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Abstract: Tensile tests were performed by molecular dynamics at various strain rates ranging from 2x10% to 1x10'0s™!
and various temperatures ranging from 10 to 1200 K, and the real-time deformation behavior of a nanocrystalline
CoCrCuFeNi high-entropy alloy was investigated. The results indicate that the main deformation mechanism is grain
boundary slip at high temperatures and low strain rates. Dislocation slip replaces grain boundary slip to control plastic
deformation with decreasing temperature and increasing strain rate, correspondingly enhancing the strength of the alloy.
Furthermore, the alloys with different grain sizes were simulated to evaluate the effects of grain boundaries on the
mechanical behavior. It is found that the strength of the nanocrystalline high-entropy alloys increases with increasing
grain sizes when the grain size is too small, exhibiting an inverse Hall-Petch relationship.
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1 Introduction

Unlike conventional alloys that contain only
one or two primary elements, high-entropy alloys
(HEAs) are a new type of alloys that contain four or
more primary elements, which have attracted
extensive attention for their potential applicability
in engineering [1]. The multi-principal characteristic
makes them exhibit the synergy of multiple
mechanisms (including dislocation mechanism,
deformation twinning, phase transformation, etc.)
during the deformation process, resulting in
excellent mechanical properties, such as high
hardness and strength, good ductility, excellent
thermal stability and corrosion resistance at
ultra-high temperatures [2—8].

Due to the multicomponents and complex
structure of HEAs, the tunability is greatly
enhanced. Numerous toughening strategies have
been proposed to achieve even simultaneous
increases in strength and toughness [9]. As an
effective means of toughening, grain refinement has
been extensively investigated experimentally. For
example, LIU et al [10] investigated the grain
growth mechanism of CoCrFeNiMn HEAs at
different annealing temperatures and found that
the relationship between hardness and grain size
followed the classical Hall-Petch equation. SEOL
et al [11] doped FeCoCrNiMn and FesoMnsoCrio-
Coio HEAs with B elements to control the grain
growth to achieve refinement. However, the grain
size of the alloy cannot be precisely controlled
by experimental studies and the changes in crystal
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structure and grain boundaries (GB) cannot be
observed at the atomic scale in real time. As a
powerful complement of experiment, molecular
dynamics (MD) simulation can provide a
continuous and intuitive microscopic evolution to
elucidate the deformation mechanism at the atomic
scale of HEA. For instance, JIANG et al [12]
investigated the effect of Al content on the
microstructural evolution and mechanical properties
of AL:CoCrFeNi. CAO et al [13] investigated the
plastic deformation mechanism of CoCrNi by MD
simulation and found that it is related to local
chemical inhomogeneity. Unfortunately, MD
studies on the effect of grain size on the mechanical
properties and deformation behavior of HEA are
rarely involved. Therefore, nanocrystalline HEAs
with different grain sizes were constructed to
investigate the effect of GBs during deformation.
In addition, considering the application of
nanocrystalline HEA in practical environments,
we investigated the deformation behavior of
nanocrystalline CoCrCuFeNi HEA at different
temperatures and strain rates from the atomic scale
by MD simulations. Understanding the deformation
mechanism of nanocrystalline HEAs provides
further insights for the design of strengthening and
toughening HEA.

2 Simulation methods

In order to obtain the polycrystalline HEA
model, ten randomly-oriented grains were
constructed by Voronoi construction method [14,15],
as shown in Figs. 1(a, b). The size of the model is
20 nm x 20 nm x 20 nm and the model contains
more than 710000 atoms. Five types of atoms (Co,
Cr, Cu, Fe and Ni) were randomly distributed in the
FCC lattice. MD simulations were realized by using
the LAMMPS [16]. The atomic interactions were
described using the embedded atom method (EAM)
developed by FARKAS and CARO [17]. Periodic
boundary conditions employed in all
directions. All samples were energy minimized by
using a conjugate gradient algorithm and relaxed
for 100 ps under the isothermal—-isobaric ensemble
(NPT). The time step of the simulation was 1 fs.
After the equilibration process, tensile loads were
applied along the x-axis at different temperatures
(10, 300, 800, and 1200 K) and strain rates (2x108,
1x10%, 5%10%, 8x10? and 1x10'°s™") to a final strain
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Fig. 1 CoCrCuFeNi HEA model of FCC phase simulated
by MD: (a) Model colored according to atomic types;
(b) Model colored according to grain types; (c) Strain—
stacking fault energy curve

of 12%, respectively. Ovito software was used
for visualization to track atomic motion in real
time [18]. Common-neighbor analysis (CNA) was
used to distinguish atomic structure [19]. Motion of
dislocations was tracked by dislocation extraction
algorithm (DXA) [20]. Many stacking faults and
twins are produced during the deformation of
nanocrystals, which is related to its stacking fault
energy (SFE). Therefore, we slipped the crystal on
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the {I11} slip surface along the (112) direction to
simulate the stacking fault, which results in a
calculated SFE of 69.16 mJ/m* for CoCrCuFeNi
HEA, as shown in Fig. 1(c). This simulation result
is consistent with the value of 67.445 mJ/m?
obtained by LIU [21].

3 Results and discussion

3.1 Mechanical performance

The stress—strain relationships of CoCrCuFeNi
HEA at different temperatures and strain rates are
shown in Fig. 2. Due to the softening effect at high
temperature, the tensile strength of HEA decreases
with increasing temperature. The effect of strain
rate on tensile strength is also obvious. Due to the
short duration, the strain rates of the MD
simulations are all high, much higher than the
experimental tensile rates. The results of the MD
simulations are definitely more complex compared
with the experimental ones because the high
strain rates lead to more complex deformation
mechanisms, such as the generation of more
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deformation twins relative to the low strain rate
deformation [22]. As shown in Fig. 2, the tensile
strength  and  elasticity modulus increase
significantly with increasing strain rate. At lower
strain rates, the stress fluctuation during plastic
deformation is significant, which is related to the
inhomogeneity of stress distribution. Figure 3
shows the relationship between average flow stress,
ultimate strength and strain and the corresponding
fitting curves. The calculated result is consistent
with the conclusion of LI et al [23], that is, it
satisfies the power function o=a+b&®, where o
and £ represent average flow stress and strain rate
respectively, and a, b, and ¢ represent the fitting
parameters. The fitting parameters obtained under
different stretching conditions are given in Tables 1
and 2. It can be seen that the effect of temperature
on each fitting parameter is very obvious. The
average flow stress and ultimate strength (i.e.,
parameter a) under quasi-static conditions (& =0)
can be obtained from the power function. Therefore,
the ultimate strength of HEA at 300 K is obtained
as 3.80 GPa, which is higher than the experimental
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Fig. 2 Stress—strain curves at different temperatures (10, 300, 800, and 1200 K) and strain rates (2x108, 1x10?, 5x10°,

8x10% and 1x10'°s™") in CoCrCuFeNi HEA
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Table 1 Fitting parameters of ultimate strengths at
different temperatures

Temperature/K a b c
10 ~4.50 3.120x10°%  0.7785
300 ~3.80 2.111x107  0.7003
800 ~2.60 2.713x107°  0.4958
1200 ~1.50 6.707x10*  0.3609

Table 2 Fitting parameters of average flow stresses at
different temperatures

Temperature/K a b c
10 ~3.90 6.627x10°%  0.7436
300 ~3.35 8.740x107% 0.725
800 ~2.20 1.406x107* 0.415
1200 ~1.60 1.453x107* 0.413

value obtained by KIM et al [24]. The reason for
this fact may be that the calculated model is a more
idealized single-phase polycrystalline model, while
the experimentally prepared as-cast CoCrFeCuNi

HEA contains impurities and a large number of
defects.

3.2 Deformation behavior

To reveal the effects of temperature and strain
rate on the deformation mechanism, the structural
distribution and dislocation evolution of nano-
crystalline HEAs after tensile deformation were
investigated. Figure 4 shows the distribution of
dislocations and structures of nanocrystalline
HEA at different temperatures and strain rates at
12% strain. In Figs. 4(a—d), green, blue and
red represent FCC, BCC and HCP structures,
respectively, and white represents disordered
atoms and GBs. In Figs. 4(e—f), blue line represents
complete dislocations, green line represents
Shockley dislocations, yellow line represents
Hirth dislocations, pink line represents stair-rod
dislocations, light blue line represents Frank
dislocations, and red line represents other
dislocations. It can be found that the plastic
deformation is mainly controlled by dislocation slip
and GB slip. Dislocation occurs with the density
from high to low under the conditions of: 10 K and
1x10"s71 (30.24x10"*m™), 10K and 2x10%s™!
(23.35x10""m™), 1200 K and 1x10'"s™! (19.94x
10" m2), and 1200 K and 2x10%s7! (15.49x10'* m ™).
At low strain rates, most of the dislocations are
mainly distributed near the GBs and then slide
parallel to them, as shown in Figs. 4(a, ¢). And at
high strain rates, these dislocations are no longer
parallel to each other, but interact and entangle with
each other, as shown in Figs. 4(b, d). By comparing
Figs. 4(e) and 4(f) (or Figs. 4(g) and 4(h)), it can be
found that the dislocation density is higher at high
strain rates, so that the ultimate strength of the
material increases with the increase of strain rate.
The microstructure and dislocation evolution of
the samples at low temperatures are shown in
Figs. 4(a, b, e, f). It can be found that a large
number of dislocations generate at low temperature
and cluster near the GBs. The microstructure and
dislocation evolution of the samples at high
temperatures are shown in Figs. 4(c, d, g, h). The
disordered atoms at the GBs diffuse and the GBs
slip significantly at high temperatures. By
comparing Figs. 4(e) and 4(g) (or Figs. 4(f) and
4(h)), it can be found that the dislocation density
at high temperature is significantly lower than that
at low temperature. The energy barrier of GB slip
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(a, e) 10 K and 2x108s7!; (b, f) 10 K and 1x10'%s7%; (c, g) 1200 K and 2x10%s7%; (d, h) 1200 K and 1x10'%s!

decreases more rapidly compared to dislocation
nucleation, leading to a deformation mechanism
dominated by GB slip at high temperatures [25,26].

3.3 Effect of grain sizes

According to the classical Hall-Petch
relationship, the smaller the grain size, the higher
the strength of the material [27-30]. Therefore,
grain refinement as a strengthening means is used
to improve the mechanical properties of materials.
In order to investigate the effect of GBs on the
mechanical properties and deformation behavior
of HEAs, the tensile tests of nanocrystalline
CoCuFeNi HEAs with different grain sizes (d=7.94,
6.28,5.47,4.98,4.51,3.61, 3.16, 2.88 and 2.67 nm)
were carried out. The results show that the ultimate
strength increases with increasing grain size for a
certain range of grain sizes, showing an inverse
Hall-Petch relationship [31—33], i.e., the smaller
the grain size, the lower the strength, as shown in
Fig. 5(a). The equation obtained by fitting is
0=9.06-8.19d ", where o, represents the yield
strength and d represents the average grain size.
This is consistent with the results obtained
experimentally by HU et al [34], where the
Hall—Petch law fails and the grain is softened when
the grain size is below 10 nm.

In order to understand the effect of grain sizes
on the mechanical performance and deformation
behavior, the atomic structure and dislocation
motion of nanocrystalline HEA with different grain
sizes were studied. With the continuous loading of
tensile stress, when the dislocation moves to the GB
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Fig.5 Variation of yield strength (a) and elastic
modulus (b) with grain size

position, the dislocation cannot be transferred to the
next grain due to the different crystal orientations of
the grains on both sides of the GB. Dislocations
continue to accumulate at the GBs (Figs. 6(a—c)),
resulting in higher stress concentrations at the GBs.
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Fig. 6 Initial structure (a), final structure (b) and dislocations (c) at 12% deformation with d=7.94 nm; Initial structure
(d), final structure (e) and dislocations (f) at 12% deformation with d=4.51 nm

The stress accumulated to a certain extent becomes
the driving force for the dislocation sources at the
adjacent GBs, and finally leads to the dislocation
movement. When the grain size is too small, the
number of atoms contained in every grain is very
small. At this time, the movement of dislocations
inside the grain is difficult to proceed, and the
phenomenon of dislocation pile-up does not occur
at the GB (Fig. 6(f)). In the nanocrystalline model,
the hindering effect of GBs on dislocation in the
grains is very small and can be ignored due to the
small grain size. GB slip becomes the main
deformation mechanism. When the grain size
continues to decrease, the volume fraction of GB
increases (Figs. 6(d, e)), and the GB stability
becomes worse. GB slip is easier to proceed, which
inevitably leads to a decrease in strength.

Figure 5(b) shows the variation of elastic
modulus with average grain size. It can be seen that
the elastic modulus decreases with the decrease of
the average grain size. This result is in agreement
with that obtained from experiments by CHEN [35].
It is concluded that the elastic modulus is related to
the volume fraction of GB. Due to the inherent
structure of GB, the volume fraction of GB
increases with the decrease of grain size. As shown
in Figs. 6(a, d), the smaller the grain size, the more

disordered state the atoms at the GBs, and the larger
the volume fraction of the GB. Therefore, too small
grain size leads to grain boundary instability, which
weakens the ability of the material to resist elastic
deformation.

4 Conclusions

(1) The ultimate strength and average flow
stress of HEA decrease with increasing temperature.
The plastic deformation mechanism at low
temperatures is dominated by dislocation slip, while
GB slip dominates at high temperatures.

(2) Higher strain rates lea to higher ultimate
strengths and average flow stresses. At low strain
rates, dislocations are mainly distributed near GBs
and then slide parallel to them, while at high strain
rates, dislocations interact with each other and
become entangled.

(3) For nanocrystalline HEA, the larger the
grain size, the higher the strength, showing the
inverse Hall-Petch law. When the size is too small,
the number of atoms contained in each grain is so
small that dislocation movement within the grain is
difficult and does not produce dislocation blockage
at GBs, which leads to a decrease in strength with
decreasing size.
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