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Some high-entropy alloys, which contain two or more component phases with highly different
properties, can achieve an outstanding combination of high strength and high ductility, and even
break in the strength-ductility trade-off. However, a detailed atomic-scale mechanism of the
dynamic continuous microstructural evolution has not hitherto been performed, to limit the
achievement of bulk dual-phase high-entropy alloys with the improved strength and toughness.
Here we report the deformation and plasticity as well as strength in the dual-phase nanocrys-
talline high-entropy alloys with a variable volume fraction of face-centered-cube (FCC) and
hexagonal closed-packed (HCP) phases using atomistic simulations during the tensile-straining
tests. The results show that the amplitudes of additional interaction stresses and strains rely on
such factors as the differences in the mechanical property and volume fraction of each phase. Due
to the complexity of the phase and phase boundary, the mechanical properties of the dual-phase
nanocrystalline high-entropy alloys, in general, cannot be accurately estimated on the basis of the
simple mixed laws, which are dependent upon the volume fraction and yielding strength of in-
dividual phase. The aim of this study is to describe how the phase volume fractions affect the
mechanical properties in the dual-phase high-entropy alloys. The flow stress and work hardening
of the dual-phase high-entropy alloys can be explained on the basis of the mobile dislocation
density and dislocation-induced phase transformation in the corresponding phases. The HCP-
based high-entropy alloys show the good plasticity and high strength, and are unlike traditional
alloys with the low ductility, owing to the occurrence of the HCP to FCC phase transformation.
The strength of the dual-phase high-entropy alloy with the 16.7% FCC-phase volume fraction
exceeds that of HCP-based or FCC-based matrix, due to the stronger interface hardening. We
expect that these results would be helpful for designing and selecting dual-phase high-entropy
alloys with great strength and good ductility in various engineering applications.
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1. Introduction

A large number of dual-phase alloys, consisting of two ductile phases, have been regarded as the technologically-important
materials due to the outstanding mechanical properties of these alloys (Wu et al., 2017; Kim et al., 2015; Li and Lu, 2017; Chen et al.,
2016; Xu et al., 2015; Zhang et al., 2014). Examples of dual-phase alloys include two-phase titanium alloys, two-phase steels, and
two-phase copper alloys amongst others (Lee et al., 2009; Kadkhodapour et al., 2011; Kim et al., 2012; Ramazani et al., 2013; Jha
et al., 2015; Xie et al., 2009; Han et al., 2017; Ghassemi-Armaki et al., 2014), which can produce the solid-phase-transformation-
induced plasticity (Norfleet et al., 2009; Fischlschweiger et al., 2012; Javanbakht and Levitas, 2015, 2016; Mahnken et al., 2012;
Baxevanis et al., 2013; Levitas and Javanbakht, 2015a, b; Yu et al., 2018). Recently, the new-system high-entropy alloys (HEAs) (Yeh
et al., 2004; Feng et al., 2017; Ding et al., 2018; Wu et al., 2018), containing two solid-solution phases (Abuzaid and Sehitoglu, 2018;
Bonisch et al., 2018), are developed. The dual-phase HEAs have the high hardness up to 835 HV, and the high yielding strength up to
2.2GPa (Li et al., 2016; Niu et al., 2018; Song et al., 2018), which exceed most of the data reported in the traditional dual-phase
alloys. To date, the deformation and strengthening mechanisms in the dual-phase nanocrystalline HEAs still remain elusive at na-
noscale.

In past several years, the amount of work has been tried to uncover the origin of combinations of high strength and good ductility
in the dual-phase alloys. As well known, for the dual-phase alloys subjected to the loading, the plastic deformation always occurs in
the softer phase. Either elastic only or plastic deformation takes place in the harder phase, which is dependent on the property and
microstructure of each phase under the loading (Huang et al., 2016; Alekseeva et al., 2017; Svanidze et al., 2016). In many cases, the
strain and stress differences between the constituent phases cause the good mechanical properties, attributed to a synergistic in-
teraction of each phase (Wang et al., 2015). The high local stress and strain hardening happen, owing to the individual-phase-induced
plastic incompatibility. This trend causes the premature fracture driven by the initiation and propagation of nanovoids. Based on the
dislocation-dominated hardening theory, the strain hardening from each phase has been determined (Lu et al., 2009), to deal with the
strengthening and deformation mechanisms in some dual-phase alloys. To further reveal the origin of their high strength and good
plasticity, the crystal plasticity models and atomic simulations have been developed in the several decades (Tasan et al., 2014; Wu
et al., 2017; Zheng et al., 2018). Using the crystal plasticity modeling, dislocation transmission through a/f phase boundaries in Ti
alloys, and the connections between the observed strain and damage heterogeneity are carried out, which is beneficial to under-
standing deeply the dislocation-governed deformation mechanisms in the dual-phase alloys. In comparison with the traditional dual-
phase alloys, the dual-phase HEAs have been shown to be a considerable potential for the demanding and advanced structural
applications, by achieving the further enhancement in the strength-ductility balance (Tang et al., 2015; Zheng et al., 2013). Some
previous work shows that the dual-phase HEAs might have a more attractive combination of outstanding mechanical properties than
the traditional alloy systems (Li et al., 2016; Niu et al., 2018; Song et al., 2018; Tang et al., 2015; Zheng et al., 2013). The strain-
induced transformation from the FCC to HCP phase and the dynamic-strain partitioning behavior are revealed in the dual-phase
HEAs. As the HCP-phase fraction increases, the strength and ductility of the dual-phase HEA increase at higher local strain larger than
30% (Li et al., 2017b). As the volume fraction of the FCC phase increases from 31.5 to 67.8 at.% in the dual-phase HEA, the
compressive fracture strain increases from 14.9% to 29.9%, but the compressive strength and yield strength decrease from 1961.2 to
1380 MPa and from 1702.8-899.8 MPa (Guo et al., 2018). Lately, the simultaneously increased strength and ductility can be realized
by the grain refinement in the dual-phase HEA with the total elongation of 75% and the ultimate tensile strength of 800 MPa, owing
to the dynamic forward transformation from the FCC into HCP structure and the dynamic reverse transformation from the HCP into
FCC structure at room temperature (Lu et al., 2018).

The previous experiment shows that the as-milled CoCrFeNiMn HEAs are constituted of the FCC and BCC phases with an average
grain size of about 12 nm, and exhibit a high compressive strength of 1987 MPa at room temperature (Ji et al., 2015). Recently, the
thermodynamic properties of the prototype equi-atomic CoCrFeMnNi HEAs are investigated, using finite-temperature ab initio
methods (Li et al., 2017a; Gao et al., 2016; Ma et al., 2015), revealing that the HCP phase is the stable phase, and the BCC phase is the
most unstable phase in the CoCrFeNiMn HEA. In order to promote the effective crystal engineering development, the understanding
of the structure-property relationship in metals and alloys has a very important role in the development of the desired product
performance.

In the present work, the relationships between the micromechanism and the associated deformation behavior are studied by the
molecular dynamics (MD) simulations. Considering the effect of the highly inhomogeneous internal stresses, MD simulations are
capable of elucidating the real-time behavior about the microstructure evolution and interaction during the deformation, which are
extremely difficult observed by experimental techniques. Compared to the experimental investigation, MD simulations have several
advantages for studying the atomic-level deformation mechanisms of nanocrystalline materials in a degree of details that cannot be
obtained experimentally (Zhu et al., 2012). Moreover, we have investigated the contribution of each phase to the dislocation evo-
lution and deformation in the dual-phase CoCrFeNiMn HEAs, in general. What's more, the microstructural evolution of each phase
reveals the effects of the HCP to FCC phase transformation and the various types of dislocations on the strength and the associated
deformation behavior in dual-phase HEAs.

2. Methods and models

The nanocrystalline dual-phase CoCrFeMnNi HEAs have the average grain size of 12nm, and contains 6 grains built by the
Voronoi methods, presented in Fig. 1a. The orientation of grain 1 is x-[100], y-[010], and z-[001]; that of grain 2 is x-[121], y-[10-1],
and z-[1-11]; that of grain 3 is x-[11-1], y-[112], and z-[1-10]; that of grain 4 is x-[110], y-[1-10], and z-[001]; that of grain 5 is x-
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Fig. 1. The models of the dual-phase nanocrystalline CoCrFeMnNi HEA are colored according to the phase volume value (a), and the element type
(b). In (b), ® Co, ® Ni,  Fe, Cr, and © Mn. The FCC phase volume fraction, 3, includes 0% (c), 16.7% (d), 32.4% (e), 50.0% (f), 66.0% (g),
88.6% (h) and 100% (i), where f3 is the volume fraction between the FCC-phase volume and the matrix volume in the dual-phase HEA. Here, § = 0%
represents the HCP-phase CoCrFeMnNi HEA, 8 = 100% represents the FCC-phase CoCrFeMnNi HEA, and 0% < 8 < 100% represents the dual-phase
CoCrFeMnNi HEA. In (c-i), @ face-centered-cubic (FCC),  unknown, ® hexagonal-close-packed (HCP), and @ body-centered-cubic (BCC). (j) The
z-axis projection views of the distributions of various type atoms in the HEA. (k) Stress-strain relationship for different FCC-phase volume fractions
and strain rates. (1) Variations in the yielding stress and average flow stress plotted as a function of the FCC-phase fraction at different strain rates in
the dual-phase FeCoCrNiMn HEA. (m) Variations of the average flow stress and strain rate, and the corresponding fitting curves.

[031], y-[0-13], and z-[100]; and that of grain 6 is x-[0-13], y-[100], and z-[031]. The orientation of each grain is different along the
x direction to meet the reasonable structure of the nanocrystalline HEA. In the MD model, the type of every atom is randomly selected
until the targeted composition, which agrees with the given elemental composition from the previous experimental report (Ji et al.,
2015), is obtained (Fig. 1b). The lattice constants of the FCC and HCP phases are 3.593 A and 2.5 A, which are measured by the X-ray
diffractometer pattern in the experiment and the first principles calculation (Bhattacharjee et al., 2014; Ji et al., 2015; Widom et al.,
2016). The size of the MD sample with approximately 542,000 atoms is 18.5 X 18.5 x 18.5 nm?>. A second nearest-neighbor modified
embedded-atom method (2NN MEAM) potential (Choi et al., 2018) is described for the interactions of atoms in the nanocrystalline
HEA, and this potential can clarify the fundamental reasons for sluggish diffusion and solid-solution hardening. All directions are
described in periodic boundary conditions. The temperature is 300 K during the MD simulations. The time step of atomic simulations
is set to 1 fs.

The equilibrium configurations can be achieved by the two steps, as follows: firstly, the system of the nanocrystalline dual-phase
CoCrFeMnNi HEA is applied to the NVT dynamics at 300 K for 100 ps, and then the NPT dynamics at 300 K for 300 ps for relaxing the
system and alleviating the out-of-balance forces and net stresses. The system of nanocrystalline dual-phase CoCrFeMnNi HEA is
subjected to the applied strain rates between 1 x 10” and 1 x 10° s~ ! along the x direction under the NPT ensemble with a zero-
pressure condition, to investigate the strain rate effect on the deformation behavior. Now, the experiments of femtosecond laser
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driven shocks can obtain the high strain rate in the range of 107 - 10° s~ ! (Crowhurst et al., 2014). The MD simulations are
implemented with the open-source, LAMMPS (Plimpton, 1993). The open-source software, Ovito (Stukowski, 2012), is employed for
visualizing the evolution of the atomistic structure. The common-neighbor analysis (CNA) method is used to identify the local atomic
structures, where green atoms represent the FCC structure, blue atoms indicate the BCC structure, red atoms are stacking faults, and
white atoms stand for grain boundaries or dislocation cores.

Using standard straining methods, the elastic constants of C11, C12 and C44 for the FCC CoCrFeMnNi HEA are determined,
yielding C11 = 264.6 GPa, Cl2 = 184.8GPa, and C44 = 112.9GPa. Here, the expression of the Young's modulus is
E= 9BG/(3B + G) (HIH, 1952; Landau and LifShitZ, 1999), where B = (C11 + 2C12)/3, G= (GV + GR)/Z, GV = (CH - C12 + 3C44)/5,
and Gg = 5(Cy1 — C12)Cya/[4Cyy + 3(C11 — C1p)]. Hence, the Young's modulus obtained from the MD simulation is 199.9 GPa with 9%
error, compared to the previous experimental data of 220 GPa (Li and Raabe, 2017). The anisotropy ratio, a = 2C44/(Cy; — C12),
represents the elastic anisotropy of a material. Here, the anisotropy ratio of the single-crystal CoCrFeMnNi HEA is 2.83. The ani-
sotropy ratio of the nanocrystalline HEA is 1.09, and very close to 1.0 compared to that of single crystal FCC HEA. It demonstrates the
elastic isotropy of the built nanocrystalline HEA, attributed to the random orientations of the grains.

3. Results

To investigate the effect of the FCC-phase volume fraction on the mechanical properties and the associated deformation behavior
in the dual-phase nanocrystalline CoCrFeMnNi HEA (Fig. 1a), a series of MD models are created in Fig. 1c-i, where the FCC-phase
volume fraction changes from 0% to 100%. The z-axis projection views of the different element distributions show the compositional
distribution among the five elements in nanocrystalline CoCrFeMnNi HEA (Fig. 1j). No apparent elemental segregations observed in
the CoCrFeMnNi HEA reveal the uniform distribution in the various types of atoms. Similarly, the nanoscale chemical elemental
distribution can be characterized by means of scanning transmission electron microscopy coupled with atom probe tomography in the
CoCrFeMnNi HEA (Li et al., 2017b; Santodonato et al., 2015; Lu et al., 2018).

The corresponding stress-strain curves show that the values of elastic modulus are dependent upon the phase-volume fraction,
indicating that the HCP HEAs have higher elastic modulus than the FCC HEAs. Compared with the classical HCP-based nanocrys-
talline alloys, the work hardening and tensile ductility are simultaneously improved in the HCP-based nanocrystalline HEAs (Fig. 1k
and ). This result is unlike the conventional understanding that the brittle HCP phases improve the yielding strength, but reduce the
ductility. The peak and average flow stresses increase with the decreasing FCC phase, attributed to the increased hard HCP phase. As
shown in Fig. 11, the dual-phase HEA with a low FCC phase fraction of about 16.7% has not only higher strength, but also good
plasticity, agreeing with the previous reports (Li et al., 2016; Li and Raabe, 2017).

As well-known, MD simulations due to the short time duration always involve extremely high strain rates (of typically larger than
107 s~ 1), which are much higher than in the conventional tensile/compressive experiments. Compared with experimental results, the
MD simulations are more complex due to the fact that the strain rate has a significant effect on the deformation mechanisms. For
example, it is generally agreed that higher strain rates promote the deformation twinning in nanocrystalline materials (Zhu et al.,
2012). Recently, the yield transition of metal nanowires occurs from the nucleation of Shockley partials on primary slip systems at
MD strain rates more than 10” s~ ! to the nucleation of planar defects on non-Schmid slip planes at experimental strain rates less than
1025~ ! (Tao et al., 2018). The high deformation stresses under high strain rates are not entirely unusual in experimental studies of
nanocrystalline materials. For instance, in the recent experiments, the dislocations nucleate simultaneously from multiple sources at
the estimated shear stress of 7.2 GPa on the (101) slip plane in the bicrystal tungsten (Wang et al., 2015). The onset of plasticity in the
nanocrystalline NiTi with the grain size of 50-100 nm is visible at a stress of about 2.4 GPa (Ghassemi-Armaki et al., 2017), and the
dislocations nucleate and propagate in the nanocrystalline NizAl with a grain size of 50 nm at a stress of 1.5 GPa (Yamakov et al.,
2004). These values of stresses from the experiments are very similar to the values of typical stresses from the MD simulations. Hence,
from the perspective of deformation mechanisms, the higher strain rate in the FeCoCrNiMn HEA could greatly result in the formation
of deformation twinning, compared to the low strain rate. From the viewpoint of mechanical properties, the higher strain rate leads to
a higher yielding strength of the dual-phase nanocrystalline FeCoCrNiMn HEA. In the previous work (Tao et al., 2018), the yield
stress at high strain rate of 10’°s ™! has 2 times higher than that at the low strain rate of 10 3s ™! in the bicrystalline nanowires.
Here, the average flow stress declines rapidly with the decrease of the strain rate from 1 x 10° to 1 x 10%s™?, but it declines slowly
with the decrease of the strain rate from 1 x 10% to 1 x 107 s~ ! (Fig. 1k and ). As a result, the average flow stress goes down 37%
from 1 x 10° to 1 x 10” s~ *. The previous work (Cowper and Symonds, 1957) can show the strain-rate dependence of the average
flow stress using a power function relationship of o, = a + bé¢, where o, is the average flow stress, ¢ is the strain rate, and a,b,c are the
fitting parameters of the strain-rate sensitivity. The fitting parameters in the different phase volume fractions can be described in
Table 1. The corresponding fitting curves for the relation between the mechanical property and strain rate are shown in Fig. 1m,

Table 1
The fitting parameters of the dual-phase HEAs with various phase volume fractions under different strain rates.
Parameters Phase fractions 0 16.7% 32.4% 50.0% 66.0% 88.6% 100%
a 3.338 3.06 3.427 2.606 2.233 2.524 2.642
3.503 x 1073 2.53 x 1072 4.982 x 1073 1.802 x 1072 3.428 x 1072 9.46 x 1072 6.02 x 1072
c 0.3281 0.2378 0.3075 0.2518 0.2254 0.2847 0.3044
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Fig. 2. (a) Generalized-stacking-fault (GSF) energy for the [11-2](111) slip system in the FCC phase, and (b) GSF energy for the [11-20](0 0 0 1) slip
system in the HCP phase of the FeCoCrNiMn HEA. Error bars ( = standard deviation) represent the fluctuation of the GSF energy induced by the
random distribution of the alloying elements. (c) the stress distribution along the moving direction between upper and lower layers. The atomic
distance changes at every layer when atoms move. (d, e) the stress distribution of the initial state and stacking fault state for the two different atomic
configurations built by the random distribution of various elements.

where the value of the average flow stress at a quasistatic state (¢ — 0) can be obtained and considered to equal to the fitting
parameter, a, based on the power function relationship.

The stacking fault energy (SFE) of metals and alloys controls frequently the deformation mechanisms, including the dislocation
slipping, and deformation twinning, as well as phase transformation (Wang et al., 2018). For example, for SFE > 45mJ m~2, the
dislocation slip dominates the plasticity and strain hardening of alloys (Grissel et al., 2000); for SFE between 18 and 45mJm 2,
deformation twinning governs the plastic behavior (Wang et al., 2018); for SFE < 18 mJ m ™2, martensitic transformation from the
FCC to HCP phase takes place, managing the plastic deformation (Curtze and Kuokkala, 2010). Here, SFE for the FCC CoCrFeMnNi
HEA is - 499 mJ m~2 in accordance with the previous studies (Zhang et al., 2017a; Zhao et al., 2017) (Fig. 2a), leading to that the
partial dislocations are more likely to occur, compared to the full dislocation. The SFE for the HCP CoCrFeMnNi HEA is 72 mJ m ™2
(Fig. 2b), indicating that the nucleations of dislocations are more likely to occur in the FCC phase, compared to the high SFE in HCP
phase. Moreover, based on the energy differences, the HCP phase may be more stable than the FCC phase at 300 K, agreeing with the
results of the first principles calculations (Huang et al., 2018). The local stress field induced by the atomic-level severe lattice
distortion causes the fluctuation of SFE, owing to the random distribution of elements with various atom sizes (see Fig. 2a and b) (Liu
and Wei, 2017; Li et al., 2018). The upper atom layer moves, resulting in the stress redistribution (see Fig. 2c—e). The high stress
region is located in the middle layer, causing the high SFE (see Fig. 2d and e). In addition, the difference of the atomic interlayer
spacing induced by the disorder could lead to the difference of SFE, due to the chemical inhomogeneities of HEAs.

After the tension deformation at a strain of 20%, the volume fractions of different microstructures in the dual-phase HEA are
shown in Fig. 3a. As the volume fraction of the FCC phase increases, the volume fractions of other structures, including dislocations
and grain boundaries, firstly increase and then drop, confirming the phase and grain-boundary effect on the associated deformation
(see, structural evolution of Fig. 3b-g). Interestingly, after the plastic deformation, the FCC phase is accounted for about 10% in the
HCP-based FeCoCrNiMn HEA, indicating the occurrence of phase transformation from the HCP to FCC phase (Fig. 3a). Recently, the
HCP to FCC phase transformation in the polycrystalline CoCrFeMnNi HEA is observed by in situ laser/resistive heating XRD ex-
periments (Zhang et al., 2017b), and during depressurization (Tracy et al., 2017), attributed to the metastable HCP phase. In ad-
dition, the crystalline lattices of HCP and FCC phases are very closely attributed to their inner energy with the relatively small barrier
for the HCP to FCC transformation, and vice versa (Huang et al., 2018; Zhang et al., 2017b; Pogrebnjak et al., 2016). To further
confirm the microstructure evolution of the nanocrystalline dual-phase HEA during plastic deformation, the fraction of each structure
varies with the increased strain (Fig. 2h). For the strain larger than 5%, the FCC phase in the dual-phase HEA decreases, but the HCP
phase increases in the dual-phase HEA with the HCP phase less than 50%.

The phase-transformation processes firstly from the HCP to FCC phase, and then from the FCC to HCP phase are depicted in detail,
as shown in Fig. 4. The dislocation nucleated from the grain boundary is emitted to the grain interior, and the adjacent dislocation
moves along the reverse direction (Fig. 4b). The newly nucleated dislocation continuously slips towards the opposite grain boundary
(Fig. 4c), resulting in the formation of the FCC structure with the six-atomic-layer thicknesses. As the applied strain increases, the
partial dislocation emitted along the slip plane creates a stacking fault in the newly nucleated FCC phase (Fig. 4d—-f), meaning the
occurrence of reverse phase transformation from the FCC to HCP structure. The process of the HCP to FCC phase transformation can
improve the plasticity of the HCP FeCoCrNiMn HEA (Li et al., 2016), attributed to that phase transformation induces the structure
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Fig. 3. Volume fraction of the microstructures with the increasing FCC phase (a), and the corresponding structural evolution of the FeCoCrNiMn
HEA (b-g) at a strain of 20%. Evolution of the fractional phase content with the increasing strain (h).

Fig. 4. The HCP to FCC phase transformations of the HEA (a-d), and the FCC to HCP phase transformations of the HEA (d-f) by the dislocation
slipping. The arrows indicate the movement direction of the partial dislocation. ‘TB’ represents the boundary of deformation twinning.
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Fig. 5. The transformation from the HCP to FCC phase at the strain of 5%.

dissipation, and the new-generated FCC phase has more slip systems. In addition, the formation process of deformation twinning is
observed during the phase-transformation process (Fig. 4 e,f), which is created by the motion of the partial dislocations.

The transformation from the FCC crystal structure (ABCABC... stacking sequence) to the HCP crystal structure (ABABAB...
stacking sequence), and vice versa, can take place by the motion of the Shockley partial dislocations with Burgers vectors of type 1/
6 < 11 -2 > on every second closest packed plane (Olson and Cohen, 1976). The phase transformation meets the orientation re-
lationship, namely (111)FCC || (0001)HCP and [11-2]FCC || [11-20]HCP orientation (see Fig. 5), forming the coherent phase in-
terfaces (Fig. 5a). Hence, the FCC—HCP phase transformation can be realized by the dissociation of the perfect dislocations and the
HCP—FCC phase transformation by the association of the Shockley partial dislocations (see Fig. 5). In other word, the “back and
forth” movement of the same Shockley partial dislocations occurs, resulting in the reversible HCP—FCC transformation with the
preservation of the orientation. This prediction is in good agreement with a previous experimental result investigated in the dual-
phase HEA (Lu et al., 2018).

Fig. 6 shows the formation process of deformation twinning with the increasing strain in the FCC phase. The twinning partial
dislocation is nucleated (Fig. 6b, g), and moved in the opposite direction, resulting in the increased thickness in the deformation
twinning region. The full dislocation is nucleated in the stacking fault region (Fig. 6¢, h), and then can be dissociated into two partial
dislocations. As the strain increases, the two partial dislocations can move along the opposite directions, causing the continuous
increase of the deformation twinning (Fig. 6e, j), and agreeing with the previous experimental report (Wang et al., 2015).

Furthermore, the dual-phase HEA with a 16.7% FCC phase has the higher strength (Fig. 1k), originated in the phase interface
hardening, which is proved by increasing the other structure volume fraction in Fig. 3a. During the initial strain phase, the FCC phase
undergoes the plastic deformation and the HCP phase undergoes the elastic deformation. Then, the HCP phase begins to deform
plastically until the FCC phase achieves a certain degree of strain hardening. When the volume fraction of the FCC phase is larger than
15%, the hard HCP phase decreases sharply, and the interface strengthening weakens (Fig. 3a), resulting in the decrease in the flow
stress (Fig. 1k). The existence of the grain boundary in the FCC phase can lead to the softening with the increase of the FCC phase,
which exceeds the contribution of the phase-interface hardening relying on the dual-phase crystallographic orientation. In addition,
the dislocation hardening and deformation twinning also play a key role in the flow stress (Figs. 4 and 6).

To understand the relationship between the dislocation evolutions and material properties in the dual-phase HEA, the change
trend of the dislocation density with the increasing strain is presented in Figs. 7 and 8 for different FCC phase fractions. The
dislocation density can be defined as the ratio of the sum of all the dislocation lengths and the volume of the dual-phase HEA. The
plasticity of metals and alloys depends on the microstructural evolutions, such as the dislocation motion, kinking, twinning, slip, and
lattice instability (Khan et al., 2011; Li et al., 2010; Yu et al., 2010; Zhu et al., 2012; Wang et al., 2017). Here, the dual-phase

Fig. 6. The deformation twinning process at the strain: 5% (a, f), 6% (b, g), 7% (c, h), 9% (d, i), and 10% (e, j). The atoms are colored according to
the CNA value in (a-e), and the atom type in (f-j).
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Fig. 8. Evolution of dislocation density, the 1/3 < 1-100 > dislocation density, and 1/3 < 1-210 > dislocation density in the HCP phase.

CoCrFeMnNi HEA has the low SFE, which is easier to drive the partial dislocation motion and the phase transformation. In the dual-
phase HEA, the dislocation motions through the regions with the lattice-distortion-induced complex stresses lead to the crystal
plasticity, where the unexpected stress in slip planes appears in a given crystallographic crystal (Cubuk et al., 2017), and is associated
with the high strength of the HEA. In Fig. 7, a large number of Shockley partial dislocations to slip in the < 111 > plane give rise to
the very high plasticity in the FCC phase. The interaction between the nucleated partial dislocations can result in the stress de-
pendence, owing to the formation of stair-rod dislocations (Barnard et al., 2006). Therefore, the increasing Shockley partial dis-
location density can improve the plasticity, and the increasing stair-rod dislocation density can enhance the strength in the FCC
phase. The FCC HEAs have a higher dislocation density than the HCP HEAs, due to the more slip systems activated (Figs. 7 and 8).
Hence, with the increasing strain, the mobile dislocation density increases to cause the high plasticity of the HEA, and the sessile
dislocation density increases to improve the high strength of the HEA (Li et al., 2016). This trend can explain why such a dual-phase
HEA with a 16.7% FCC phase have a high strength and good plasticity, compared with that of the HCP HEA and other dual-phase
HEA. It is due to that the high mobile and sessile dislocation densities resulting from the phase-interface interaction are observed in
the dual-phase HEA with a 16.7% FCC phase (Figs. 7 and 8). As a result, the total dislocation densities in this dual-phase HEA are
greater than that in the HCP-based HEA, yielding the good ductility; the sessile dislocation densities of the unit FCC-phase volume in
this dual-phase HEA are higher than that in the other dual-phase HEA, leading to the high strength. Thus, in the dual-phase HEAs,
introducing the more slip planes plays a key role in improving the plasticity, and introducing a certain number of phase boundaries is
a valid strategy for the strength enhancement.

4. Discussion
The structure of the present dual-phase HEA generally consists of the FCC and HCP phases. At any given strain in the plastic range,

168



Q. Fang et al. International Journal of Plasticity 114 (2019) 161-173

the mean flow stress needed for overall straining of the dual-phase HEA can be described by the rule of mixture (Ankem et al., 2006)
o= VfCCUfCC + Vlftcpghcp + Ifcc—hcp (@D)

where V. and Vj,, represent the volume fractions of the FCC and HCP phases, respectively, which meet the relationship of
Viee + Vaep = 1. 0 and gy, are the average in-situ stresses in the FCC and HCP phases per volume unit, respectively. If._p is the
interacting stress between the FCC and HCP phases, which could be positive or negative (Ankem et al., 2006; Maier-Kiener et al.,
2017).

To reveal the strengthening model in the continuous FCC matrix HEA when the phase transformation from FCC to HCP phase
occurs, the mean flow stress as a function of the volume fraction of the minor HCP phase can be described by modifying Eq. (1)

0 = Ofce + thp (Uhcp - Ufcc) + Ifcc—hcp 2)

For the continuous HCP matrix HEA when the phase transformation from HCP to FCC phase occurs, the mean flow stress as a
function of the volume fraction of the minor FCC phase also can be expressed by modifying Eq. (1)

0 = Opep + Vfcc (Ufcc - C"hcp) + Ifcc—hcp 3

Thus, the strength of the dual-phase HEA can be derived from the sum of three terms, which include the strength from the matrix
phase, the discontinuous minor phase, and the phase interface between the matrix and minor phase. The second term depends on the
minor phase volume fraction and the phase mechanical property difference, and the later term is controlled by the strong interaction
of the FCC-HCP phase interface. In the present paper, Egs. (2) and (3) can interpret the flow stress of the dual-phase HEA, and
determine the strengthening contribution of the individual phase dependent upon its flow stress. The flow stress can be regarded as
one of the most important mechanical-property parameters, which has a linear relationship with the volume fraction confirmed
experimentally (Huang et al., 2016; Ankem et al., 2006). Beyond expectation, in the dual-phase HEA with a FCC-phase of 16.7%, the
flow stress exceeds the FCC-based or HCP-based HEA matrix (Fig. 1), owing to the dislocation hardening, twinning hardening, and
transformation-induced hardening from the interface (Li et al., 2016).

The tensile data of the FCC and HCP nanocrystalline HEAs indicates that the HCP HEA has a high flow stress (see Fig. 1j and k). As
aresult, the HCP-based HEA matrix is softened by the presence of the high FCC-phase volume fraction, meaning that the third term in
Eq. (3) is negative. On the other hand, the FCC-based HEA matrix is strengthened due to the presence of the HCP phase, indicating
that the third term in Eq. (2) is positive. In other words, the flow stress drop with the increasing FCC-phase volume fraction in the
dual-phase HEA is attributed to the increasing volume fraction of the softer FCC phase at the expense of the stronger HCP phase.
Apart from the volume fraction and the strength of each phase, the associated deformation behavior of the dual-phase HEA relies on
the strong interface interaction and topology. If the dual-phase HEA constitutes of the continuous hard HCP matrix and the
discontinuous soft FCC phase, overall straining agrees with that of the harder HCP phase. On the other hand, if the situation is the
continuous soft FCC phase and the isolated hard HCP phase, the deformation process mainly takes place in the soft FCC phase
(Barnard et al., 2006). These cases reveal that the overall straining behavior in dual-phase HEAs can largely depend on the straining
properties of the matrix phase.

To further investigate the interface effect on the deformation and strength of the dual-phase HEAs, the microstructure evolution,
the strain distribution, the stress distribution, and the dislocation evolution are shown in Fig. 9. Compared to the FCC HEAs, the
thickness of the interface between the FCC and HCP grains obviously increases, resulting in the interface strengthening by increasing
the inter-grain slip resistance (Li et al., 2016). When the HCP phase volume fraction is low, the HCP grains only deform elastically
(Fig. 9 al and a2). With continuously increasing the HCP phase volume fraction, the HCP grains deform partly elastically and partly
plastically, while the FCC grains deform plastically (Fig. 9 a3-a6). The small amount of the FCC phase can reduce the degree of the
plastic deformation in comparison with the pure HCP HEAs. The grain or phase boundaries withstand the high strain arising from the
large deformation (Fig. 9 b1-b6). The emitted partial dislocation with the stacking fault in the FCC grain, and the HCP to FCC phase
transformation in the HCP grain store a large number of strain energy, coordinating to the large plastic deformation (Fig. 9 b1-b6).
The dislocations included in the transforming grain could relax the stress concentrator, to reduce the driving force for phase
transformation (Javanbakht and Levitas, 2015, 2016; Levitas and Javanbakht, 2015a, b). The stress distribution around grain and
phase boundaries is shown in Fig. 9 c1-c6, revealing that the compressive stress fields occur at the regions of the grain and phase
boundaries. Plasticity plays a dual part in the interaction with phase transformations. Dislocation pile-ups produce strong stress
concentrators that lead to the barrierless phase nucleation. On the other hand, plasticity in the transforming grain relaxes the stress
concentrator to suppress the phase nucleation (Javanbakht and Levitas, 2015, 2016; Levitas and Javanbakht, 2015a, b). The atomic
severe lattice distortion induces the complex stress in the FCC and HCP grains, where the free-stress region takes place and is
surrounded by high stress areas. This stress distribution affects the local stacking fault energies, which control the slip resistance and
nucleation critical stress of the dislocation in the phase and grain boundary. Hence, the origin of interface strengthening or softening
is dependent on the degree of the local chemical order in the dual-phase HEA (see, dislocation evolution in Fig. 9 d1-d6). Thus, it
could help understand deeply the phase/grain boundary-property relationships to scientifically drive the development of new dual-
phase HEA with targeted mechanical behavior.

In addition, a dual-phase nanocrystalline HEA is highly heterogeneous in terms of chemical compositions, grain structures, and
grain-boundary networks, which together with the volume fractions of phases, all playing important roles in determining its me-
chanical performance. The current study mainly deals with the effect of the volume fraction of phases on the deformation behavior
and mechanical properties. The remaining key factors left for future work, and beyond the scope of this study. To further improve the
strength of HEAs, the third hard phase, such as the BCC phase or precipitates could be introduced in the dual-phase HEAs. It is due to
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Fig. 9. The microstructures (al-a6), the strain distributions (b1-b6), the stress distributions (c1-c6), and the dislocation configurations (d1-d6) at a
strain of 14.0% and the FCC phase volume fractions: 100% (a), 66% (b), 50.0% (c), 33.3% (d), 16.7% (e), and 0% (). In (b1-b6), the red atoms
indicate the high strain region, and the blue atoms denote the low strain region. In (c1-c6), the red atoms indicate the high tensile stress region, the
blue atoms denote the high compressive stress region, and the green atoms represent the low stress or stress-free region. In (d1-d6), as indicated by
the line colors, dislocations, including perfect dislocations (— blue line), Shockley partials (—— green line), Hirth ( light-yellow), and stair-rod
(— pink line) dislocations, have nonstandard Burgers vectors in the FCC phase. The dislocations, including 1/3 < 1-210 > partials (—— green line)
and 1/3 < 1-100 > partials (— deep-yellow) dislocations, have nonstandard Burgers vectors in the HCP phase. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this article.)

that the dislocation could cut, or loop (Fang et al., 2019), or pile up the phase interface between the matrix and third phase
(nanoprecipitate), resulting in the multi-level enhancement mechanisms. Recently, this strategy to design the HEAs with high-content
nanoprecipitates, greatly strengthens HEAs without severely losing ductility (Liang et al., 2018; Ming et al., 2018). Therefore, our
results helpfully guide the design and optimization of HEA with the desired combinations of the mechanical properties, by tuning the
proportions of different phases.

5. Conclusions

The deformation behaviors of the dual-phase nanocrystalline HEAs with variable fractions of FCC and HCP phases due to different
heat treatments have been examined by the tensile straining test. We also investigate the FCC phase volume fraction on the me-
chanical properties and the associated deforming behaviors of the dual-phase nanocrystalline CoCrFeMnNi HEA. The HCP HEAs have
higher elastic modulus compared to the FCC HEAs, indicating that the addition of the HCP phase initiates the hardening of the dual-
phase HEA. The HCP nanocrystalline HEA has the high work hardening and good ductility, which is unlike conventional under-
standing of the brittle HCP phase with the high yielding strength and low ductility. Interestingly, the FCC phase is accounted for
about 10% in the nanocrystalline HCP-phase FeCoCrNiMn HEA, indicating the occurrence of the HCP to FCC phase transformation.
The HCP to FCC phase transformation and the reverse FCC to HCP phase transformation, which strongly correlates with the degree of
the atomic lattice distortion, improve the plasticity of the HCP grain. With the increasing strain, the mobile dislocation density
increases to cause the high plasticity of the HEA, and the sessile dislocation density increases to improve the high strength of the HEA.
The overall straining behavior of the dual-phase HEAs can be largely influenced by straining properties of the matrix phase, due to the
strong effect of the phase boundary and phase transformation. The present results on the microstructure evolution at the nanoscale
provide a useful benchmark for further the science-based design of the new dual-phase HEAs with the high strength and ductility.

Future work can be undertaken to investigate the role of chemical compositions, grain structures, and grain-boundary networks
on the microstructural evolution and the damage in dual-phase HEAs. The previous work studied by the experiments has shown a key
link between the phase volume fraction and macroscopic mechanical response in dual-phase HEAs. However, the MD simulations
outlined in current study could greatly contribute to the previous experimental results by providing the numerical evidence for the
underlying phase transformation and dislocation as well as twinning mechanism. Furthermore, various deformation methods, in-
cluding shear deformation, femtosecond laser driven shocks, nano-indentation, high-pressure torsion, and cyclic deformation, could
further give the fundamental role of multi-phase in controlling the plasticity and ductility of HEAs, to tailor quantitatively the
mechanical properties of HEA.
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