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Effect of grain boundary doping/segregation on
the mechanical behavior of Ta bicrystal†

Yang Pan,a Tao Fu, *a Hao Hu,a Xingjie Chen,b

Chuanying Lia and Shayuan Weng*ac

The introduction of foreign atoms significantly alters the grain boundary (GB) behavior in materials,

consequently affecting their mechanical properties. However, the effects of random doping and GB

segregation of foreign atoms on deformation mechanisms and mechanical properties remain unknown. In

this work, the GB behavior and deformation mechanisms of Ta bicrystals under various element doping

and segregation conditions were investigated using molecular dynamics simulation. The results reveal that

the deformation mechanism of pure Ta bicrystals involves dislocation slip and twinning initiated from GBs.

Notably, both GB doping and segregation induce BCC to FCC phase transformations, which is attributed to

the non-uniform displacement of atoms in the {112} plane along the 〈111〉 direction. Doping with W and Mo

elevates the yield stress, whereas doping with Nb exhibits an inverse effect. Remarkably, the segregation of

W, Mo, and Nb significantly enhances mechanical properties, surpassing the effects of GB doping. This

segregation modifies the GB composition, reduces GB energy, and enhances GB stability. Our study sheds

light on the pivotal role of GB doping and segregation in improving the mechanical properties and

understanding the deformation mechanisms of nanocrystalline materials, offering vital insights for future

material design and engineering.

1. Introduction

Grain boundaries (GBs) are common planar defects that play
a crucial role in determining the properties of polycrystalline
materials.1–4 In contrast to the stable grain interior, GBs
possess higher energy and excess free volume, making them
less stable and mechanically weaker.5 The movement of
dislocations along GBs can lead to local stress concentration,
which may result in the formation of cracks or voids from
GBs, potentially leading to intergranular fracture.6–8 On the
other hand, the interaction between GBs and dislocations,
particularly the resistance offered by GBs to dislocation
movement, contributes to improving the mechanical
properties of materials. As the grain size decreases, the
proportion of GBs increases, thereby intensifying the
hindrance to dislocation motion and markedly enhancing the
mechanical properties (known as the Hall–Petch relation).9

However, conventional plastic deformation reduces grain
sizes to the submicrometer range, mainly forming high-angle

GBs that exhibit higher energy and excess free volume, along
with lower thermal and mechanical stability compared to low-
angle GBs.10 The thermal instability of refined grains
increases their tendency for grain coarsening in contrast to
larger grains.11 In fact, in the case of nanograined pure
copper, grain coarsening can occur even at room
temperature.12 The limited mechanical and thermal stabilities
of nanograined metals pose significant challenges for their
processing and technological applications. Hence, there is a
growing interest in enhancing GB performance to mitigate
the limitations of nanocrystalline materials.

Raabe et al. introduced the concept of “grain boundary
segregation engineering” to manipulate the compositions,
structures, and properties of GBs through solute decoration.13

This approach enables the customization of specific GB
behaviors to achieve desired mechanical properties.10,14 For
instance, the segregation of Mo atoms has been demonstrated
to reduce the energy and mobility of GB in nanocrystalline
Ni.15 In a study by Fan et al., the segregation of Nb atoms into
GBs effectively inhibited GB precipitation and migration in
CoCrFeNi-based high entropy alloys, attributed to the
synergistic effect of decreased GB energy and solute drag.16

Moreover, both experimental and theoretical investigations
have demonstrated that solute segregations can enhance GB
stability and intergranular cohesion in metals, such as Al,17,18

Cu,19,20 Fe,21–23 and others.
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The segregation of elements at GBs alters their structure
and properties, thereby affecting the dominant deformation
mechanisms. In a study by Ma et al., the plastic
deformation of an Al Σ9(221)[11̄0] bicrystal under tension
was characterized by the nucleation of Shockley partial
dislocations and intrinsic stacking faults (ISFs) from the
GBs, which then propagated along the {111} plane into the
grains. The observed segregation of Mg atoms enhanced
the stability of the GB structure and raised the critical
stress for dislocation nucleation, thereby impeding the
propagation of ISFs.24 Similarly, Pal et al. identified a
pinning effect induced by Zr segregation, which enhanced
the stability of GBs and restrained their distortion and
migration during shear, thereby shifting the deformation
mode towards dislocation nucleation and motion from the
free surface. Under bending creep loading, the reduced
mobility of GB due to Zr segregation prompted a transition
from GB migration-mediated deformation to dislocation
and twin-mediated deformation.25 Yang et al. reported that
the deformation mechanism of W Σ3(111) bicrystals under
tension was primarily governed by dislocations and
stacking faults, with Cu segregation into GBs suppressing
the formation and growth of these defects, thereby
reducing their hindrance to crack propagation.26 While
current research largely focuses on elucidating the impact
of GB segregation on mechanical behaviors,27–32 further
studies are needed to explore the effects of random
element doping near GBs (i.e., element doping) on
deformation mechanisms and mechanical properties of
materials. Additionally, a comparative analysis of element
doping and segregation, including similarities and
differences, remains an important area for future
investigation.

GBs are commonly categorized into high-angle and low-
angle GBs based on the misorientation between adjacent
grains. High-angle GBs generally possess higher energy and
lower stability,10 significantly affecting GB-mediated
deformation kinetics and materials strength. Molecular
dynamics (MD) simulation is an effective method for
exploring the relationship between material microstructures
and mechanical properties,33,34 offering atomic-level insights
into plastic deformation,35 microstructural evolution,36 and
GB behavior.37–39

In this work, we focused on the Ta Σ3(111̄)〈110〉 high-
energy symmetric tilt GB40 and employed MD simulation
to investigate the mechanical response and deformation
mechanisms of Ta bicrystals under various doping and
segregation conditions. This article is organized as follows:
section 2 outlines the simulation methodology; section 3
presents the deformation mechanisms and mechanical
responses of Ta bicrystals under shear loading with
various element doping/segregation; section 4 discusses
the deformation mechanisms, comparing the effects of
element doping and segregation on mechanical properties;
and section 5 provides a conclusion summarizing our
work.

2. Method

To establish a stable GB structure, Ta bicrystal samples are
constructed following the method described by Tschopp
et al.41 Fig. 1(a) illustrates a schematic diagram of the Ta
bicrystal sample, consisting of two symmetric grains (upper
and lower) separated by a GB. Periodic boundary conditions
are applied in the x and z directions, while free boundary
conditions are used in the y direction. The sample
dimensions are 227 Å × 182 Å × 33 Å, containing a total of
74 480 atoms. The green region, spanning 40 Å above and
below the GB in Fig. 1(a), is designated as the doping/
segregation (D/S) region. Transition metals, W, Mo, and Nb,
are selected as foreign atoms due to their similar atomic
sizes to that of Ta, which helps maintain lattice integrity
during doping, reduces lattice distortion, and promotes a
uniform distribution of doping elements at the Ta GBs. In
the doped samples, a specified percentage of Ta atoms in the
D/S region are randomly selected and replaced with W/Mo/
Nb (referred to as GB doping). For the segregated samples,
additional Monte Carlo (MC) simulations42,43 are performed
to obtain the stable configuration considering atomic
segregation (referred to as GB segregation). Fig. 1(b) and (c)
show the element distribution in the D/S region of the Nb-
doped and Nb-segregated Ta bicrystal samples at a
concentration of 5%, respectively. In the doped sample, Nb
atoms are randomly distributed [Fig. 1(b)], whereas in the
segregated sample, Nb atoms tend to segregate towards the
GB [Fig. 1(c)]. Thus, the key distinction is that doped samples
display a random distribution of foreign atoms, while
segregated samples show a directional aggregation. We
employ a machine learning potential developed by Li et al.44

to describe the interactions among Nb, Mo, Ta, and W atoms.
This potential has been validated for its efficacy in describing
the fundamental physical and mechanical properties of this
system, including elastic constants, generalized stacking fault
energy (GSFE), and dislocation core structures.44 It has also
been applied to study the plastic33 and GB behavior45 of this
system.

Before loading, the sample undergoes energy
minimization using the conjugate gradient algorithm to
optimize the GB structure. To mitigate the potential
interference of thermal effects on mechanical responses and
deformation mechanisms, the mechanical test simulations
are conducted at a temperature of 0.1 K. The sample is then
fully relaxed at this temperature under NPT ensemble to
achieve a stable state. The regions at the top and bottom of
the sample with a thickness of approximately 11 Å are
designated as clamps (rigid plates) to execute deformation.
The atoms in these regions are frozen, as shown in Fig. 1(a).
During loading, the top rigid plate is displaced along the
positive X-axis, while the bottom rigid plate remains fixed,
inducing shear deformation of the sample at a strain rate of
1 × 108 s−1. All simulations are conducted using the open-
source code LAMMPS,46 with visualization carried out using
OVITO.47 The dislocation extraction algorithm (DXA)48 and

CrystEngComm Paper

Pu
bl

is
he

d 
on

 0
6 

Se
te

m
ba

r 
20

24
. D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3/

07
/2

02
5 

10
:0

5:
19

. 
View Article Online

https://doi.org/10.1039/d4ce00603h


5326 | CrystEngComm, 2024, 26, 5324–5336 This journal is © The Royal Society of Chemistry 2024

common neighbor analysis (CNA),49,50 implemented in
OVITO are utilized to identify dislocations and GBs.

3. Results
3.1 GB behavior of pure Ta bicrystal under shear

Fig. 2(a) presents the shear stress–strain (τ–γ) curve of the
pure Ta bicrystal sample, with characteristic points labeled as
A–D. The corresponding microstructures are displayed in
Fig. 2(b) and (c). Initially, the sample experiences elastic
deformation, characterized by a linear stress–strain
relationship [Fig. 2(a)]. Upon reaching the yield point, a

sudden drop in stress signifies the onset of plastic
deformation. Prior to significant plastic deformation, GBs
undergo coarsening, as evidenced in Fig. 2(b) A and B, due to
the activation of the {112}〈111〉 slip system at the GBs. The
slight incomplete slip leads to the observable “GB
coarsening”. As γ increases, twins and a/2〈111〉 edge
dislocations nucleate from the GB, as illustrated in
Fig. 2(b) C and (c) C, respectively. The subsequent continuous
nucleation and motion of dislocations and twins release the
elastic strain energy stored [Fig. 2(c)], resulting in a sudden
stress drop [points C to D in Fig. 2(a)]. In our bicrystal
samples, the grain interiors are defect-free, leading to stress

Fig. 1 MD simulation of shear of Ta bicrystal with GB doping/segregation. (a) Schematic diagram of Ta bicrystal sample. (b) and (c) Atomic
distribution within the doping/segregation (D/S) region of doped and segregated samples.

Fig. 2 GB behavior and mechanical response of pure Ta bicrystal with Σ3(111̄)〈110〉 GB under shear. (a) Shear stress–strain (τ–γ) curve of pure Ta
bicrystal under shear, with characteristic points labeled as A–D. (b) Microstructure snapshots at points A to C in Fig. 2(a), depict “GB coarsening”
and subsequent nucleation of twins and a/2〈111〉 edge dislocations. (c) Microstructure snapshots at points C and D in Fig. 2(a), show the
continuous nucleation and movement of twins and dislocations leading to stress drop.
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concentration primarily at GBs. During loading, defects such
as dislocations begin to nucleate from the GBs, causing a
rapid release of accumulated elastic strain energy. This leads
to a sharp drop in stress, distinct from typical plastic
deformation. This phenomenon has been widely observed in
studies of bicrystals under shear.25,45,51 In conventional
plastic behavior, defects such as dislocation and stacking
faults are typically pre-existing in the crystal. These defects
are activated when the applied stress reaches a specific
threshold. The energy released during the nucleation and
glide of a new dislocation is usually significantly larger than
that required for the motion of existing ones, leading to a
considerable stress drop rather than a gradual evolution of
typical plasticity.

To analyze the twinning process, Fig. 3(a) provides a
magnified view of the atomic distribution on the {110}
plane of the lower grain. During shear, the formation of
four-layer isosceles twins is observed, which differs from
the traditional three-layer reflection twins.52 This process
involves the decomposition of the a/6[1̄1̄1̄] partial
dislocation into two a/12[1̄1̄1̄] dislocations, which then
glide simultaneously on adjacent (112̄) planes along the
[1̄1̄1̄] direction. The sequential movement of these a/
12[1̄1̄1̄] dislocations on the (112̄) planes layer by layer
leads to the formation of twins, as schematically
illustrated in Fig. 3(b). To elucidate the formation of
isosceles twins during shear rather than reflection twins,
we calculate the GSFE for both types of twins [Fig. 3(c)],
where γusfiso and γusfref represent energy barriers associated

with the nucleation of the isosceles twin and reflection
twin, respectively. Notably, γusfiso is lower γusfref , making the
isosceles twins energetically more favorable and easier to
nucleate than the reflection twins.

3.2 Effects of GB doping

3.2.1 Mechanical response of sample with GB doping.
Fig. 4(a)–(c) show the shear stress–strain curves of Ta
bicrystal with Σ3(111̄)〈110〉 GB doped with various
concentrations (c = 0.01, 0.02, 0.05, 0.1, 0.15, 0.2, 0.5, 1.0) of
W, Mo, and Nb atoms, respectively, where the stress initially
increases linearly with strain (elastic stage), followed by a
sudden drop indicating the onset of plastic deformation.
Fig. 4(d) shows the variation of yield stress to concentration
for W, Mo, and Nb doping. For W and Mo doping, the yield
stress initially decreases and then increases as c increases. At
a lower concentration, the random substitution of a few W
and Mo atoms with Ta atoms in the D/S region disrupts the
symmetry of the Σ3(111̄) GB, leading to local stress
inhomogeneity and concentration, resulting in a decrease in
yield stress. As concentration increases, the strengthening
influence of W and Mo atoms intensifies progressively,
causing the yield stress to surpass that of the undoped Ta
bicrystal sample. However, Nb doping results in a decrease in
yield stress, with this decrease becoming more pronounced
as concentration increases [Fig. 4(d)].

3.2.2 Deformation behavior with GB doping. The
deformation behavior of samples with low concentration (c

Fig. 3 Twinning mechanism in pure Ta bicrystal with Σ3(111̄)〈110〉 GB under shear. (a) Snapshot of {110} atomic plane of the lower grain exhibiting
a 4-layer isosceles twin and the relative slip of each layer. (b) Schematic illustration of isosceles twin nucleation, involving layer-by-layer movement
of a/12〈111〉 dislocations on adjacent {112} planes. (c) Generalized stacking fault energy (GSFE) curves for isosceles and reflection twins, with γusfiso

and γusfref denoting energy barriers for the nucleation of isosceles twins and reflection twins, respectively.
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≤ 0.2) doping is primarily governed by dislocation slip in
the upper grain and twinning in the lower grain, similar
to the observations in Fig. 2. However, as c increases, a
transition in the deformation behavior occurs. Fig. 5(a)
shows the atomic distribution in the D/S region of the
sample for W, Mo, and Nb doping at c = 0.5. In the case
of W doping, a phase transformation from BCC to FCC
occurs in the non-D/S region of the lower grain near the
yield point [Fig. 5(b) γ = 0.1392, with yield strain γy =
0.1472]. With the increase of γ, twins and a/2〈111〉 edge
dislocations nucleate from the GB and propagate inward
into the lower and upper grains, respectively. As twins
form and expand, the accumulated elastic strain energy is
released, inducing a partial transformation of the FCC
structure back to BCC structure [highlighted in black
dashed boxes in Fig. 5(b) γ = 0.1476]. For Mo doping, a
similar deformation behavior is observed, albeit with a
relatively smaller phase transformation region, as shown
in Fig. 5(c) γ = 0.1366. However, in the case of Nb
doping, the location of the phase transformation differs,
as shown in Fig. 5(d). At γ = 0.1224, the phase
transformation takes place in the D/S region of the lower
grain near the yield point (γy = 0.1252), contrasting with
the phase transformation location observed in W and Mo
doping scenarios, which predominantly occur in the non-
D/S region. Comparable deformation-induced structural
transformations have also been reported in various BCC
materials, such as Mo,53 Fe,54 Nb,55 and high entropy
alloys.56,57

3.3 Effect of GB segregation

Fig. 6(a)–(c) show the shear stress–strain curves of samples
segregated with various concentrations (c = 0.01, 0.02, 0.05,
0.1, 0.15, 0.2) of W, Mo, and Nb atoms, respectively. Fig. 6(d)
depicts the relationship between yield stress and
concentration for both GB doping and GB segregation,
revealing that the strengthening effect of GB segregation is
more pronounced than that of GB doping. Specifically, Nb
doping results in a decrease in the yield stress, while Nb
segregation significantly improves them, which suggests
potential alterations in the deformation behavior between
the two kinds of samples.

Compared to GB doping, lower concentration GB
segregation can induce phase transformations under shear,
as shown in Fig. 7. For W and Mo segregation, the phase
transformation occurs in the non-D/S region [Fig. 7(a) and (b)].
However, Nb segregation triggers large-scale phase
transformations in both the D/S and non-D/S region [-
Fig. 7(c)], which differs from the transformation location
observed in Nb doping, where it occurs solely in the D/S
region [Fig. 5(d)]. Both W/Mo doping/segregation and Nb
segregation enhance the yield stress of Ta bicrystal samples,
with phase transformations occurring in the non-D/S regions
during shear. Conversely, Nb doping reduces the yield stress,
with the phase transformation occurring in the D/S region. In
summary, for Ta GB doping/segregation, phase
transformations in the non-D/S region are associated with
enhanced yield stress, whereas those in the D/S region tend

Fig. 4 Mechanical response of Ta bicrystal doped with W, Mo, and Nb atoms under shear. (a)–(c) Shear stress–strain curves of samples doped with
various concentrations of W, Mo, and Nb atoms. (d) Variation of yield stress with doping concentration.
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to result in yield stress deterioration. Further discussion on
this topic will be provided later.

4. Discussion
4.1 Competition between dislocation glide and twinning

In both pure Ta bicrystal samples and samples with GB
doping or segregation, plastic deformation under shear
involves dislocation slip in the upper grain and twinning in
the lower grain. This raises the question of why twinning
occurs in the lower grain while dislocation slip predominates
in the upper grain. Our analysis, illustrated in Fig. 2 and 3,
shows that edge dislocations form in the upper grain as
atomic layers on the (112) planes slide along the [111̄]
direction by a distance of |1/2〈111〉a| (a is the lattice
constant). While the isosceles twins in the lower grain
originate from the slipping of a/12〈111〉 partial dislocations
layer by layer along the [1̄1̄1̄] direction on adjacent (112̄)
planes. Although both mechanisms involve atomic
movements on the {112}〈111〉 slip system, they result in
distinct plastic behaviors. In BCC metals, the atomic
arrangement on the {112} plane exhibits twinning–
antitwinning asymmetry along the 〈111〉 direction.58–60

Specifically, for the (112̄) plane, the [1̄1̄1̄] direction serves as

the twinning direction, favoring twinning in the lower grain;
whereas for the (112) plane, the [111̄] direction acts as the
antitwinning direction, promoting dislocation slip in the
upper grain.

To deepen the understanding of this asymmetry, we
calculate the GSFE curves for the nucleation of dislocations
and twins along both twinning and anti-twinning directions.
The GSFE for twin nucleation along the anti-twinning
direction is calculated based on the two-layer by two-layer
staggered shuffle nucleation mechanism proposed by Wei
et al.60,61 The results are presented in Fig. 8, where γusf is the
unstable stacking fault energy for dislocation nucleation, γusfT

and γusfAT are the unstable stacking fault energies for twin
nucleation along the twinning and antitwinning directions,
respectively. During shear along the positive X-axis, the
atomic layers of the {112} plane in the lower grain glide along
the twinning direction. The energy barrier required for twin
nucleation (γusfT ) in this direction is significantly lower than
that for dislocation nucleation (γusf), as shown in Fig. 8(a),
making twinning more favorable in the lower grain.
Conversely, the upper grain exhibits the opposite behavior [-
Fig. 8(b)], leading to dislocation slip. Therefore, if the shear
direction is altered to the negative X-axis, twinning would
occur in the upper grain while dislocation slip would take

Fig. 5 Deformation behaviors of Ta bicrystals doped by high-concentration (c = 0.5) W, Mo, and Nb atoms under shear. (a) Atomic distribution in
the D/S region for W, Mo, and Nb doping, colored with atomic type. (b) and (c) Microstructure evolution of sample with W and Mo doping: phase
transformation in the non-D/S region of the lower grain, followed by twin nucleation and reverse phase transformation; (d) microstructure
evolution of sample with Nb doping: phase transformation and reverse phase transformation in the D/S region of the lower grain, colored with
CNA: blue and green atoms represent BCC and FCC structures, respectively, while white atoms represent other structures.
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place in the lower grain. The shear results along different
directions, presented in Fig. 8(c), validate this hypothesis.

4.2 Phase transformation mechanism

During shear, a phase transformation from BCC to FCC is
observed in samples with GB doping and segregation. This
transformation is commonly explained by the Bain relation.62

Fig. 9(a) shows four adjacent BCC unit cells, with blue balls
representing corner atoms and green balls depicting body-

centered atoms. The structure connected by green lines is
known as face-centered tetragonal (FCT) lattice, which
resembles the FCC structure with atoms at the centers of
each face. When the lengths and widths of the faces in the
FCT structure become equal, it exhibits the characteristics of
FCC structure, leading to the transformation from BCC to
FCC.

For the BCC to FCC phase transformation to take place,
three essential conditions should generally be met:53 high
shear stress, large elastic strain energy, and suppression of

Fig. 6 Mechanical response of Ta bicrystal sample with W, Mo, and Nb segregation under shear. (a)–(c) Shear stress–strain curves of samples with
different segregation concentrations of W, Mo, and Nb. (d) Relationship between the yield stress and type/concentration of doping/segregation
elements. GB segregation exhibits a more pronounced strengthening effect on mechanical properties compared to GB doping.

Fig. 7 Locations of phase transformation in Ta bicrystal samples with W, Mo, and Nb segregation under shear. (a) and (b) For W and Mo
segregation, phase transformations occur in the same region as in samples with W and Mo doping. (c) Nb segregation induces phase
transformations in the non-D/S region, differing from the location observed in the sample with Nb doping.
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twinning deformation. During loading, the suppression of
twinning deformation inhibits the loose of shear stress and
the release of elastic strain energy. The combination of high
shear stress and large elastic strain energy drives the low-
energy BCC structure to transform into the high-energy FCC
structure.53

For instance, in the case of W doping with c = 0.5, as
shown in the left figure of Fig. 9(b), phase transformation
(in green) occurs in the non-D/S region of the lower grain.
At γ = 0.1368 and τ = 6.92 GPa (close to the yield point:
γy = 0.1472, τy = 7.39 GPa), the presence of W atoms
impedes atomic movement in the D/S region, thereby
suppressing twinning deformation at the GB. As the
elastic strain energy accumulates, the (112̄) atomic layers
in the non-D/S region glide along the [1̄1̄1̄] direction [left
figure in Fig. 9(b)], resulting in a larger strain compared
to the D/S region [strain contour plot in the middle figure
of Fig. 9(b)]. However, the relative immobility of atoms in
the D/S region leads to uncoordinated atomic motion in
the non-D/S region, prompting the BCC to FCC phase
transformation, as illustrated in the schematic diagram on
the right figure of Fig. 9(b). Consequently, the phase
transformation occurs in the non-D/S region (pure Ta),
indicating the reinforcement of the D/S region and
thereby enhancing the mechanical properties of samples
with GB segregation or W, Mo doping. Conversely, the

phase transformation in the D/S region results in a
reduction in the mechanical properties of the sample with
Nb doping. Despite the absence of phase transformation
in the non-D/S region of the samples with low
concentration GB segregation and W, Mo GB doping [-
Fig. 9(c)], there is still a positive effect on increasing the
yield stress of the samples. This is attributed to the
limited strengthening ability of low-concentration GB
segregation/doping on the D/S region. The non-uniform
movement distance of the {112} planes in the non-D/S
region is insufficient to facilitate the complete conversion
from BCC to FCC before the activation of twinning
deformation. The activation of twinning results in the
release of elastic strain energy, thereby preventing the
occurrence of phase transformation. Nevertheless, there
remains a noticeable preferential motion of atoms in the
non-D/S region, as shown in Fig. 9(c).

During the shear process, whether through GB doping or
GB segregation, phase transformation does not occur in the
upper grain due to the twinning–antitwinning asymmetry
inherent in the BCC structure. As previously analyzed, phase
transformation arises from the non-uniform motion of {112}
plane atoms along the 〈111〉 direction. When sheared along
the positive X-axis direction, atoms on the {112} plane of the
lower grain move along the twinning direction, while those
of the upper grain move along the antitwinning direction.

Fig. 8 Competition between dislocation slip and twinning. (a) and (b) GSFE curves for dislocation and twin nucleation along the twinning and
antitwinning direction, respectively. γusf denotes the unstable stacking fault energy for dislocation nucleation, γusfT and γusfAT are the unstable stacking
fault energies for twin nucleation along the twinning and antitwinning direction, respectively. (c) Influence of shear direction on dislocation slip
and twinning locations.
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The GSFE curves of the {112} planes along these directions,
depicted in Fig. 9(d) with “+” and “−” symbols representing

the twinning and antitwinning directions, respectively,
exhibit an antisymmetric relationship with respect to X = 0.5.

Fig. 9 Phase transformation mechanisms under shear. (a) Crystallographic relationship between BCC and FCC. (b) BCC to FCC transformation in
samples with W doping (c = 0.5): driven by the non-uniform motion of {112} planes in non-D/S region of lower grain along 〈111〉 direction. (c) W
doping with c = 0.15: no phase transformation in the non-D/S region, strengthening of D/S region indicated by greater strain in the non-D/S region
than that in the D/S region. (d) SFE curves of {112} planes in BCC Ta along twinning and antitwinning directions. (e) Reverse shear of the sample
with W doping at c = 0.5: phase transformation occurs in the non-D/S region of the upper grain.

Fig. 10 Effect of GB doping on the shear modulus. (a) Variation of shear modulus with type/concentration of foreign elements. (b) Comparison of
the shear modulus of pure Ta, W, Mo, and Nb.
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The maximum SFE of the antitwinning direction precedes
that of the twinning direction, with all SFE− values exceeding
SFE+ when X < 0.5. This suggests that the {112} plane atomic
layers exhibit easier movement along the twinning direction,
facilitating phase transformation in the lower grain. Upon
reversing the shear direction (negative X-axis), the {112} plane
atomic layers in the upper grain move along the twinning
direction, while those in the lower grain move along the
opposite direction. Consequently, a larger shear strain in the
non-D/S region of the upper grain compared to the lower
grain, leads to phase transformation in the upper grain, as
shown in Fig. 9(e).

4.3 Effects of GB doping and segregation on mechanical
properties

As shown in Fig. 4(d) and 10(a), the shear mechanical
properties of samples with GB doping are influenced by the
type and concentration of foreign elements. When
concentration is low, the addition of a small number of
doping atoms disrupts the symmetry of the Σ3(111̄) GB,
leading to a decrease in the yield stress. As concentration
increases, W and Mo doping enhance mechanical properties,
while Nb doping has the opposite effect. The shear modulus
of samples with various doping elements exhibits a similar
trend to the yield stress as concentration varies. Fig. 10(b)
shows the shear modulus of pure W, Mo, and Nb bicrystal

samples, where the ranking (W > Mo > Ta > Nb)
corresponds to the influence degree of each doping element
on the mechanical properties of Ta bicrystals.

Compared to GB doping, GB segregation has a more
pronounced strengthening effect on yield stress [Fig. 6(d)].
The segregation of foreign atoms into GBs modifies their
structure and energy, crucial factors that determine their
stability and influence mechanical response by altering
dislocation nucleation and motion pathways.24,25,63,64 Taking
Nb segregation as an example, which exhibits the most
significant strengthening effect, Fig. 11(a) reveals extensive
“GB coarsening” in the sample with 2% Nb doping both
before and after twinning and dislocation nucleation,
resulting in a metastable B-type GB structure. This
phenomenon arises from the partial slip of the atoms at the
second site in the initial GB structure [inset in Fig. 11(a)]
along the (112)[111̄] slip system. Conversely, in Fig. 11(b),
when Nb atoms (red atoms) segregate to the second site of
GB, there is no significant “GB coarsening” before and after
the nucleation of twins and dislocations. The segregation of
Nb atoms at the GB maintains the original A-type GB
structure, thereby enhancing GB stability.

GBs typically have higher energy than the grain interior
and often serve as preferred nucleation sites for dislocations.
The GB energy after doping or segregation is calculated with
EX
GB = (EX

bicrystal − EX
bulk)/2A, where EX

bicrystal and EX
bulk are the

total energies of Ta bicrystal and Ta bulk with the addition of

Fig. 11 The effect of GB segregation and doping on GB structure and energy. (a) GB coarsening occurs in Nb doping samples. (b) The segregation
of Nb atoms to the second site of the GB structure reduces the occurrence of metastable GB structures (type B) and enhances GB stability. (c)
Relationship between GB energy and type/concentration of doping/segregation elements. GB doping minimally affects GB energy, while GB
segregation significantly reduces it. (d) Atomic distribution within the D/S region of samples with Nb segregation at varying concentrations.
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X (X = W, Mo, and Nb) atoms, respectively, and A represents
the GB area. The results are shown in Fig. 11(c). For GB
doping, the type and concentration of foreign atoms have a
slight effect on GB energy. Even with notable changes in Nb
doping, the variation in GB energy is only 0.04 J m−2, which
accounts for 2.7% of the GB energy of pure Ta bicrystal. In
contrast, GB segregation markedly reduces GB energy, with
this reduction persisting as concentration increases. The
lower GB energy post-segregation signifies a more stable GB
structure, which is more beneficial for strengthening the D/S
region. Consequently, with identical concentrations of foreign
atoms, GB segregation is more prone to inducing phase
transformation within the non-D/S region of the sample
(Fig. 7), in contrast to GB doping. W and Mo segregation,
characterized by their high shear modulus and low GB energy,
synergistically enhance mechanical properties, resulting in
increased yield stress with rising concentration. However, for
Nb segregation, a critical point is observed at c = 0.05: the
yield stress rises with increasing concentration when c < 0.05,
but decreases when c > 0.05 [Fig. 6(d)]. When concentration
is low, Nb atoms fully segregate to the GB [Fig. 11(d)];
however, as concentration increases, not all Nb atoms can be
accommodated by the GB, resulting in a combination of GB
segregation and low-concentration GB doping. Unfortunately,
low-concentration Nb doping diminishes mechanical
properties, with this decline worsening as doping
concentration increases [Fig. 4(d)]. Consequently, when c >

0.05, the yield stress progressively decreases with increasing
concentration.

In summary, GB segregation significantly reduces GB
energy compared to GB doping. The segregation of foreign
atoms to the second site of the GB effectively inhibits the
formation of metastable GB structures. This is crucial, as the
slip of atoms at this second site in the initial GB structure is
key to activating the {112}〈111〉 slip system. Consequently,
this segregation enhances GB stability, making it more
effective in strengthening the material than GB doping.

In addition to high-energy symmetric tilt Σ3(111̄)〈110〉
GB, low-energy Σ3{112}〈110〉 GBs are also observed in BCC
metals.45 To check whether these findings also hold in
other types of GBs, we create Ta bicrystal samples with
Σ3{112}〈110〉 GBs and conduct MD simulations to
investigate their shear mechanical properties under various
doping and segregation conditions. For GB doping, as
shown in Fig. S1(a)–(c) in ESI,† the shear stress–strain
curves exhibit a serrated fluctuation pattern. Notably, W
and Mo doping enhances the shear yield stress of Σ3{112}
Ta bicrystals, whereas Nb doping has an opposing effect, as
shown in Fig. S1(d).† For GB segregation, the shear stress–
strain curves retain the serrated shape [Fig. S2(a)–(c)†], and
Fig. S2(d)† shows that the segregation of W, Mo, and Nb
enhances mechanical properties, with segregation showing
a more pronounced strengthening effect compared to those
from GB doping. These observations are consistent with
those from the sample with Σ3(111̄)〈110〉 high-energy
symmetric tilt GB.

However, it is important to note that GBs exhibit five
degrees of freedom, including variations in symmetry,
asymmetry, tilting, and twisting, leading to diverse thermal
and mechanical behaviors. The GBs examined in our work
represent only a narrow segment of the five-degree freedom
GB space. To achieve a comprehensive understanding of GB
behavior and the effects of element segregation on
mechanical properties, further research across a wider variety
of GBs is necessary.

5. Conclusions

In this work, the shear deformation behaviors and
mechanical properties of Ta bicrystals with Σ3(111̄)〈110〉
high-energy symmetric tilt GB under various element doping/
segregation conditions are investigated using MD simulation.
The main conclusion can be drawn as follows.

1) In pure Ta bicrystals, the shear deformation behavior
involves dislocation glide and twinning. Four-layer isosceles
twins are energetically more favorable compared to reflection
twins. The competition between dislocation glide and
twinning is attributed to twinning–antitwinning asymmetry
in the BCC structure.

2) Introducing foreign atoms into Ta bicrystals affects
their mechanical behavior. Specifically, W and Mo
doping, characterized by a higher shear modulus than
Ta, enhances the yield stress, while Nb doping, with a
lower shear modulus, exhibits the opposite effect.
Moreover, increasing doping concentration induces a
BCC to FCC phase transformation. This transformation
occurs due to the non-uniform motion of {112} plane
atoms along the 〈111〉 direction, and the diverse types
of doping elements result in varying phase
transformation locations.

3) GB segregation of W, Mo, and Nb atoms enhances the
mechanical properties more effectively than GB doping. It
significantly reduces GB energy, especially with higher
segregation concentration. Solute atom segregation alters GB
composition, enhances structural stability, and suppresses
“GB coarsening” during shear, contrasting with the minimal
effect of GB doping on GB energy.

In this work, we elucidated the competitive relationship
between dislocation glide and twinning in BCC Ta during
shear based on the fact of the twinning–antitwinning
asymmetry, which is intrinsic to the atomic arrangement
characteristics of the BCC structure. Therefore, these
results may also apply to other BCC metals. Additionally,
we examined the effects of GB segregation and doping on
the yield stress of Ta bicrystal by analyzing GB structure
and energy. This analysis offers valuable insights into the
composition, structure, and properties of Ta GBs, which
could guide future research on GB modification in other
BCC metals and aid in the design of Ta-based alloys with
desired performances based on GB segregation
engineering.
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