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ABSTRACT

This study investigated the high-strain rate deformation of bicrystal Cu nanopillars, using atomistic
simulations. Nanopillars with minimum grain boundary energy were deformed to investigate the
role of macroscopic degrees of freedom, finding that geometric parameters (Schmid factor) influence
the stress—strain response. The deformation of metastable grain boundaries (GBs) revealed that in
addition to geometric parameters, the response was also governed by the local atomic arrangement
at the boundary, dictating the dislocation-GB interactions. These findings shed light on the response
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of nanopillars as a function of GBs and show the importance of both macroscopic and microscopic

degrees of freedom on the mechanical response.

Local atomic arrangements and mechanical response

219 <110> symmetric tilt grain boundaries

211 <110> symmetric tilt grain boundaries

350 mJ/m?
2

IMPACT STATEMENT

Metastable states, an often ignored aspect of GB structure, is shown to have a strong influence on
dislocation-GB interactions; shedding new light on mechanical response of realistic GBs.

Introduction

Optimizing the microstructure to design materials with
enhanced or desired properties has been a challeng-
ing area of research. Among the known microstructural
defects, grain boundaries (GBs) and dislocations play
a crucial role in controlling the mechanical response
of polycrystalline materials [1-5]. Depending on the
macroscopic degrees of freedom, GBs can be classified
into various types, such as tilt, twist, or mixed boundaries
[6,7]. GBs can act as obstacles to dislocation motion, and
the specific type of interaction between GBs and dislo-
cations can be influenced by the atomic arrangement at
GB and the type of interacting dislocation [8-11]. These
dislocation-GB interactions can result in dislocation pile-
ups, absorption of dislocations, partial or full transmis-
sion, and dislocation emission or repulsion after absorp-
tion [12,13]. Consequently, numerous studies have been
conducted to understand the role played by GBs in the

overall deformation behaviour, with a specific emphasis
on dislocation-GB interactions at the nano- to submi-
crometer scale [14,15]. In addition, it has been reported
that GB relaxation, after annealing, leads to a signifi-
cant increase in the hardness of nanocrystalline materials
[16-19].

Compression of nanopillars has been used to inves-
tigate plastic deformation mechanisms in single-crystal
and polycrystalline samples [20,21]. These metallic
nanopillars exhibited size-dependent flow strength,
which differs from their bulk counterparts [21]. However,
limited studies have focused on bicrystal microstruc-
tures to understand the influence of individual GBs
on crystal plasticity [15,22,23]. For instance, a higher
work-hardening rate was observed in an Al bicrystal
due to dislocation pile-up, compared to single-crystal
Al [23]. Another study on bicrystal Al demonstrated
that GBs operate as a sink for dislocations [15]. These
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contradicting findings suggest that GB structure influ-
ences the plastic response in materials and motivated
efforts to understand it through modelling. Tucker et al.
[24] examined three high-angle GBs to demonstrate that
GBs can serve as either dislocation sinks (symmetric tilts)
or sources (twist and mixed) in bicrystalline nanowires.
Fensin et al. [25] identified a direct correlation between
GB type and void nucleation stress under shock defor-
mation. Also, most modelling studies on nanopillar com-
pression of bicrystals have focused on minimum energy
GBs [24,26]. It is well known that real materials contain
GBs with complex structures where the misorientation
can change along the length of a GB [27,28]. Minimum
energy GBs do not show this variability in GB struc-
ture. A better approach is to study the GB behaviour as
a function of atomic arrangement by using both mini-
mum energy and metastable structures. This allows one
to investigate the crucial effect of these different GBs
on the mechanical response of bicrystal nanopillars. In
this study, the role of macroscopic (GB plane and its
orientation with respect to the loading direction) and
microscopic (metastability: local atomic arrangement at
GB) degrees of freedom on the mechanical response of
Cu bicrystal nanopillars was examined using molecular
dynamics simulations.

Materials and methods

This work utilized Cu bicrystals with a GB at the cen-
tre for nanopillar compression. The pillars had a square
cross-section with the GB positioned between the base
and top (compression) slabs and spanning the distance
between slabs, as depicted in Figure S1. Additional infor-
mation is provided in the supplemental information (SI),
section S2. Two simulation cell sizes were considered:
50 x 50 x 100 nm?® (22.6 million atoms) and 25 x 25 x
50 nm> (~3 million atoms) to study size effects (see
section S3 in SI). The equilibrium and metastable struc-
tures of £11 and ¥19 GBs with <110> symmetric
tilt axes were considered. The (3,1,1) and (6,1,1) GB
planes (of ¥£11 and X19 GBs) were oriented normal
to the X direction, and the compression was performed
along the Z direction ([2,3,3] and [1,3,3]), as illustrated
in Figure S1. The metastable structures were constructed
by translating one grain relative to another within the
GB plane and removing overlapping atoms at the inter-
face. All simulations were performed (on 310 CPU ranks)
using the open-source atomistic simulation software
Large-scale Atomic/Molecular Massively Parallel Simula-
tor (LAMMPS) [29,30], and the interaction between Cu
atoms was represented using the EAM potential devel-
oped by Mishin et al. [31]. The minimum energy ¥11
GB structure had a grain boundary energy (GBE) of 310
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mJ/m?, whereas GBEs for metastable GBs were 350 and
411 mJ/m?. In contrast, GBE for the minimum energy
¥19 GB structure was 720 mJ/m?, and the GBE for
metastable GBs was 843 mJ/m? and 997 m]J/m?. For all
metastable structures (Figure S4), GBs were parallel to
the loading direction. However, for the minimum energy
11 GB, a simulation set-up with a 10° inclination along
the Y direction was also considered. Additionally, for
examining the role of macroscopic degrees of freedom
a structure with 25 twist GB ( < 100 > twist axis) was
considered. Before loading, all nanopillars were equili-
brated at 300K for 120 ps using the Nosé-Hoover ther-
mostat (NVT) with a 2 fs timestep. Shrink-wrapped (free)
boundary conditions were applied in lateral directions,
whereas for the loading direction (Z), a fixed boundary
condition was applied. To study the size effects, pillars
were compressed to 10-15% strain along the Z direction
by moving the compression slab with a constant velocity
of —0.5 A/ps (strain-rate of ~10° s™!). All other simu-
lations were performed at a velocity of —0.07 A/ps, i.e. a
strain-rate of ~ 108 s7!.

Result and discussion

After system size validation (see section S3 in SI), the
small-sized nanopillar was selected as a representative
system. To understand the role of macroscopic degrees
of freedom, bicrystals with minimum energy X11 and
Y19 GBs were deformed at a strain rate of 103 s~!. The
stress—strain response for these nanopillars is shown in
Figure 1(a). The stress in both cases peaks at a strain
of 0.022; however, a higher yield stress of 4.2 GPa was
measured for the £11 GB nanopillar compared to 3.8
GPa of the ¥19 GB nanopillar. The observed peak stress
for these GBs are correlated with the Schmid factor for
the primary slip system, 0.365 and 0.430 for X11 and
¥19 GBs, respectively. Higher Schmid factors for both
the grain means easier activation of the slip system and
hence, lower yield stress. Since these are symmetric tilt
boundaries, the Schmid factor for both grains in a bicrys-
tal nanopillar is identical. Consequently, the deformation
in both grains is similar and commences simultaneously.
Dislocations in both bicrystals nucleate at the bottom
corners and travel toward the GB, as shown in Figure
1(b). The stress profile for ¥11 after yield point exhib-
ited stick-slip behaviour, indicating periodic dislocation
nucleation followed by absorption at the GB and/or free
surfaces (after transmission across GB or reflection from
GB). Importantly, the £11 nanopillar shows the forma-
tion of twins in one grain after 0.035 strain (discussed
later). In contrast, the 319 nanopillar does not show the
formation of twins and has a smoother variation in stress
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Figure 1. (a) Stress—strain response for equilibrium nanopillars at a strain rate of 108 s~1. Schmid factors (SF) for primary slip system
of the grain with lowest SF among both grains are mentioned in the colour label. (b) Defects present in the bicrystals at the time of
dislocation nucleation (top row) and 0.10 applied strain (bottom row). The coloured boxes around the images correspond to the colours

of the stress—strain data in the panel (a).

after the peak stress, indicative of continuous dislocation
nucleation.

This finding suggests that the variation in the peak
stress for both nanopillars resulted from differences in
their macroscopic degrees of freedom. The ¥19 GB
nanopillar with a high Schmid factor for both grains is
easier to deform; thus, it exhibited lower yield stress.
To validate the observed finding, two additional bicrys-
tal nanopillars are studied. These include a X25 twist
GB (<100 > twist axis) with 0.457 Schmid factor in
both the grains and a ¥11 GB with < 110> symmetric
tilt where the GB was at a 10° inclination with respect
to the loading direction, as shown in Figure 1(b). The
inclined nanopillar was considered to examine the role
of different Schmid factors on deformation [32]. In the
case of inclined boundary, the Schmid factors for the
grains changed to ~0.28 and 0.43 for the primary slip
systems as opposed to 0.365 when the boundary was
normal to the loading direction. As discussed previously
[33], to satisfy strain compatibility, the overall mechan-
ical response of bicrystals with mixed Schmid factors is
governed by the grain with the lowest Schmid factor for
the primary slip system as it will experience a higher
stress concentration and should deform more readily
to maintain compatibility between grains. Therefore, in
this case, maximum deformation should be observed in
the grain with the lowest Schmid factor for the primary
slip system. Indeed, this behaviour was observed in the
inclined - ¥11 GBs (see section S5 in the SI and Figure
S5). A peak stress of 4.6 GPa was measured in the inclined
- ¥ 11 at the strain of 0.03 (highest among all four cases).
The nanopillar with the highest Schmid factor, £25 twist
GB, showed the lowest peak stress of 2.6 GPa at a strain
of 0.018 (lowest among all four cases). In summary,

these differences in stress—strain response suggest that
there is a first order influence of the Schmid factor on
plastic deformation in a bicrystal regardless of the GB
structure.

Additional simulations were also performed to under-
stand the role of microscopic degrees of freedom on
the mechanical response of Cu bicrystal nanopillars.
This involved nanopillars with one minimum and two
metastable structures for ¥11 and £19 symmetric tilt
GBs. Figure 2(a) illustrates the stress—strain response of
the X 11 bicrystal nanopillars. In all three cases, the peak
stress is observed at a strain of ~ 0.022. Specifically, the
310 mJ/m? and 350 mJ/m? GBE pillars yielded at this
strain, whereas for the 411 mJ/m? GBE nanopillar, an
additional peak in stress was observed at a strain of 0.058
strain. Furthermore, GBs with 310 and 350 mJ/m? GBEs
exhibit a similar stress-strain response after the yield
point, which is different from the response of the 411
m]J/m? GBE nanopillar.

The periodic fluctuations in stress for the 310 mJ/m?
GBE nanopillar (up to 0.10 strain) resulted from the
emission of dislocations from the corners and their
absorption or repulsion at GB, or absorption at the outer
surfaces. Initial dislocation-GB interactions (Figure S6)
led to the formation of a twin in one grain, starting at a
strain of 0.035. This twin expanded under compression,
which was confirmed by the orientation map [34] (Figure
S7). Beyond 0.10 strain, the stick-slip behaviour disap-
peared, suggesting continuous dislocation nucleation and
transmission across the GB. Similarly, periodic fluctua-
tions in stress profile were observed for the 350 mJ/m?
GBE nanopillar, but with a smaller difference between
consecutive peaks. The 411 mJ/m? GBE nanopillar also
exhibited stick-slip behaviour, with the highest stress
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Figure 2. (a) Stress—strain response for equilibrium and metastable =11 GB nanopillars at a strain rate of 108 s~. (b) Average atomic

shear-strain invariant in a region around GB.

peak occurring at 0.058 strain due to dislocation nucle-
ation from the middle of the microstructure’s outer sur-
face along X direction. Notably, no twinning is observed
for the 350 and 411 mJ/m? GBE nanopillars. The defect
evolution in nanopillars during deformation is shown in
Figure S6. These results highlight the importance of the
local atomic arrangement at the boundary in determining
its mechanical response as a second order effect.

The evolution of the atomic von Mises strain invari-
ant (hereafter referred to as shear strain) was calculated
to further understand the nature of deformation mecha-
nisms as a function of the local atomic arrangement. Dis-
tribution of the shear strain (Figure S8) showed that the
higher GBE nanopillars exhibit more delocalized defor-
mation compared to the minimum energy GB. The aver-
age shear strain surrounding the GB is shown in Figure
2(b). The average shear strain for both the 310 and 350
mJ/m? GBE nanopillars showed a similar trend: a con-
tinuous increase with applied strain. Interestingly, the
average shear strain for the 411 mJ/m? GBE nanopillar
changed in a stepwise manner (marked using arrows)
and is different from the shear strain evolution in the
other GBs. This stepwise change in the average shear
strain in the GB region can be a result of one of the
two scenarios: (1) dislocation pinning/ absorption at the
GB or (2) lack of dislocations arriving at the GB due to
dislocation-starvation resulting from absorption at free
surfaces.

For further clarification, the evolution of dislocation
density was examined in the grains (details in section S9
of SI). In the highest GBE case, the dislocation density
changed with strain in an intervallic manner, with regions
where the dislocation density reduced to insignificant
values, as shown in Figure 3(a). These regions coincided

with those that have constant shear strain in Figure 2(b),
which suggested that the dislocations arriving at the GB
transmit freely and get absorbed at the free surfaces. To
verify this hypothesis and negate the possibility of dis-
location absorption at the GB, local lattice orientations
were calculated. Absorption or pile-up of dislocations at
the GB will result in lattice rotations, and therefore, ori-
entation can be used for determining absorption/pile-up
of dislocations. The time evolution of lattice orienta-
tion for the three nanopillars is shown in Figure 3(c).
Comparing the orientation maps at 0.08 strain to 0.02
strain, a large change in orientation was present in the
nanopillars with the two lower energy GBs (i.e. the pres-
ence of darker coloured regions) compared to that with
the highest GBE nanopillar. This validated the hypoth-
esis that dislocations were not piling-up/absorbed but
were transmitting readily across the GB for the highest
GBE. All of these indicate that microscopic degrees of
freedom strongly influence the transmission of disloca-
tions across the GB, and consequently the stress—strain
response.

To validate these predictions, a similar study was per-
formed on X 19 GB bicrystal nanopillars. The initial yield
for all three ¥ 19 nanopillars was around 0.019 strain,
as shown in Figure 4(a). Both the 720 and 997 m]J/m?
GBE nanopillars yielded at the same peak stress of 3.7
GPa. In contrast, the 843 mJ/m? GBE had an addi-
tional peak stress of 3.3 GPa at the strain of 0.08. The
defect evolution in nanopillars during deformation is
shown in Figure S10. The peak in the stress also cor-
responds to a step in the shear strain around the GB
region (Figures 4(b) and S11). The stepwise variation in
the shear strain for the 843 mJ/m? GBE nanopillar indi-
cates that dislocations arriving at this GB are transmitting
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relatively easily and getting absorbed at the free surfaces,
resulting in dislocation starvation in the nanopillar. The
evolution of dislocation density supported this conclu-
sion. Figure 5(a,b) showed that the dislocation density
dropped to small values at 0.048 and 0.087 strain for the
843 mJ/m? GBE nanopillar. Changes in the local lattice
orientation for the X 19 nanopillars are also shown in

Figure 5(c), which showed relatively smaller changes in
lattice orientation for the 843 mJ/m? GBE nanopillar
compared to the other two. These findings again indi-
cated that dislocations arriving at this GB transmit readily
than the other two cases. Preliminary inspection of GB
structure (non-FCC atoms) using the Centrosymmetry
parameter (Figure S4) suggests that GBs with a higher
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Figure 5. (a) Dislocation density in the grain (without GB region) of equilibrium and metastable 19 GB bicrystal nanopillars at a strain
rate of 108 s, (b) Defect and dislocation microstructures for %19 GB with the energy of 843 mJ/m? at four different strains, highlighting
intervallic variation in dislocation density. Dislocation density at these strain values is highlighted by dashed lines in (a). (c) Orientation
map for equilibrium and metastable X 19 GB bicrystal nanopillars at various strain values.

proportion of atoms with large centrosymmetry values
(increased local disorder), tend to favour dislocation
transmission. Characterization of dislocation-GB inter-
actions as a function of local atomic environments using
more advanced descriptors [35-38], will be pursued in
future work.

Conclusions

In summary, we examined the role of GB orientation
and structure by deforming bicrystal nanopillars of Cu
with varying orientations of the GB with respect to the
loading direction and with varying atomic arrangements.
At the macroscopic level, the response of these nanopil-
lars is primarily governed by geometry, as described by
the Schmid factor, and the subsequent dislocation nucle-
ation and evolution. However, by deforming two distinct
sets of metastable GB nanopillars with varying atomic
arrangements, this work demonstrated that microscopic
degrees of freedom significantly influence the ability of a
GB to transmit, absorb, or pin dislocations during defor-
mation, thereby altering the macroscopic stress—strain
response. These findings offer insights into the role of
GB structure under dynamic deformation and indicate
that dislocation-GB interactions should be characterized
as a function of atomic environments and their relative
arrangements.
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