4

World Journal of Engineering and Technology, 2025, 13(4),1053-1066

"“ Scientific https://www.scirp.org/journal/wijet
0 " Research :
94% Publishing ISSN Online: 2331-4249

o,

ISSN Print: 2331-4222

Molecular Dynamics Simulation of Deformation
of FCC Bicrystal Nanopillars under
Compression

Takuya Uehara?*, Yuki Shigihara?

'Department of Mechanical Systems Engineering, Yamagata University, Yonezawa, Japan
2Graduate School of Engineering and Science, Yamagata University, Yonezawa, Japan

Email: *uehara@yz.yamagata-u.ac.jp

How to cite this paper: Uehara, T. and
Shigihara, Y. (2025) Molecular Dynamics
Simulation of Deformation of FCC Bicrystal
Nanopillars under Compression. World Jour-
nal of Engineering and Technology, 13, 1053-
1066.
https://doi.org/10.4236/wjet.2025.134063

Received: September 21, 2025
Accepted: November 17, 2025
Published: November 20, 2025

Copyright © 2025 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

Abstract

Nanopillars have attracted considerable attention in nanoengineering because
of their superior optical, chemical, and biological properties, which have led
to their use in nanodevices and various applications. From the viewpoint of
mechanics of materials, nanopillars are also good specimens for investigating
the deformation mechanism of crystalline materials. In this study, molecular
dynamics simulations were performed to evaluate the compressive deformation
of nanopillars. Bicrystal models were used to focus on the effect of grain bound-
aries on the deformation mechanism. Two types of models were developed;
the grain boundary was set parallel or perpendicular to the loading direction
along the longitudinal axis of the pillar. When the grain boundary was parallel
to the axis, slip occurred in each crystal independently, and the grain boundary
separated the motion of dislocation via compression. In contrast, when the
boundary was perpendicular to the axis, plastic deformation proceeded in one
of the crystals, and the grain boundary separated the deformed and unde-
formed regions.
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1. Introduction

Nanopillars are small columnar specimens or parts of devices on a nanometer
scale and have attracted considerable attention in nanoengineering because of

their superior optical, chemical, medical, and biological properties. For example,
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a solar panel device with a nanopillar-based nanostructure exhibits high perfor-
mance because of its large surface area, and a dragonfly wing with a nanopillar
structure exhibits high water repellency and low air resistance. Due to the recent
advancement in nano-technology, these structures have been applied to various
products with specific performance in antibacterial properties, photovoltaic func-
tion, and so on [1]-[5]. In addition to these practical applications, nanopillars
serve as good specimens for clarifying the deformation mechanism of crystalline
materials such as metals, alloys, ceramics, and composites. Plastic deformation in
metals is preceded by the slip behavior of certain crystal planes caused by the gen-
eration and motion of dislocations. Because such atomistic behavior occurs inside
the material, a direct observation is difficult. Furthermore, typical experimental
specimens are subject to various restrictions, making it challenging to achieve nat-
ural behavior without any constraints. Nanopillars, being very small and thin, al-
low almost restriction-free conditions. However, because grabbing nanopillars for
tensile testing is problematic, compression tests are most commonly used to in-
vestigate their mechanical properties. Scanning electron microscopy (SEM) im-
ages of micropillars (100 nm - 10 nm) [6]-[8] revealed multiple steps on the side
surfaces, which are caused by slip on specific planes such as {111} planes in face-
centered cubic (FCC) metals [9] [10]. Although these results indicate the occur-
rence of a slip mechanism, direct observation during the deforming process on a
nanometer scale remains difficult. Therefore, computer simulations are more suit-
able for clarifying the dynamic behavior of material deformation. In this sense,
the molecular dynamics (MD) method is a powerful tool that enables direct sim-
ulation of the atomistic dynamic process. So far, various models have been re-
ported for micro or nanopillars, and the target materials include pure metals, two-
component alloys, and complex multi-component alloys [11]-[16]. Regarding the
plastic deformation mechanism, the crystallographic orientation plays a critical
role. Thus, even for single-crystalline models, an infinite number of variations in
the relation between the crystal orientation and loading direction exist. In addi-
tion, the role of grain boundaries (GB) is the key to clarifying the mechanism of
plastic deformation in polycrystalline materials. In this regard, various studies
have been conducted. Despite extensive research, however, a comprehensive un-
derstanding of the mechanism is still lacking. Addressing this issue requires the
accumulation of simulation data on various cases.

In this study, MD simulations were demonstrated for the compressive defor-
mation of nanopillars using bicrystal models. Two types of models were prepared
[17]; the GB was set parallel or perpendicular to the loading direction. Various
orientation combinations were applied for each model, and the deformation

mechanism and the GB effects were discussed.

2. Simulation Models and Conditions
2.1. Nanopillar Models

In this study, an FCC metal was considered. Figure 1(a) shows a single-crystalline
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pillar of a square cross-section. The cubic unit cells of the FCC crystal were ar-
ranged along the x-, y-, and z axes giving the size of approximately 7.2 nm x 7.2
nm x 21.7 nm. The crystallographic orientation is (001) on the x-yplane and [100]
along the x-axis. Figure 1(b) shows the atomic configuration of a unit cell of the
FCC crystal and the representative {111} planes, which are expected to be the slip
plane. The orientation was varied by rotating the (100) plane around the x-axis.
An example of a 45° rotated model is shown in Figure 1(c), in which the slip plane
is parallel to the y-axis and inclined 45° from both the x- and z-axes. In addition
to the pillar parts, fix plates were set on the top and bottom faces. These plates
were constructed from the FCC crystal and connected to the pillar atoms via in-
teratomic interactions; however, their dynamic motion was not calculated. The

top plate was moved downward at a constant rate during the loading process.

.
.

2

<«

(a) Simulation model (b) Base model (c) 45° model

Figure 1. Illustration of a nanopillar model (a), orientation of base model (b), and 45°
model (c) with typical slip {111} planes in each model.

2.2. Bicrystal Models

Two types of bicrystal models were prepared. In the vertical GB model, the pillar
was divided in two regions separated by the central vertical plane parallel to the
y-z plane, as shown in Figure 2(a). The atoms in each domain were rotated by
angles g;around the y-axis, where 7 denotes the domain number, 1 or 2 for the left
and right domain, respectively. The angle is measured from the z axis, as shown
in Figure 2(a), and symmetric GB models are generated when 6, =6, . In this
study, asymmetric GB for ;=0 and 6,#0 was also investigated. In this pa-
per, the models are referred to as V&-6 model. Another model is the horizontal
GB model, as shown in Figure 2(b). In this model, the boundary of the two do-
main is set parallel to the x-y plane and perpendicular to the loading direction.
The crystal in each domain was rotated in the same way as the vertical GB model,
and symmetric or asymmetric GB was prepared. These are referred to as L&-6,
model.

Simulations were demonstrated for many combinations of 6, and 6,, though

typical results are shown in this paper.

2.3. Loading Conditions

A compression load was imposed by moving the top plate downward at a constant
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rate V=0.005 nm/ps with the time increment At=0.01 ps/timestep. The in-
teraction between the atoms in the plate and the pillar was governed by the inter-
atomic forces, while no external forces were applied to restrict the sliding or fric-
tion. The temperature was controlled at T =1 K using the Nose-Hoover method

to avoid thermal effects.

2.4. Simulation Tool

The simulations were performed using LAMMPS [18]. The interatomic interac-
tion was assumed to be expressed by the embedded-atom-method (EAM) poten-
tial function for Cu proposed by Zhou et al. [19]. The results were visualized using
OVITO [20]. Common-neighbor analysis (CNA) [21] and the centrosymmetric
parameter (CSP) [22] are often applied for identifying the crystal structure and
local characteristics around the atoms. In this study, the CNA results are used to
visualize the atomic configuration by coloring the atoms. This method is effective
because hexagonal closed-packed (HCP) layers indicate stacking faults or a par-

tial-dislocation plane within the FCC crystals, thereby revealing the front position

of the deformed zone.

(a) Vertical GB model (b) Lateral GB model

Figure 2. Bicrystal models with the rotation angle in each model.

3. Results for Single-Crystal Models

Before simulating the bicrystal models, the simulation method and conditions
were verified using single-crystal models. Differently oriented models were devel-
oped by applying rotations of angles # around the y-axis. Figure 3 shows varia-
tions in the atomic configuration during compression for the =0 model. The
visualization uses a color scheme based on the CNA results, where FCC atoms are
shown in blue, HCP atoms in red, body-centered cubic (BCC) atoms in yellow,
and atoms with other coordination structures in gray. Note that the atoms on the
surface and GB are depicted in gray, and BCC atoms appear only temporarily.
Therefore, the notable phenomenon is the appearance of HCP atoms in the FCC
crystal. Following the initial elastic deformation, an oblique line appeared at the
35,000th timestep. The origin of this line was the top-left corner contacting the
top plate, and the HCP atoms are spreading inside the pillar and forming an HCP
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layer. The first layer traversed the model and another HCP layer appeared by the
36,000th timestep (Figure 3(b)). The region between the two HCP layers is FCC
structure, though the orientation is different from the other region. The HCP layer
was determined as the HCP structure by the CNA analysis; however, it represents
a stacking fault or a partial dislocation layer. A pair of HCP layers was parallel to
each other, and they widened the distance as compression progressed (Figures
3(c)-(f)). At the same time, other HCP layers on one of the equivalent {111} plane
were also generated. They tended to propagate but interfered at the initial HCP

layer, and the firstly formed deformation zone primarily developed.

(a)35000  (b)36000  (c)40000  (d)50000  (e)70000  (f) 90000

Figure 3. Atomic configuration under compression for 0° single-crystal model from the
35,000th to 90,000th timesteps colored by CNA indicator, where blue indicates FCC atoms,
red indicates HCP atoms, and gray indicates other atoms.

Figure 4 presents the simulation results obtained for the 45° model under the
same conditions. The {111} slip plane appeared as a 45° line on the side face at the
26,000th timestep, as shown in Figure 4(a). It appeared to initiate at the boundary
between the pillar and upper plate and was reflected at the back surface. Conse-
quently, another 45° slip occurred at the front by the 27,000th timestep (Figure
4(b)). Other slips occurred subsequently, and several steps appeared on the front
surface.

(a) 26000  (b)27000  (c)42000  (d)60000 () 80000  (f) 90000

Figure 4. Atomic configuration under compression for 45° single-crystal model from the
26,000th to 90,000th timesteps colored by CNA indicator.

The stress variations for these models are shown in Figure 5. It should be noted
that this diagram is equivalent to the stress-strain relation, because the compres-
sive displacement is applied at a constant rate. A significant difference in the initial
slope corresponds to the anisotropic elastic modulus, and the sudden drops cor-

respond to the initiation of the slip observed in Figure 3 and Figure 4. Significant
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differences were observed not only in elasticity and plastic flow stress but also in

the ease of slip deformation.

——0 deg.

N W

TAWAPAVLE.
/ //\/\Wv‘wvm
4

0 20000 40000 60000 80000
Time step

Stress, GPa
N

Figure 5. Variation of the compressive stress for 0° and
45° single-crystal models.

These results are reasonable compared with previously reported results, con-
firming that the present model and method can be applied to further studies using

bicrystal models.

4. Vertical GB Bicrystals

4.1. Representative Results

Figure 6 shows the result for the vertical asymmetric GB model with

6,=0" and 6, =45" (V0-45 model). The coloring in Figure 6(a) corresponds to
the CNA result, using the same scheme as in Figure 3. Figure 6(b) shows only the
HCP layers. The slip first occurred in the right-hand-side region of 6, =45" at
the 20,000th timestep, where the {111} plane appeared as a horizontal line parallel
to the x-axis on the front surface, as illustrated in Figure 1(a). Subsequently, the
second slip was observed in the left-hand-side region, where the {111} plane was
arranged in an oblique rhombus shape, as illustrated in Figure 1(b). Thereafter,
slip behaviors were observed in both regions independently, maintaining the ver-
tical GB at the original position. The final shape shows apparent 45 steps on the
side surface resulting from the {111} slip, as shown in Figure 6(a)(vi), which is
shown at an oblique angle.

The stress variation is shown in Figure 6(c). The elastic modulus of the bicrystal
nanopillar (green curve) lies between those of the single-crystalline nanopillars
(red and blue), but is closer to that of the harder 45° curve. The elastic limit,
which corresponds to the initiation of the slip, is expressed by the sudden drop in
stress. Although the stress at this point lies between those of single crystals, it oc-
curs earlier than in either. The disordered configuration at the GB is considered
to act as the initiation point for the slip. The drop in stress at the elastic limit is
not as significant as that in single crystals but continues toward the plastic flow,
owing to the intermittent generation of slip planes, as shown in Figures 6(a)(iii)

-(a) (vi).
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()20000 (i) 25000 (i) 36000  (iv) 50000  (v) 80000 (vi) 100000

(a) Variations in atomic configuration

41 —0 deg.
o —45 deg. /\
@ 3l ---V0-45 |/ /]
p rdL PV
g 2 4
4 9_) ///, \v//‘\-\s//’v ’
m‘ B Hie” // b
¢ /o o~
0
0 10000 20000 30000 40000
(i) 20000 (i) 25000 (iii) 36000 Time step
(b) Transparent view of HCP (c) Stress variation

Figure 6. Atomic configuration under compression colored by CNA indicator (a), view of
HCP layers (b), and stress variation (c) for asymmetric V0-45 model.

4.2. Various Results by Other Models

Various combinations of crystal orientations were investigated, and two repre-
sentative cases are presented. Figure 7 shows the result for the symmetric 10° -
10° model (V10-10). Before starting the compression, a relaxation calculation was
performed every time. After this relaxation period, the GB appeared as consecu-
tive dislocations, as shown in Figure 7(a), where the dislocations are perpendicu-
lar to the surface and appear as discrete dots. A slip plane was generated from one
of these dislocations and spread on the {111} plane. When the slip transmitted
across the crystal and propagated through the surface, the misorientation was re-
solved, and the GB disappeared in exchange for the generation of steps on the
surface, as shown in Figures 7(b)-(f). Similar tendencies have been commonly
observed for most models with low-angle GBs.

Another typical case is shown in Figure 8, which presents the results for the
symmetric V20-20 model. The first slip was observed at the 16,000th timestep in
the left-hand-side grain, as shown in Figure 8(a). Subsequently, another slip plane
was observed in the symmetric region on the left-hand side (Figure 8(b)). Then,
the slip propagated on the right-hand side (Figure 8(c)), followed by the left-hand
side (Figure 8(d)). The slip alternated between the two sides, allowing the overall
compression to continue while keeping balance. Consequently, the vertical GB
maintained a roughly straight configuration, and the overall pillar retained a rec-

tangular shape.
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o

(@) 14000  (b) 15000  (c)21000  (d)27000  (e)32000 () 40000

Figure 7. Atomic configuration under compression for symmetric V10-10 model from the
16,000th to 100,000th timesteps colored by CNA indicator.

(a)16000  (b) 18000  (c)25000  (d)30000 () 50000  (f) 100000

Figure 8. Atomic configuration under compression for symmetric V20-20 model from the
16,000th to 100,000th timesteps colored by CNA indicator.

Figure 9 shows the stress variations for various vertical symmetric GB models.
The difference in the initial slope corresponds to the anisotropy in elasticity. The
stress curve for the V5-5 model shows minor drops in the elastic curve and major
drops around the 15,000th and 20,000th timesteps. Figure 7 shows that the dislo-
cations at the original GB diminish at these times. In the stress curve for the V50-
50 model, the initial elastic curve is nearly linear; however, the slope decreased at
around the 12,000th timestep before the drastic drop at the 18,000th timestep.
Figure 10 illustrates the change in the atomic configuration. The first HCP layer
appeared at the 12,000th timestep. The slip plane had nearly the same orientation
as that of the 45° model (see Figure 1(c)), forming an approximately 45° line on
the side face. This corresponds to the onset of the decline in the elastic slope. Sub-
sequently, similar alternating slips occur between the left-hand and right-hand
sides before the 18,000th timestep. Then, one of the HCP layers, or the stacking
fault of the FCC crystal, completely traversed the crystal, thereby generating an
apparent step on the side surface at the 18,000th timestep. This is the point of the

drastic stress drop observed in Figure 9.

5. Lateral GB Bicrystals

5.1. Representative Results

Following the vertical GB models in the previous section, lateral GB models

were investigated. Figure 11 shows the results for the L0-45 model, where the
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Figure 9. Stress variation for vertical symmetric grain-bound-
ary models.

(a) 10000 (b) 12000 (c) 14000 (d) 16000 (e) 18000 (f) 20000
Figure 10. Atomic configuration under compression for symmetric V50-50 bicrystal model
from the 10,000th to 20,000th timesteps colored by CNA indicator.

lower-half region has a 45° rotated orientation. The slip occurs in the upper-half
region on the (111) plane, as shown in Figure 11(a). The slip region spreads in
the upper-half grain. After the first HCP layer traverses from the GB to the surface,
another HCP layer parallel to the first layer moves upward, maintaining the par-
allel relation (Figures 11(a)-(c)). The motion stops when the upper edge reaches
a top plate. The zone between the two HCP layers persists in the FCC structure;
however, the orientation is changed. As explained in Section 3, the region between
the layers has a different orientation, and an oblique plane appears on the surface.
In this model, the GB at the middle pillar also changes the angle. Finally, the up-
per-half region of the pillar deforms significantly, and the original rectangular
shape is no longer maintained. Many slips were observed in the pillar but all of them
were in the upper grain, except one slip generated after the 100,000th timestep.
Similar tendencies were observed for other models at various angles in the
upper-half region. An example of the L0-40 model is shown in Figure 12. The
angle of the HCP layer is different according to the crystal orientation; however,
significant deformation occurs in the upper region. Figure 12(b) shows the HCP
layers in the pillar by erasing all atoms except the HCP atoms. The slips are
concentrated in the upper-half region. Figure 12(c) shows the cross-section of

the pillar at the middle plane in the x-axis. The upper-half grain is divided into
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(a) 18000  (b)36000  (c)60000  (d)80000  (e) 100000  (f) 120000

Figure 11. Atomic configuration under compression for lateral asymmetric L0-45 model
from the 18,000th to 120,000th timesteps colored by CNA indicator.

several sub-grains with different orientations, where the HCP layers are the
boundaries, whereas an almost perfect crystal state is maintained in the lower-half

region.

2]

(i) 40000 (ii) 80000 (i) 120000 (b) Hep layers  (c) Cross section
(a) Time variation (120000 step) (120000 step)

Figure 12. Atomic configuration under compression for lateral asymmetric L0-40 model:
(a) time variation, (b) HCP layers, and (c) cross-section at x=0.5L,.

5.2. Various Results by Other Models

Symmetric bicrystals with lateral GBs were also simulated. The results revealed to
be divided into two types. The first type is shown in Figure 13, which presents the
result for the L20-20 model. The upper and lower regions have symmetric orien-
tations; thus, the slip lines are also generated symmetrically, as is the case with the
vertical symmetric models, as described in Section 4.2 and shown in Figure 8. In
this case, the first slip occurs in the upper crystal at the 24,000th timestep (Figure
13(a)), followed by the second slip in the lower crystal (Figure 13(b)). Each slip
propagates within its region, and additional slip planes are generated successively.
As the slip plane traverses the region to the surface, the side face becomes partially
oblique according to the {111} plane, and the pillar bends into an elbow shape, as
shown in Figure 13(f). The GB maintains its central position and flat shape de-
spite the significant deformation.

Another typical case is shown in Figure 14, which presents the result for the
L60-60 model. The initiation of the first HCP layer appears identical to the previ-
ous case. However, although an HCP layer is generated in the upper region from
the central GB to the left surface, a pair of parallel layers is not generated. There-
fore, no sandwiched FCC region or bent surfaces form between the two HCP

layers. Instead, an apparent or macroscopic sliding occurs on the firstly generated
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(a) 24000  (b)25000  (c)30000  (d)45000  (e) 60000  (f) 100000

Figure 13. Atomic configuration under compression for lateral symmetric L20-20 bicrystal
model from the 24,000th to 100,000th timesteps colored by CNA indicator.

HCP layer. The crystal orientations of both the upper and lower crystals are main-
tained, keeping the side faces perpendicular. Consequently, the upper and lower
crystals slide on the 45° plane, and the axes are misaligned. The compressive de-
formation progressed as the slide distance increased, while the original crystal ori-

entations were preserved.

: [
(a) 20000 (b) 24000 (c) 30000 (d) 60000 (e) 80000 (f) 100000
Figure 14. Atomic configuration under compression for lateral symmetric L60-60 model
from the 20,000th to 100,000th timesteps colored by CNA indicator.

Figure 15 presents the result for the L70-70 model. Although the result is
mostly identical to that of the L20-20 model, it reveals that the deformation is not
always symmetrical. In this case, differently oriented slips are observed in the
lower region, and the central GB does not maintain a flat shape. The {111} slip
plane in the FCC crystal has eight equivalent directions, and the active plane is
typically determined by the Schmid factor. As the deformation progressed, the
orientation slightly varied, and the active plane was passively shifted. Conse-
quently, differently oriented slips were generated. In addition, the magnified view
of the atomic configuration on the newly appeared surface between two HCP lay-
ers is shown in Figure 15(f), where the closest configuration of the {111} plane is
exhibited.

Figure 16 shows the stress variation for various models. Here, the asterisk (*)
indicates that the deformation mode is a slide type as shown in Figure 14, whereas
its absence indicates a bent type as in Figure 13. No specific difference in the stress

variation was found even though the elastic modulus was dependent on the crystal
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orientation.

(a)24000  (b)25000  (c)30000  (d)50000  (¢)70000  (f) 100000

Figure 15. Atomic configuration under compression for lateral symmetric L70-70 bicrystal
model from the 24,000th to 100,000th timesteps colored by CNA indicator.

25H

——L20-20 ——L70-70
— .30-30 ----- Lsgm17
2+ — — -L60-60
©
o 15
o
&
o 1
)
0.5
ol
0 10000 20000 30000 40000

Timestep

Figure 16. Stress variation for symmetric lateral grain-
boundary models, where the * mark in the legend indi-
cates that the deformation mode is a slide type.

6. Conclusions

In this study, MD simulations were carried out to clarify the deformation mecha-
nism of nanopillars. Following simulations for single-crystal models to confirm
their basic behavior, bicrystal models were investigated. When the GB was parallel
to the longitudinal axis of the pillar, deformation proceeded by the generation and
motion of the slip planes in each region. In particular, when the two crystals had
a symmetric orientation, the slip planes were also observed symmetrically. The
overall pillar shape was maintained almost rectangle. In contrast, when the GB
was perpendicular to the longitudinal axis, specific deformation was observed.
When the upper-half region exhibited a high propensity for slip, the slip planes
were generated primarily within the region. Consequently, the overall defor-
mation of the pillar was also intense in the upper-half region, thereby causing the
lower-half region to remain undeformed. In the symmetric models, two types of
deformation modes were observed: bent and slide types.

In this study, the orientations of the FCC crystals were limited to those rotated
around one axis; Ze., only the tilt GBs were considered. Twist GB models will be

targeted in our future research. In addition, the relative angle of the GB against
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the pillar axis and the loading direction will also be investigated. Based on these

research directions, a more detailed investigation of the deformation mechanism,

including the slip and dislocation behavior and the influence of GBs will be per-

formed. The nanopillar model presented in this study provides an effective foun-

dation for future work, leading to advanced technology utilizing nanopillar struc-

tures.
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