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High/medium entropy alloys (H/MEAs) are generally possible to exhibit chemical short-range order (SRO). However, the
complex role of SRO on mechanical properties from nano-scale to meso-scale is still challenging so far. Here, we study the
strengthening mechanism and deformation behavior in a model body-centered-cubic HfNbTa MEA by using atomic-scale
molecular dynamics, micro-scale dislocation dynamics, and meso-scale crystal plasticity finite element. The SRO inhibits
dislocation nucleation at the atomic scale, improving the flow stress. The SRO-induced ultrastrong local stress fluctuation
greatly improves the micro-scale dislocation-based strength by the significant dislocation forest strengthening. Moreover, the
Ta-rich locally ordered structure leads to an obvious heterogeneous strain and stress partitioning, which forms a strong strain

gradient in the adjacent grain interiors and contributes to the strong back-stress-induced strain hardening.
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1. Introduction

High/medium entropy alloys (H/MEAs) have been growing
interest due to the outstanding mechanical properties com-
pared to traditional alloys [1,2]. The truth behind this char-
acteristic is gradually being revealed, mainly attributed to their
complex atomic-scale unique microstructures, especially
subnanoscale chemical short-range order (SRO) experimen-
tally exhibited [1,2]. The chemical SRO in the CrCoNi MEA
is observed using energy-filtered transmission electron mi-
croscopy, which causes high stacking-fault energy and hard-
ness [1]. Subsequently, the chemical SRO is explicitly
revealed by atomic-resolution imaging and chemical mapping
in a face-centered-cubic VCoNi MEA, and its role in plasticity
mechanisms and mechanical properties is clarified [2]. Using
molecular dynamics (MD) simulation, high yield strength in
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CrCoNi MEA is determined by the partial dislocation and
nanotwin nucleation, due to the increased slip resistance re-
sulting from SRO [3]. The degree and distribution of chemical
SRO would affect the lattice distortion strain fields [4-6], re-
sponsible for strain hardening and macroscopic properties [7-
10]. However, the influence of chemical SRO on mechanical
properties and deformation behavior at different scales is still
unclear in the body-centered-cubic (BCC) MEA [11].

2. Methods

2.1 Atomistic simulation

The MD simulations are carried out using a large-scale
atomic/molecular massively parallel simulator (LAMMPS)
[12]. The MD simulation results are visualized using Ovito
code [13]. The embedded atomic method potential describes
the interaction of Hf-Nb-Ta atoms [14]. The equilibrate of
locally ordered structure is performed by Monte Carlo
(MC)/MD simulation [15]. A time step is 1 fs in all MD
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simulations. The size of sample is 25 nm x 25 nm x 25 nm.
The sample is set as periodic boundary conditions for three
directions, and equilibrated at zero pressure and room
temperature under the isothermal-isobaric (NPT) ensemble.
MC steps consist of hybrid MD atomic swap simulations.
Based on the Metropolis algorithm in the canonical system,
different types of random atoms are reciprocally inter-
changed. Thus, the as-cast and annealed MEA samples are
built. Hence, the constant strain rate of 1 x 10*s™ is applied
along the x-direction. The motion of screw and edge dis-
locations in the HfNbTa is used to obtain the dislocation
drag coefficient using MD simulation. The dislocation mo-
bility of 1/2 (111) {110} edge dislocation and 1/2 (111)
{110} screw dislocation is studied. Energy minimization is
performed using periodic boundary conditions along x and y
and fixed boundary conditions along z, and then the sample
is permitted to relax under canonical (NVT) conditions at
room temperature for 100 ps. Under the increasing applied
shear load, both screw and edge dislocations experience
significant local movement prior to the load.

2.2 Discrete dislocation dynamics simulation

The essence of multiscale modeling is applied to predict the
macroscopic mechanical response based on the microscopic
physical mechanisms of materials. Due to the need for
multiscale models to span huge scales from atomic structure
to macroscopic mechanical behavior, it is necessary to model
and analyze at some key scales. In this manner, discrete
dislocation dynamics (DDD) simulation is used as a bridge
between atomic-scale behavior and mesoscale mechanical
response. The source code ParaDis is employed to perform
all DDD tensile tests in Ref. [16]. We use random field
theory to embed the lattice strain field of multi-principal
component alloys based on Ref. [17]. The periodic boundary
conditions are applied with the simulation box size of 1.8 um
x 1.8 um X 1.8 um [18]. The initial dislocation density is
6 x 10" m™ with randomly-distributed edge and screw dis-
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locations evenly distributed on {110} slip planes, according
to the experiment [19,20]. Figure 1(a) shows the initial dis-
location configuration of the simulation box. The material
parameters for the dislocation behavior of HINbTa MEA are
listed in Table 1 [21]. The loading directions are [001], [101],
[102], [112], [111], [212], and [213] orientations [22], and
the loading strain rate is 1 x 10*s™" [23].

A phenomenological dislocation mobility model is ap-
plied for DDD simulation [24,25]. The dislocation velocity
is expressed as

v(r,T) =
[ AG@D)
Bs(r,T)”Xp[ Sk | TACK((ET) >0, "
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m, lfAka(T, T) < 0,

where 7 is the applied stress, T is the temperature, b is the
Burgers vector, kg is the Boltzmann constant. AGy, is the
free enthalpy, the expression is
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where 0 <p <1 and 1 <¢ <2 are fitting parameters, 7y is
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the Peierls stress, Ty is a fitting constant. For the case
AG(7,T) > 0, the active kink-pair mechanism dominates
dislocation mobility. Otherwise, the dislocation mobility is

controlled by phonon-drag. Therefore, the drag coefficient is
written as
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Figure 1 (a) Initial dislocation configuration for DDD simulations; (b) the finite element model of HfNbTa polycrystalline MEA for crystal plastic finite
element (CPFE) simulations; (c) the screw and edge dislocation velocity data under different applied shear stress in HfNbTa MEA.



Table 1 Material parameters of HfNbTa MEA for DDD simulations
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Symbol Description Value Ref.
a Lattice constant 0.34 nm [21]
v Poisson’s ratio 0.3 [21]
i Shear modulus 42 GPa [21]
Iy Kink height a23 [21]
b Burgers vector af3/2 [21]

where L is the length of the dislocation line, and /%, is the
kink height.

To obtain the drag coefficient of screw dislocations and
edge dislocations, the dislocation velocities under different
stresses are calculated using MD simulation. Figure 1(c)
shows the edge and screw dislocations velocity data at dif-
ferent shear stresses. Based on Egs. (1) and (3), the dis-
location drag coefficients are obtained through data fitting.
The conversion of screw drag coefficient and dislocation
velocity is smoothly interpolated by the sigmoidal function,
and the squared sum of residual is minimized by the
bounded fminsearch function to determine the fitting para-
meters [24]. The parameters of screw dislocation are B, =
4702 x 107 Pa's, B, = 7.815 x 107 Pa-s, p = 2.791, AH, =
0.0828, and ¢ = 16.182, and the drag coefficient of edge
dislocation is B = 1.0212 x 107 Pa-s.

2.3 Crystal plasticity finite element simulation

The PRISMS-Plasticity framework is employed to perform
the CPFE simulations in the current work [26]. To calibrate
the hardening parameters of polycrystalline representative
volume element (RVE), seven single crystal finite element
boxes along [001], [101], [102], [112], [111], [212], and
[213] have the size of 500 um x 500 pm x 1,500 um. The
displacement boundary condition of x = 0 and two fixed
nodes at the bottom are used to prevent movement and ro-
tation of finite element box. The constant strain rate
1x107s™" is applied along the x-axis direction at room
temperature. It is worth noting that the hardening parameters
are given by DDD simulations. Figure 1(b) shows the re-
presentative volume element model of HfNbTa MEA using
CPFE simulation. The polycrystalline model is generated by
DREAM. 3D software [27], and set to Voronoi tessellation
structure with the average grain size of 20 um [21]. The
simulation box contains 200 grains, which are discretized
into 125,000 hexahedral finite elements. The texture of
HfNbTa polycrystalline RVE is characterized by randomly
oriented grains. The material parameters of CPFE simula-
tions are listed in Table 2 [21,26,28,29].

2.4 The methods for bridging simulations at different
scales

Two “bridges” are established to connect simulations of
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Table 2 Material parameters of HfNbTa MEA in CP constitutive model

Parameter Description Value Ref.
Cy 191.12
Cp Elastic constant (GPa) 128.88 [21]
Cy 53.61
qo Self-hardening coefficient 1.4 [28,29]
r Hardening exponent 1.5 [28,29]
m Sensitivity exponent 0.04 [28,29]
Njip Total number of slip systems 12 [26]
2 Reference strain rate (s™) 1073 [26]

different scales. The first bridge coupled nanoscale and
microscale simulations: MD simulations calculated the dis-
location velocities of screw dislocations and edge disloca-
tions under different stresses, and obtained the dislocation
drag coefficient through fitting [21,30], which are then im-
ported into DDD simulations to obtain the interaction be-
havior of collective dislocations in as-cast HfNbTa MEA
during deformation. The strain field caused by lattice dis-
tortion and SRO in annealed HfNbTa MEA is simulated by
MD/MC simulations. Based on Refs. [31,32], a 3D lattice
strain field is constructed using random field theory, and
input into DDD simulation to capture the effect of SRO
structure on strain hardening in HfNbTa MEA. By estab-
lishing single crystal model with seven different crystal
orientations ([001], [101], [102], [112], [111], [212], and
[213]), the deformation behavior of HfNbTa MEA in both
as-cast and annealed states at microscale under uniaxial
tension are simulated.

The second bridge coupled microscale and mesoscale si-
mulations: the stress-strain, dislocation density, and shear
strain rate of different slip systems obtained from DDD si-
mulations are coupled with the crystal plastic constitutive
model, and the hardening parameters of different single
crystal orientations required for CPFE simulation are ob-
tained [22]. The physical information with nanoscale SRO
and microscale dislocation behavior is transmitted to CPFE
simulation. If the hardening parameters with 7 different
crystal orientations are treated as random variables, the
hardening parameters will follow an approximate normal
distribution [22,33]. Therefore, the average values of these
hardening parameters can be used in the CPFE model to
predict the deformation response of as-cast and annealed

HfNbTa MEA [22].

3. Results and discussion

In the present work, the effect of chemical SRO on the
mechanical behavior of a BCC HfNbTa MEA at the na-
noscale, microscale, and mesoscale is investigated by
atomic simulation, DDD simulation, and MD-DDD-CPFE
sequential multiscale simulation framework, as shown in
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Fig. 2. The strategy for bridging simulations at different
scales is included in supplemental materials. At the nano-
and micro-scales, based on the atomic simulation, the het-
erogeneous lattice strain field caused by SRO is transferred
to the DDD simulation to study the influence of the che-
mical concentration fluctuations on the dislocation motion
mode. At the meso-scale, the material information with the
interaction between dislocations and inhomogeneous strain
field is imported into the CPFE simulations. The accuracy
and rationality of the simulation results are verified by
comparing the predicted stress-strain response with the ex-
perimental observations, and the plastic deformation beha-
viors at the mesoscale are analyzed.

Figure 3(a) exhibits the atomic structures of the as-cast
and annealed HfNbTa MEA obtained by different MC/MD
cycles [4]. It shows a strong segregation of Ta element and a
small amount of segregation of Hf element. These ob-
servations are in accordance with the previous experimental
results that the Ta-rich cluster and Hf-Zr-rich cluster are
easier to form in the HfNbTa-based MEA [34]. The Warren-
Cowley parameter (a;;) is commonly used to describe the
degree of SRO in MEA, which is given by

a; =(P;—=Cpl(d;=C)), where n represents the n-th
neighbor shell for i-atom, P,-}l is the probability of finding an
J-type atom on n-th shell, C; is the content of j-atom in the

system, and d;; is the Kronecker delta. Figure 3(b) shows the
Warren-Cowley parameters used to characterize the SRO.
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The as-cast sample has no SRO due to the parameters being
close to zero (Fig. 3(a) and (b)). The initial random sample
has no SRO due to the parameters being close to zero (Fig.

3(b)). The positive values of aTla_Ta and alqu_Hf for the an-

nealed HfNbTa increase significantly, suggesting that the
degree of local Hf and Ta segregation increases (Fig. 3(b)).

.. 1 . . .
In addition, agsyy, is @ negative value, which represents a

favorable atomic-pair of Hf-Nb. Hence, Fig. 3(a) and (b)
reveal the degree and spatial extent of local chemical or-
dering. The chemical SRO improves not only the yielding
strength, but also flow stress (Fig. 3(c)), agreeing with the
previous experimental result [2,3]. Figure 3(d) shows the
high dislocation density generates as the strain increases.
This trend can be ascribed to that the chemical SRO induces
a large number of dislocation proliferation (Fig. 3(d)). The
corresponding dislocation structure is presented (Fig. 3(e)),
and in turn it further validates this result.

To reveal the role of SRO on plastic deformation at the
microscale, the as-cast and annealed samples have been si-
mulated by DDD simulation [17]. The strength of the an-
nealed HINbTa MEA is larger than that of the as-cast
sample (Fig. 4(a)), owing to the fact that SRO-induced high
local lattice strain hinders the dislocation slip. In the plastic
deformation stage, the strain hardening rate of the annealed
sample is higher compared to the as-cast sample (Fig. 4(a)).
This trend is attributed to the strong toughness caused by the
high dislocation density (Fig. 4(b)) [35]. High dislocation
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Figure 2 Schematic diagram of MD-DDD-CPFE sequential multiscale modeling strategy, containing atomic simulation, DDD simulation, and CPFE
simulation. The multi-scale calculation process includes the five parts: (i) dislocation velocity is simulated through atomic simulation; (ii) the mobility of
screw and edge dislocations and the nanoscale heterogeneous strain field are calculated, and then introduced into DDD simulation; (iii) the single crystals of
MEA are established to simulate the mechanical behavior through DDD simulation; (iv) by coupling the DDD simulation with crystal plastic model, the
hardening parameters of single crystal required for CPFE simulations are calculated. The mechanical response of the single crystal is obtained through CPFE
simulation; (v) the stress-strain curve, texture, and stress distribution of the polycrystalline are calculated.
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Figure 3 (a) The atom configurations in the as-cast and annealed HfNbTa samples. (b) The average value of the first nearest neighbor pairwise SRO
parameter a; for the as-cast and annealed samples, where the corresponding samples are described in (a). (c) The stress-strain curves of as-cast and annealed
HfNbTa. (d) Dislocation density with the increasing strain. (e) Dislocation structure at a strain of 17%.

density leads to frequent interactions between dislocations,
resulting in complex dislocation structures such as jogs and
dislocation entanglement, which increases the slip resistance
of the dislocation and hinders plastic deformation [36]. The
increase of dislocation density caused by cross-slip shows
the same trend with the dislocation density, indicating that
the dislocation multiplication is mainly due to cross slip
(Fig. 4(b)). During the plastic deformation stage, the dis-
location density of annealed MEA increases rapidly, while
as-cast HfNbTa alloys remain slight net rise. This is due to
the frequent occurrence of dislocation cross slip events in
MEA (Fig. 4(c) and (d)) [17]. A screw-dislocation slips on
the (011) plane, slides on the (101) plane, continues to slide
forward, and then slides on the original (011) plane to
achieve double cross slip (Fig. 4(e)). Due to the existence of
several stress peaks within the range of tens of nanometers

in length, hence, the dislocations that cross-slip to an ad-
jacent plane are hindered to continue to cross slip to another
adjacent slip plane. As the strain increases, multiple cross
slips are activated (Fig. 4(c) and (d)).

Dislocations are hindered at the high lattice stress points
induced by the chemical SRO [37], which requires a
stronger shear stress to drive dislocation movement.
Therefore, when the annealed sample reaches the yield
point, it undergoes a high shear stress, which drives the
activation of multiple slip systems, thereby increasing the
probability of dislocation cross slip to other slip planes [38]
(Fig. 4(b) and (c)). This is the intrinsic mechanism behind
the growth rate of a high dislocation density in the annealed
samples (Fig. 4(b)). The interweaving and entanglement of a
high dislocation density in a three-dimensional space gen-
erate a large number of immovable dislocations, thereby



W. Lu, ef al. Acta Mech. Sin., Vol. 40, 223569 (2024) 223569-6
(@)sf (c) Strain=0.6% Strain=0.8%
Annealed — > — ]

600 K - B 7
i =54 -
g N :
= asof bt
= N
2 721
Z 3001 8

]
w
150+ <
0 L
0.000 0.002 0004 0.006 0.008
Strain
(b)lzo

4 As-cast
“"E 100k Annealed
o |= = As-cast cross slip 4
= I= — Annealed cross slip| 4
X 80fF ’ {
= =
Z 2

60 4
3 A g
=
£ 4o z7 =
g =
He] ¥
2 / <

0.000 0002 0004 0.006 0.008

Strain

@ T, @

N \\:\,1\\ (101) plane
SRS
X \
WS &
P St |l & \
ox \\ \ \
S— ’ \ \ 5
s (011) plane
= \\>‘| ( ) plane
e =
. / Nies

Figure 4 (a) The stress-strain curve; (b) dislocation density and its increase caused by cross slip; (c) dislocation structure along the [001] crystallographic
orientation for the as-cast and annealed samples using DDD simulations. Here, the dislocations on the (110) slip plane (cyanine blue), (110) slip plane
(pinkish red), (101) slip plane (light-yellow line), (101) slip plane (red line), (011) slip plane (green line), and (011) slip plane (blue line) in (c); (d) the locally
enlarged image of the dislocation structure, and the cross slip is marked with red dashed lines; (e) the process of double cross slip.

increasing strain hardening [17,35]. The chemical SRO
hinders the dislocation movement in the elastic stage and
promotes cross-slip and dislocation proliferation in the
plastic stage, which makes it difficult to produce plastic
deformation. Thus, the chemical SRO is beneficial for the
strength and toughness of MEAs by promoting the rapid
proliferation of dislocations.

The mechanical response of the as-cast and annealed
HfNbTa MEA at mesoscale is investigated using CPFE si-
mulation [33]. Figure 5(a) shows that the predicted stress-
strain curve of the as-cast and annealed HfNbTa poly-
crystalline in uniaxial tension, compared with the experi-
mental results [21]. The plastic stage of the as-cast HINbTa
is in good agreement with the experimental results (Fig.
5(a)). At the yield point, the experimental result shows the
bilinear characteristics, while the CPFE simulation indicates
a smooth transition of the gradually accumulated slip strain
near the yield point and shows insufficient prediction for the
experimental curve (Fig. 5(a)). The maximum error during

the plastic stage is within 5%, occurring at the strain of 9%.
It is worth noting that the yield point of the annealed
HfNbTa is 132 MPa higher than that of the as-cast sample,
and the SRO structure slightly increases the strain hardening
rate of the annealed HfNbTa MEA compared to the as-cast
sample. The SRO structure hinders the cross-slip and re-
duces the double-kink nucleation rate of the screw disloca-
tions, resulting in a high strength of MEA [2,39].

The partitioning of the local von Mises stress is one of the
important criteria for characterizing the plastic deformation
behavior in metallic materials [33]. The von Mises stress
statistics for the as-cast and annealed HfNbTa are presented
in Fig. 5(b). The as-cast and annealed samples exhibit si-
milar stress distributions, and the annealed HfNbTa MEA
exhibits the higher von Mises stress at the same strain level
due to the SRO structure (Fig. 5(b)). The Mises stress dis-
tribution of as-cast HfNbTa MEA is between 540 and
1,550 MPa, with an average value of 1,036 MPa; the Mises
stress distribution of annealed HfNbTa is between 620 and
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Figure 5 (a) Mechanical response of the as-cast and annealed HfNbTa from the simulated and experimental results; (b) stress statistics (the green area
represents as-cast sample, and the red diagonal area represents the annealed sample); (c) stress distribution of the as-cast and annealed HfNbTa at the strain of

10% for plastic stage.

1,800 MPa, with an average value of 1,202 MPa. It indicates
that the inhomogeneous degree of the von Mises stress
distribution become more serious at the high strain to re-
spond well to the plastic deformation of the high-strength
HfNbTa. The von Mises stress distribution at the strain of
10% for the plastic stage is presented in Fig. 5(c). The non-
uniformity of the Mises stress distribution in annealed
sample become strong, where the areas being close to the
high stress gradually increase the stress amplitude. In ad-
dition, the heterogeneous stress partitioning surely con-
tributes to the strong back-stress-induced strain hardening in
the annealed HfNbTa. Simultaneously, the resultant change
of the internal von Mises stress distribution activated by the
SRO structure produces the localized and inhomogeneous
deformation in some adjacent grains [40].

4. Conclusion

In summary, we propose a crystal plastic method based on
the hierarchical multiscale crystal plasticity framework

combined with atomic simulation and DDD simulation, to
reveal the multiscale strengthening mechanism in the BCC
MEA. At the atomic scale, the dislocation nucleation is re-
strained in the annealed HfNbTa, providing strong flow
stress. At the microscale, the local stress fluctuations caused
by SRO hinder dislocation slip, resulting in a significant
increase in the strength of dislocation junctions for the forest
networks. At the mesoscale, the SRO structure leads to an
obvious heterogeneous strain and stress partitioning, which
forms a strong strain gradient in the adjacent grain interiors,
and then contributes to the strong back-stress-induced strain
hardening in the annealed HfNbTa. The multiscale crystal
plasticity framework is very useful for optimizing and de-
signing the composition heterogeneity of BCC multi-
component alloys to achieve both strength and toughness
improvement.
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