x HEA after rolling: (a) experiment; and (b) MD simulations.
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Fig. 3. Stress-strain tensile characteristics of the CoCrFeNi(Alg 3Tig 2)x HEA: (a) experimental stress-strain curves at room temperature and (b) MD simulated tensile

stress-strain curves.

Table 1
Tensile mechanical properties of the CoCrFeNi(Alp3Tig2)x HEA at room
temperature.

High- Experiments MD simulations
tr
Zﬁo Py yield tensile tensile elasticity tensile
v strength/  strength/ elongation/ modulus/ strength/

MPa MPa % GPa GPa

x=0.25 616.9 951.1 24.7 171.9 18.8

x=0.50 808.0 1132.6 18.3 184.5 19.1

x=0.75 1029.2 1250.8 7.2 194.1 19.5

x=1.00 875.1 889.2 0.4 205.6 21.6

CoCrFeNi(Alg 3Tig 2)x HEA tensile simulation. With the increase of Ti
and Al contents, the elastic modulus and tensile strength increase,
indicating that the alloy’s stiffness enhances while the toughness be-
comes worse.

During the stretching process, as the grains of the stretched CoCrFeNi
(Al 3Tip.2)x HEA undergo deformation, the dislocations move inside the
material, increasing the dislocation density [27,28]. Fig. 4 shows
dislocation distribution diagrams of the CoCrFeNi(Alg3Tip2)x HEA
before fracturing. With the increase of Ti and Al contents, the dislocation
density of the HEA significantly increases, leading to an intensified
dislocation intersect. This causes an increase in deformation resistance
and makes difficulties for the continued plastic deformation, thereby
increasing the deformation resistance of the alloy.

4.3. Effect of temperature

According to the mechanical performance at room temperature in
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Fig. 4. Dislocation distribution diagrams before the fracture in the CoCrFeNi
(Alo.3Tip 2)x HEA.

the previous section, the overall performance of the CoCrFeNi
(Alg 3Tip.2)x HEA was optimal when x = 0.75. Therefore the CoCrFe-
NiAlg.225Tip.15 HEA was selected for the high-temperature tensile ex-
periments. The experimental temperatures were 400, 500, and 650 °C.
Fig. 5 shows the yield strength, tensile strength, and elongation at
different temperatures. When the tensile temperature is 400 °C, the yield
strength, tensile strength, and elongation of the CoCrFeNiAlj 225Tig 15
HEA are 837.0 MPa, 1077.1 MPa, and 12.9%, respectively. When the
tensile temperature exceeds 500 °C, the decrease rate of the HEA
strength increases, and the yield strength, tensile strength, and elonga-
tion are 796.7 MPa, 1059.8 MPa, and 13.7%. At 650 °C, the yield
strength and tensile strength of the CoCrFeNiAl 225Tig 15 HEA decrease
to 594.8 and 791.2 MPa, respectively, while the elongation increases
slightly to 15.2%.

Fig. 6 shows the tensile simulation of the CoCrFeNi(Alg 3Tip.2)x HEA
models with a strain rate of 0.0004 ps~! at different temperatures. The
mechanical properties of CoCrFeNi(Alg 3sTip.2)x HEA exhibit a strong
temperature dependence. When the system temperature rises from 300
to 873 K, the HEA models with different Ti and Al contents undergo the
same three stages of elasticity-plasticity-fracture. The overall trends of
the stress-strain curves are consistent. With the further temperature
increase, the model’s elastic modulus and tensile strength with the same
composition show a decreasing trend, which is consistent with the
experimental results.

Fig. 6 also represents the dislocation distribution of the CoCrFeNi
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Fig. 5. The tensile mechanical properties of the CoCrFeNi(Alp 3Tip.2)o.75s HEA
experimentally determined at 400, 500, and 650 °C.
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Fig. 6. Simulation of the CoCrFeNi(Al 3Tip.2)x HEA tensile stress-strain curves and dislocation distributions before fracturing at 300, 573, and 873 K.
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(Alp.3Tip2)x HEA before fracturing at different temperatures. As the
temperature increases, the dislocation density before the alloy fracture
significantly decreases. The reason for this phenomenon is that the in-
crease in deformation temperature leads to a larger cell size, which in
turn reduces the dislocation density [29]. As the temperature reaches a
certain level, the dislocations overcome some short-range energy bar-
riers through the thermal activation energy provided by the system and
thus, reduce the dislocation transport, which in turn decreases the ten-
sile strength of the alloy.

It is worth mentioning that molecular dynamics suffers from the
limitations including the short time scale (<ps), small system size
(<pm), over-simplified model, and relatively inaccurate interatomic
interactions. Therefore, it is well known that the results of MD simula-
tions agree qualitatively with experiment. The strain rates in MD sim-
ulations in general are several orders of magnitude higher than that in
the real experiment. Despite the difference in strain rate due to the
intrinsic limitations of the method, molecular dynamics is valuable to
model the system from the micro and nano scales for various informa-
tion and applications.

5. Conclusions

CoCrFeNi(Aly 3Tip 2)x HEA has been successfully prepared by vac-
uum arc melting using CoCrFeNi alloy as a matrix and adding Ti and Al
trace elements to tailor the HEA composition. We have used XRD to
investigate the phase structure of the prepared samples. HEAs’ me-
chanical properties with different compositions have been assessed
using room temperature tensile experiments, and the CoCrFe-
NiAlg.225Tip15 HEA with the optimal room temperature mechanical
performance was selected for the high-temperature tensile experiments.
Besides, the MD method was used to establish the CoCrFeNi(Aly 3Tig.2)x
HEA model and perform an XRD simulation analysis of its structure.
Micromechanical properties of the HEA at different Ti and Al contents
and temperatures were also calculated. The main conclusions are as
follows:

(1) Using XRD experimental method, we have investigated the al-
loys’ phase composition. CoCrFeNi(Alp3Tig2)x alloys were
mainly composed of the FCC matrix phase and y’ phase Nig(Al,
Ti), which proved that the micro-additions of Ti and Al caused the
formation of high-temperature strengthening phases in the
CoCrFeNi HEA. The positions of the main diffraction peaks in the
MD simulation were consistent with the experiment. With the
increase of Ti and Al contents, the diffraction peaks shifted to-
ward smaller 26 angles, which is related to the alloy lattice
distortion.
The results of tensile experiments at room temperature showed
that with the continuous addition of Ti and Al alloying elements,
the yield strength and tensile strength of the CoCrFeNi
(Alp3Tip2)x HEA gradually increases, while the elongation
gradually decreases. However, when the content of Ti and Al is
increased to x = 1, the plastic fracture mechanism shifts to the
brittle fracture mechanism. The MD tensile simulation results can
be summarized as follows: with the increase of the Ti and Al
contents, the elastic modulus and tensile strength of the HEA
increased continuously, while the tensile strength increased with
the dislocation density.

(3) By studying the high-temperature mechanical properties of the
CoCrFeNiAlg 225Tig 15 HEA, as the temperature of the tensile
stretching is increased, the strength of the HEA gradually de-
creases, but the toughness increases. The MD tensile simulation
results at different temperatures also show that HEAs’ elastic
modulus decreases with the temperature. The dislocation distri-
bution before the HEA fracture confirms that the dislocation
density in the HEA gradually reduces with the tensile experiment
temperature, leading to a decrease in tensile strength.
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