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The equiatomic refractory high-entropy alloys (RHEAs) exhibit the excellent performance at high temperatures, breaking
through the upper limits of operating temperatures in the conventional high-temperature alloys. Here, the influences of
chemistry and temperature on the deformation mechanisms of the equiatomic MoNbTaW RHEAs are investigated, using the
large-scale atomic simulations. According to the microstructure evolution, a microstructure-based constitutive model is es-
tablished to study the effects of the multiple strengthening mechanisms. The results show the jagged sharp fluctuations of the
flow stress with the strain after the strain hardening. The increasing temperature reduces the strain-hardening rate and the
amplitude of fluctuations in the flow stress, due to the reduction of the solute concentration for the annealed structure. The
deformation twinning plays a certain role in the deformation mechanism in comparison with dislocation, and the local
deformation is further accommodated via the dislocation-based plasticity, and amorphous nucleation in the grains. The
existence of the ordered structure affects the stress and strain partition dependent upon the mechanical properties. The solid
solution strengthening and grain boundary strengthening contribute considerably to the flow stress, and twinning strengthening
contributes relatively little to the flow stress. Our atomic simulation and model give valuable insights into the deep under-
standing of chemistry and temperature related to the deformation behaviour of RHEAs.
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1. Introduction

With the rapid development of the extreme equipment in the
field of high temperature, the performance requirements and
demand for elevated-temperature components are con-
tinuously increasing [1,2]. However, the currently used su-
peralloys, mainly including Fe-based, Co-based, and Ni-
based alloys, are at present approaching the upper limits of
operating temperatures and stresses [3], which cannot meet
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the design requirement of the hot-end components. There-
fore, the development of the alternate materials is extremely
urgent to operate at elevated temperatures. Recently, the
multi-principal elements or refractory high-entropy alloys
(RHEAS) could offer a strategy to develop an ideal novel
high temperature structure [4-7], due to their excellent me-
chanical properties.

To promote the applications, such as gas turbine, nuclear
reactor, and heat exchanger, some reports on RHEAs ex-
plore the process-structure-properties relationships by ex-
tensively characterizing specific alloy compositions [8-11].
The MoNbTaW RHEA synthesized by vacuum arc melting
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shows the high hardness of 4.69 GPa owing to strong solid
solution strengthening [12]. By high-throughput additive
manufacturing and characterization, a model MoNbTaW
alloy system is explored for exceptionally high strength at
elevated temperature [13,14]. In comparison to pure tung-
sten, the MoNbTaW RHEA exhibits the increased resistance
to irradiation suitable for fusion reactor components [15].
The polycrystalline multi-phase MoNbTaTiW shows a high
absolute hardness of 13.89 GPa due to solid solution
strengthening and grain boundary strengthening [16]. On the
other hand, the dislocation behavior and deformation me-
chanism in the MoNbTaW RHEA are investigated, using the
model and atomic simulation. The effect of chemical short-
range ordering (CSRO) on the energy landscape of screw/
edge dislocation and the screw/edge dislocation mobility are
studied in MoNbTaW RHEA over a wide temperature range
using molecular dynamics (MD) simulations [17-19]. Using
a theory of edge dislocation strengthening in BCC alloys,
the strength of MoNbTaW RHEA is controlled by edge
dislocations at high temperatures, attributed to large energy
barriers for the thermally-activated edge glide [20]. The li-
quidus temperature and density in RHEAs are calculated
using the rule-of-mixtures relations and calculation of the
phase diagram approach, for obtaining the weightage of
different properties based on their design and application
requirements [21].

It is widely known that the MoNbTaW system reported by
Senkov et al. [22] in 2010 is a very classic system in the
field of RHEAs [23-25]. Here, we try to examine the
atomic-scale deformation mechanism from the perspective
of modeling and simulation, to further understand the me-
chanical behavior and improve performance. The under-
standing and representation at different levels of experiment
drive the development of simulation and model to obtain
more general rules. It is undeniable that simulation is a very
important method to understand the phenomena of the ma-
terial world. In this study, the deformation behaviours of
MoNbTaW RHEA system are considered using an in-
tegrated simulation-modeling analysis in terms of micro-
structure, dislocation type, strain, and stress distribution.
The basic mechanical properties are also compared with the
previous results to verify the accuracy. The structure-prop-
erties relationships of the RHEAs are discussed over a wide
temperature from 300 K to 2100 K. In addition, the effect of
CSRO on the mechanical properties and deformation me-
chanism is analyzed.

2. Method

2.1 MD simulation

Figure 1(a)-(d) show the polycrystalline RHEA samples,
which contain 20 random-crystallographic-orientation
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grains built by the Voronoi construction method [26,27].
The polycrystalline RHEA sample with the size of 50 nm %
50 nm x 50 nm has 2295393 atoms, and the lattice para-
meter of the BCC MoNbTaW is 3.22 A, based on the ex-
periment [12]. In order to comply with the Hall-Petch
relationship, the average grain size of RHEA sample is
20 nm based on the previous results [26,27]. To ensure this
relationship, other samples with different grain sizes are
simulated (see Fig. S1). To construct the desired RHEA
MoNbTaW sample with the random elements, the atoms in
the polycrystal Mo are randomly replaced by atoms of Nb,
Ta, and W, as presented in Fig. 1(a). This strategy is widely
used to establish polycrystalline HEAs. The supercell of
HEA is developed using the special quasi-random structure
method, but for polycrystalline RHEA sample this is almost
difficult to build. Using the large-scale MD massively par-
allel simulator (LAMMPS) [28], Monte Carlo (MC) and
MD calculations are carried out [17,18]. The periodic
boundary conditions are used for all dimensions. The RHEA
sample is kept at 1800 K and then cooled to room tem-
perature, and thus the as-cast RHEA is prepared. The an-
nealed RHEA samples are equilibrated from the as-cast
RHEA, using a hybrid MC/MD approach (Fig. 1(c) and (d)).
In each MC step, a swap of one random atom with another
random atom of a different type is conducted based on the
Metropolis algorithm in the canonical ensemble. During
every MC/MD step, 100-step MC swaps are performed
followed by up to 10-step MD relaxations. Hence, the an-
nealed polycrystalline HEAs with SRO are prepared. In
addition, the degree of CSRO relies on the level of heat
treatment, and then affects the deformation of HEAs. In the
present work, we focus on the influence of CSRO existence
on plastic behaviour and mechanical properties in the
polycrystalline RHEA samples. The distribution of elements
clearly reveals the short-range order of chemical elements
(Fig. 1(e) and (f)). The applied temperatures are 300 K,
500 K, 800 K, and 1200 K. For each temperature, the ran-
dom/annealed RHEA samples are relaxed for 100 ps by the
Nose’-Hoover isobaric-isothermal (NPT) ensemble. The
strain rate of 1x10*s™" is applied to the random/annealed
RHEA, which deforms to the tensile strain of 20% along the
x direction.

The embedded atom method (EAM) potential is used to
study the deformation behaviour of MoNbTaW RHEA
[29,30], and is a many-body interatomic potential as fol-
lows:

E:Fazpi(Ri,j)+%Z‘pa,/f(RiJ)’ (0
J#i JF

where FE is the total energy of the atomistic system, F is the
sum of the embedding energy, and ¢ is the short-range pair
potential energy. Here, the potential parameters of Mo, Ta,
and W elements are from Zhou et al. [29], and those of Nb
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Figure 1 Atomic model for the as-cast and annealed polycrystalline HEAs. (a), (b) The atoms of the HEAs are colored based on the atomic type, where @

Mo, @ Nb,

Ta, and () W. (c), (d) The atoms are colored, based on the CNA value, where @ the BCC structure, and () other structure. (e), () The element

distribution of the as-cast and annealed HEAs in the local area. (g) GPFE curve on (111) {110} slip system. (h) The chemical short-range order parameters of

various element pairs in the as-cast and annealed RHEAs.

element are from Lin et al. [31].

The lattice parameter—cohesive energy curves in the
MoNbTaW HEA using the EAM potential are presented in
Fig. S1. The lattice parameter obtained from MD simulation
is 3.16 A (Fig. S1), and the corresponding error is 2%
compared with experiment [12]. The elastic constants C11,
C12, and C44 are 372.6, 190.2, and 100.2 GPa, which agree
well with the previous result (C11 375.5, C12 167.3, and
C44 101.6 GPa) [20]. Using the Voigt-Reuss-Hill approx-
imation [32], the bulk modulus B is 251.0 GPa, in good
agreement with 230.38 GPa from density functional theory
[33,34], and 245 GPa from Ref. [35].

By the Ovito software [36], the evolution of the local
atomic structure was distinguished via the common-neigh-
bor analysis, where the blue color stands for the BCC
structure, and the white color represents other structures,
including dislocations and GB. The deformation mechanism
of polycrystalline metal depends on the stable stacking fault
energy, which determines the deformation twinning or dis-
location glide. Hence, the curve of generalized stacking fault

energy in the RHEA is presented in Fig. 1(g). Here, the
stable stacking fault energy on the {110} plane of MoN-
bTaW RHEA is 0.45 mJ/m* [37], and the unstable stacking
fault energy on the {110} plane is 1009.9 mJ/m’ in ac-
cordance with 1139 mJ/m” from the previous atomistic si-
mulations [38], This case would lead to that the partial
dislocations are more likely to occur, compared to the full
dislocation.

2.2 Chemical short range order parameter

It is common to describe SRO in form of Warren-Cowley
(W-C) short-range order or pair-correlation parameter,

which is defined as " = (p," — C;)/(6;,~ C;) [39], where m
means the mth nearest-neighbor shell of the central atom i,
p,»;” is the average probability of finding a j-type atom
around an i-type atom in the mth shell, C; is the average
concentration of j-type atom in the system, and J; is the

Kronecker delta function. When a ,jm = 0, this trend describes
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random alloys namely in this case elements i and j are found
in the alloy system. In the case of ai;” >0, there is a ten-
dency of clustering or segregation of i-i and j-j pairs and for
al-/'-” <0 there is a tendency of unlike pairs ordering i-j.
Figure 1(h) shows that a more positive value for Ta-Ta ex-

ists, and then reveals the stronger CSRO in the annealed
sample.

3 Results and discussion

To explore the effect of grain size on the mechanical
properties, the grain size of polycrystalline RHEA sample is
set to 15 nm, 20 nm, and 25 nm (Fig. 1 and Fig. S2). The
stress-strain curves from Fig. 2(a) show the sample with
small grain size exhibits higher yielding strength and flow
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stress. Here, the yielding strength is defined as the 0.2%
proof stress. Figure 2(b) illustrates the average flow stress
(AFS) as a function of normalized grain size, indicating the
Hall-Petch behavior (namely, softening with further increase
of grain size). The influence of random distribution of ele-
ments in the RHEA sample with the grain size of 20 nm is
explored (Figs. S3 and 3(a)). Figure 3(a) plots the stress-
strain curves for the five independent samples with the
random element distributions. The ultimate tensile strength
(UTS), which is the maximum stress value from the stress-
strain curve, 7.5+£0.07 GPa, and AFS is 6.4+0.2 GPa from
Fig. 3(a). Thus, the random element distribution has a weak
influence on mechanical properties. Hence, the results of the
current random element distribution can represent the gen-
eral laws of the MoNbTaW RHEA. In addition, the role of
strain rate is also considered in the as-cast RHEA sample
with the grain size of 20 nm (Fig. 3(b)), and the obvious
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Figure 2 (a) Stress-strain curve of the as-cast RHEA with different grain sizes. (b) AFS as a function of (grain size)™? for the as-cast RHEA.
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Figure 3 (a) Stress-strain curve of the as-cast RHEA with different element distributions for the grain size of 20 nm. (b) Stress-strain curve of the as-cast
RHEA with the grain size of 20 nm under different strain rates. (c) Relationship of the AFS and strain rate, and the corresponding fitting curve.
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strain rate dependent mechanical properties are observed.
Figure 3(c) shows the relation between the mechanical
property and strain rate, and the corresponding fitting curve

using a power function relationship of ay:a+bé‘

(0,=5.947+ 1.694 36%344%) Based on the power function

relationship, the value of the flow stress at a quasistatic state
(& — 0) is 5.947 GPa, in good agreement with 5.3 GPa
based on the polycrystalline MoNbTaW RHEAs with grain
size of 10 nm [40].

To study the effect of temperature on the mechanical re-
sponse, the as-cast, and annealed RHEAs are placed at the
temperatures of 300, 800, 1200, 1500, 1800, and 2100 K,
and then tensile deformed. Figure 4(a) and (b) shows the
representative tensile engineering stress-strain curves of the
polycrystalline RHEA samples. In general, the tensile de-
formation of polycrystalline samples presents the initial
elastic deformation, the yield deformation along with the
large and abrupt stress drop, and the stable plastic de-
formation at the low stress [27,30]. This typical stress-strain
relationship also occurs in the single crystal and poly-
crystalline traditional metal materials [41]. The flow stress
fluctuates sharply in a zigzag pattern with the increasing
strain attributed to the frequent dislocation behaviors (dis-
location nucleation, dislocation emission, and dislocation
motion), which are observed in the previous work [27,41].
In addition, the bulk RHEA at the high temperature of
2100 K exhibits the excellent yield strength. After the strain
hardening, the flow stress shows the jagged sharp fluctua-
tions with the strain (Fig. 4(a) and (b)). The increasing
temperature reduces the strain hardening rate and the am-
plitude of fluctuations in the flow stress [27]. The phe-
nomenon has also been experimentally verified, where
strainhardening rate decreases at high temperature in the
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polycrystalline copper [42]. In the annealed RHEAs, UTS
and AFS decrease because the formation of ordered struc-
tures reduces other element solute concentration within the
matrix for the annealed structure (Fig. 4(c)). Thus, the solid
solution strengthening reduces, resulting in low UTS and
AFS. The annealed structure increases the average error
value of AFS, thus reducing the stability of mechanical
properties due to the existence of the CSRO structure.

To deeply understand the origin of the complex dynamic
mechanical properties, the evolution of microstructure with
the increased strain and temperature should be investigated
in detail. Figure S4 shows the grain evolution and grain-
boundary movement at various temperatures. The increased
temperature would cause grain-boundary thickening along
with the initiation of grain boundary migration [27], and the
degradation of mechanical properties seems inevitable dur-
ing the plastic deformation (Fig. 4(c)). A large number of
the fine amorphous phases are nucleated, and thus, a
structural instability of the high-temperature RHEA takes
place [43,44]. The high strain also leads to the increased
structural instability (Fig. S4). It can be noted that the
crystal-to-amorphous phase transition takes place under the
loading in HfNbTaZr RHEA and at high stress in the ul-
trafine-grained HEA CrMnFeCoNi [45,46]. In addition, the
annealed structure would result in the obvious micro-
structural evolution [47], such as grain boundary char-
acteristics, and deformation twinning (Fig. 5). In the HEAs
with hard-intermetallic compounds, deformation twinning
can lead to an excellent combination of strength, ductility,
and strain-hardening ability [47]. Here, the heterogeneous
nucleation of deformation twinning with the increased strain
is observed in the as-cast and annealed RHEA. The growth
of deformation twinning is mediated by partial dislocation
activities at the twin boundary. In particular, the distribution
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Figure 4 Stress-strain curve of the (a) as-cast and (b) annealed RHEA. (c) UTS and AFS from the strain range of 6%-20% with the increased temperature.
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Figure S Deformation twinning of as-cast and annealed RHEA at the temperature of 300 K and 2100 K.

of chemical elements also shows that the plastic deformation
causes the elemental redistribution (Fig. 5). Hence, the de-
formation twinning plays a key role in the deformation
mechanism. The local deformation is further accommodated
via the dislocation-based plasticity, and amorphous nuclea-
tion in the grains.

To clearly observe the degree of plastic deformation, the
shear strain distribution should be quantified in the de-
formed RHEA. Figure S5 shows the shear strain distribution
with the increase of strain and temperature. Here, each atom
is colored according to the local von Mises shear invariant in
the initially stable atomic configurations during the defa-
mation [27,30]. For various temperatures, the high strain
region in the as-cast and annealed RHEA occurs along the
grain boundary. With the continuous plastic deformation, the
strain at the grain boundary continues to increase and the
region of microstructure evolution in grains also produces
an obvious high strain (Figs. S5 and S6). The high tem-
perature causes the strain diffuses along the grain boundary
to both sides [48,49], due to the observed grain boundary
thickening during loading. However, the stress distribution
is not completely consistent with the strain distribution
(Figs. S5 and S6). The low stress takes place near the grain
boundary, and the high stress exists within the grains (Fig.
S6). The high temperature causes the decrease of the am-
plitude of the stress, resulting in a high temperature soft-
ening effect due to the weak atomic bonds (Fig. S6). The
detailed comparisons of Figs. S5 and S6 show that the

CSRO affects the stress and strain partition dependent upon
the mechanical properties (Fig. 4). The short-range ordering
as hetero-structure causes that the strong incompatibility
induced a large strain gradient in AI-Mg-Sc alloy [50].
The dislocation structures play an important role in de-
termining both the deformation mechanism and material
properties [51-54]. Here, the distributions of dislocation
activities among HEAs are presented in Figs. S7 and S9,
where the lines are colored based on the Burgers vector and
geometric configuration. The 1/2(111) and other disloca-
tions account for a large proportion of the forest dislocations
[54-56]. The increased temperature would obviously reduce
the dislocations, and the other dislocations would drop
sharply (Fig. S7). Compared with the traditional alloys, a
large number of the edge-type dislocations occur after the
deformation. This trend is different from the classic view of
the screw-dislocation-controlled material deformation [57].
Additionally, it can be seen that the CSRO structure plays a
significant role in determining the dislocation hardening
behavior (Fig. S8). The presence of SRO significantly af-
fects the dislocation motion, due to the low solute drag ef-
fect [18]. Meanwhile, the CSRO structure would provide
some pinning points in the space range to reduce the mean
free paths, owing to the interactions of the slip dislocations
with the forest dislocations and their subsequent storage.
To quantitatively evaluate the effects of the strain and
dislocation density on the mechanical properties, their sta-
tistical results are presented in Fig. 6. The strain shows the
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sharp fluctuations along the tensile direction in the as-cast
and annealed RHEAS, and then controls the nucleation and
slip resistance of dislocations (Fig. 6(a) and (b)). These
massive dislocation behaviors would determine the strength
and toughness of RHEA. Figure 6(a) and (b) also show that
the distribution of the shear strain in the deformed RHEA is
significantly inhomogeneous. The value of the maximum
shear strain depends upon the variations of the location and
given temperature. The statistical value for dislocation
density is plotted in Fig. 6(c). The decreased dislocation
density with the increase of temperature further verifies this
viewpoint for the relationship of the CSRO structure and
microstructural variables (Fig. 6(c)). The large degree of the
CSRO modeled as obstacles would effectively inhibit the
dislocation nucleation and motion, and fundamentally im-
proves the mechanical properties.

4. Theoretical modeling

4.1 Yield strength of as-cast and annealed HEAs

Based on the previous work [58-60], a microstructure-based
and mechanism-based constitutive model is proposed to
investigate the mechanical behaviors of the as-cast and an-
nealed RHEAs. The establishment of constitutive relation
refers to the previous works [27,55], the flow stress of
RHEAs is expressed as

(2

where Ogqiq is the solid solution strengthening which is
caused by severe lattice distortion, Ogp, is the grain-
boundary Opisiocation 1S the dislocation
strengthening, Oryiy is the twinning strengthening, Opyck is
the back stress, and 0¢sro is the contribution of the CSRO to

OFlow — OSolid T OGrain T T Dislocation T OTwin T OBack T Ocsro»

strengthening,
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strengthening. The strength contribution of the linear com-
bination mechanisms has been widely adopted in evaluating
the performance of HEAs [27,55,58]. The constitutive
model used in this work is independent of the strain rate
[61,62].

The expression of the lattice-distortion-dependent solid-
solution strengthening introduced by a single element in
RHEAs is expressed as [58]

3)

where 4 is a material-dependent constant, n is the total
number of elements, G is the shear modulus, ¢; is the atomic

n
— 5/35 4/3
USOHd—ZAGCi ;7
1

concentration of the element i, and dp; is the mismatch
parameter of element .
The mismatch parameter consists of the shear modulus

mismatch 0G; ;;; and atomic radius mismatch r; ;. dp;,

0G, jix, and Or; ;; are expressed as

1/2
op; = E(0G urt Borl) )
96 - 06
0G; ju = injs (5)
Or e —or e
6rijijk1= %, (6)

where &= 2.5 in the BCC metals, the value of § depends on

the dislocation type, and =3 in the BCC HEAs as the

Ave

main dislocation type is the screw dislocation. 6G ;" and
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ry- are the average modulus mismatch and average atomic

radius mismatch of the ijk/ alloy, respectively. The average
modulus mismatch and average atomic radius mismatch are
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where 5G,;,- and 51”;,- are the shear modulus mismatch and

atomic radius mismatch between element i and j, respec-
tively, and they are expressed by

5G;=2(G,—G,)(G+G,), )
o1y = 20— rp/(r+7;), (10)

where G; is the shear modulus, and #; is the atomic radius of
element i.

According to the Hall-Petch relationship, the grain-size
strengthening contributed to the flow stress is expressed as [63]
OGrain — kl—l]’/'\/g’ (1 1)
where kyp is the Hall-Petch coefficient, and the estimated
value is 590 MPa-um!’?> which is reported for NbMo-
TaWVCr HEA [64], and d is the grain size. The Hall-Petch
coefficient reflects the overall influence of grain boundary
on dislocation, including the strengthening effect due to
grain boundary hindering dislocation and the softening ef-
fect due to grain boundary emitting dislocations. Logically,
the CSRO will enhance the dislocation emission from grain
boundaries, thereby decreasing the Hall-Petch coefficient.
However, the Hall-Petch coefficient used in this work is
obtained from experiments, which already consider the in-
fluence of CSRO in default. In this case, the effect of CSRO
on grain boundary strengthening is not considered in this
model. Based on the research of Wagner and Laplanche
[65], the Hall-Petch slope is related to the critical strength of
grain or twin boundaries against slip transmission. Due to
the lack of a theoretical formula for the relationship between
the Hall-Petch slope and stacking fault energy or tempera-
ture for RHEA, the effect of stacking fault energy and
temperature on grain boundary strengthening is not con-
sidered in this work.

Based on the Bailey-Hirsch relationship, the dislocation
strengthening contributed to the flow stress is calculated as [66]
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ODislocation MO[Gb,\/ﬁ, (12)
where M is the Taylor factor, a is the empirical constant, b is
the burgers vector, and p is the dislocation density.

Based on the Kocks-Mecking model [67], the dislocation
density is estimated by

L v, (&)™
sty alE)

where €, is the plastic strain, y is the proportionality factor,

op _
e, M

: (13)

kyq is the dynamic recovery constant, &, is the plastic strain
rate, ¢, is the reference strain rate, and 7; is the dynamic
recovery constant. Equation (13) describes the multi-
plication and annihilation of dislocations, dislocation evo-
lution is completely dependent on plastic strain and material
microstructure parameters. The model does not involve the
nucleation stress of dislocations.

The critical twin thickness decides the deformation
twinning strengthening, and the deformation twins are ex-
pressed as [68]

n2-vier . PYw .
MPCRaT— et At
OTwin — Gh (14)
Y Lk i<i
Pg| b 34 (7 - e

where x is the unit order coefficient, v is the Poisson ratio, A
is the twin thickness, €t is the shear strain for transforma-
tion, ¢ is the twin boundary forming process-dependent
coefficient, }y, is the stacking fault energy of the twin, f is
the twin volume fraction, P, is the geometrical parameter,
Vst is the stacking fault energy, and b,, is the Burgers vector
of a partial dislocation. Here, when the twin boundary is
completely detwinned, ¢ = —2; when the twin boundary is
formed, ¢ = 2; and when the twin boundary is thickening or
thinning, ¢ =0. The MD simulations show that the twin
boundary is thickening continuously during the deformation
stage (Fig. S4). Thus, ¢ is equal to 0 in Eq. (14). This model
focuses on the twinning strengthening contribution to the
yield strength. The deformation twinning occurs during the
plastic deformation process, which is computed based on the
previous work [18].

The back stress is originating from the accumulation of
dislocations at grain boundaries [69], it is expressed as

O = MN, (15)

where N is the number of dislocations accumulating at grain
boundaries, which can be determined by the plastic-strain
evolution law, as shown in the following:

dN _¢(j_ N
dTp*b(l NB)’ (16)

where ¢ is the mean distance between slip bands, and Ny is
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the maximum number of pileup dislocations at the grain
boundaries.

Based on the previous work [27], non-uniform deforma-
tion exists in MD simulation. The geometrically necessary
dislocations would be generated to accommodate the non-
uniform deformation near the grain boundary [70]. The back
stress is a long-range internal stress caused by the interac-
tion and pile-up of geometrically necessary dislocations near
the grain boundaries. The Hall-Petch expression is used to
describe the hindering effect of the grain boundaries them-
selves on dislocations. Thus, there are two independent
mechanisms considered in this model.

According to the previous work [71], the contribution of
the CSRO to strengthening in BCC alloys is calculated as
follows:

3.264 m
UCSRo_M[ L3 ]Z[Z/:Cfc_/“gf Ui/}’ (17)

where L, is the lattice parameter of the BCC unit cell, Uj; is
the pair interaction energy between elements i and ; at first
and second neighbors [72,73].

The corresponding parameters used at room temperature
and strain rate of 1x10°s™' are listed in Table 1. Because
these parameters depend on the temperature and strain rate,
only the case of room temperature and given strain rate is
taken as an example. If one wants to obtain the flow stress of
RHEA at different strain rates and temperatures, the corre-
sponding microstructure parameters, such as grain size, twin
thickness, stacking fault energy, and twinning energy rely on
the MD simulation results, which should be defined as the

Table 1 Parameters used in this model for the MoNbTaW RHEA at room
temperature and the strain rate of 1x10%s™!

Parameter Symbol Magnitude
Material-dependent constant A 0.05
Grain size (nm) d 20
Taylor factor M 2.733 [74]
Empirical constant o 0.2
Burgers vector (nm) b 0.278 [75]
Proportionality factor 7 0.025 [27]
Dynamic recovery constant ks 13.4 [27]
Reference strain rate & 1[27]
Dynamic recovery constant m, 21.25 [27]
Unit order coefficient X 0.4 [27]
Poisson ratio 0 0.3
Twin thickness (nm) A 1.2
Shear strain for transformation er 0.707 [27]
Stacking fault energy of twin (mJ/m?) Yo 0.45
Geometrical parameter n, 1.8 [27]
Stacking fault energy (mJj/m?) Ve 0.45
Burgers vector of partial dislocation (nm) b, 0.25
Mean spacing between slip bands (nm) ¢ 1[27]
Maximum number of dislocation loops Ny 10 [27]
lattice parameter (A) L 3.22
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functions of the room temperature and the strain rate. To
predict the high-temperature performance of RHEAs, in
addition to the microstructure evolution provided by the MD
simulation, the numerical values of these constitutive para-
meters at high temperatures are required, which are chal-
lenging.

To uncouple the influence of various microstructures on
the mechanical properties, the separate contribution of dif-
ferent strengthening mechanisms on the flow stress of the
as-cast and annealed MoNbTaW RHEAs under the condi-
tion of room temperature and strain rate of 1x10*s™' are
calculated, as shown in Fig. 7. To verify the accuracy of the
theoretical model for yield strength in the MoNbTaW
RHEAs, the prediction results are compared with the MD
simulation results. The yield strength from where a specified
offset at 0.2% strain parallel to the slope intercepts the
stress-strain curve, and the yield strength values of the as-
cast and annealed MoNbTaW RHEAs obtained by MD si-
mulation are 5.25 GPa and 5.4 GPa (Fig. 4(a) and (b)).
Figure 7(a) and (c) show the yield strength values for the as-
cast and annealed MoNbTaW RHEAs calculated by the
theoretical model are 5.29 GPa and 5.47 GPa. The errors for
the as-cast and annealed RHEAs are 0.76% and 1.30%,
respectively. These findings demonstrate that the theoretical
model is highly accurate.

It can be seen from Fig. 7 that the flow stress is dominated
by the solid solution strengthening and grain boundary
strengthening, in consistent with previous experiments
[12,16]. Due to the nanometer grain size, the current cal-
culation results in Fig. 7 do not show significant strain
hardening, which is consistent with the results of MD si-
mulation and experimental results [70,76]. The contribution
of the grain-size strengthening to the yield stress is greater
than that of solid solution strengthening (Fig. 7(b)). In ad-
dition, the strain hardening stems from the back stress (Fig.
7(a)), because the post-yield flow stress keeps increasing
after the back stress is added. Surprisingly, the contributions
of dislocation strengthening and twinning strengthening on
both the flow stress (Fig. 7(a)) and strain hardening (Fig. 7
(b)) are small.

Figure 7(c) and (d) show the effects of different
strengthening mechanisms on the flow stress at room tem-
perature in the annealed MoNbTaW RHEA. Note that the
annealing process triggers the formation of CSRO, which
causes extra strengthening compared with the as-cast sam-
ple. As can be seen from Fig. 7(c), CSRO strengthening
slightly enhanced the flow stress, and ocgro= 180 MPa
(Fig. 7(d)). However, compared with the contribution of
other strengthening mechanisms, such as solid solution
strengthening and grain-size strengthening, the contribution
of CSRO is small (Fig. 7(d)), which is basically consistent
with the results of MD simulation [73]. The theoretically
predicted result echoes the results of MD simulation, where
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Figure 7 Stress-strain curves of the as-cast and annealed MoNbTaW RHEAs under the uniaxial tensile deformation. (a) The flow stresses of the as-cast
MoNbTaW RHEA after the superposition of different strengthening mechanisms. (b) The separate contribution of different strengthening mechanisms on the
flow stress in the as-cast MoNbTaW RHEA. (c) The flow stresses of the annealed MoNbTaW RHEA after the superposition of different strengthening
mechanisms. (d) The separate contribution of different strengthening mechanisms on the flow stress in the annealed MoNbTaW RHEA.

the yield strength of MoNbTaW RHEA is only increased by
150 MPa after annealing. Here, it is worth noting that the
formation of CSRO would change the element distribution
in the material, thus affecting the solid solution degree.
Therefore, the minor effect of CSRO predicted in this work
implies the competition between CSRO strengthening and
solid solution strengthening in RHEAs.

4.2 Difference of lattice distortion between annealed
and as-cast HEAs

Based on the work [77], the interatomic spacing of a solid
solution can be regarded as the average spacing of all atoms
in the selected lattice region, it also can be applied to the
annealed HEA with CSRO. Hence, the averaging atomic

size mismatch Orlgs, and averaging elastic mismatch

IGsRo in the annealed HEA can be stated as follows:

SrésRo = 2. 0.0y Pij» (18)
[
Ave A
6Gesro= 2. 0,0G; Py (19)
[

where Pj; is the average probability of finding a j-type atom
around an i-type atom in the st shell.

Due to the calculation needs, the ijk/ HEA is divided into
two parts. They are the additional element i and matrix jkl.

The change in the atomic percentage of element i, ¢;, would

CSRO

lead to the change in the atomic-size mismatch dr; 3, and

the elastic mismatch 5G,~S]$,50

nealed HEA with CSRO can be expressed as

. The two mismatches in an-

Ave _ Ave
CSRO _ or, CSRO, jjkl or, CSRO, jkl

Or; ikl c; > (20)
Ave — Ave

5G CSRO _ 5GCSRO,;’ikl 5GCSRO,jkl 21

ikl c; ? ( )

A A .
where d7¢sro ;i and drcsro i can be obtained through Eq.

(18), 0GésRo

Based on Egs. (5)-(6) and Egs. (20)-(21), the differences
of the atomic-size mismatch and the elastic mismatch be-
tween the annealed and as-cast HEAs are presented in
Fig. 8. The atomic-size mismatch and elastic mismatch in
annealed HEA with CSRO are larger than that of as-cast

and 0G($ko, Ju are calculated by Eq. (19).
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Figure 8 Difference of the (a) atomic-size mismatch and (b) the elastic mismatch between the annealed and as-cast HEAs.

HEA. A recent study shows the differences of chemical
affinities in MoTaTiWZr RHEA are the driving force for the
CSRO, which could enhance the energy barriers for the
dislocation motion [78]. This key role would influence
strongly the mechanical properties, and the model for the
corresponding strength contribution should be developed in
the future.

5. Conclusion

In the present work, the deformation mechanisms of the
equiatomic MoNbTaW RHEAs under the uniaxial tension
are investigated using the MD simulation methods, and the
influences of chemistry and temperature on the mechanical
response are studied. A microstructure-based constitutive
model is established to estimate the effects of the multiple
strengthening mechanisms. After the strain hardening, the
flow stress presents the jagged sharp fluctuations with the
increased strain. The high temperature causes the reduction
of the strain hardening rate and the fluctuation amplitude of
the flow stress, due to the low solute concentrations in the
annealed structure. The stress and strain partition depends
upon the mechanical properties. In the condition of room
temperature and the strain rate of 1x10%s™, the solid solu-
tion strengthening and grain boundary strengthening con-
tribute considerably to the flow stress, and twinning
strengthening contributes little to the flow stress compare
with the solid solution strengthening and grain boundary
strengthening. The strengthening contribution from CSRO is
limited compared with traditional strengthening mechanism.
Moreover, as a theoretical guideline and instruction, our
work contributes to atomic-scale insight into the deforma-
tion behavior and strain hardening of RHEAs.
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