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Abstract Molecular dynamics simulation of nano-indentation of single-crystal and bicrystal FCC aluminum
is performed. The role of crystallographic orientation during nano-indentation of single-crystal aluminum is
assessed. Then, the influence of the presence of a grain boundary is analyzed by adding high-angle symmetric
tilt boundaries of �5<210>/(100) and �5<310>/(100) parallel to the surface on which the indentation
is performed. Furthermore, in both cases, the size of the indenter is changed to investigate how the surface
curvature of the indenter affects the nano-indentation process. The results suggest that in each crystallographic
orientation, the presence of a grain boundary increases the required force for indentation, while the distance of
a grain boundary from the indentation surface could affect the increase in the required force. Simulations prove
that the grain boundary acts as a source of generation and emission of dislocations and restricts the penetration
of the indenter by limiting the slip band formation and plastic deformation. The dislocation emission from the
grain boundary restricts the penetration of the indenter and limits the formation of the octahedral slip systems
of type {111}<110> and consequently increases the required force for indentation in bicrystals.

1 Introduction

Investigations on the governing mechanisms during indentation of different materials open a new horizon for
cutting-edge applications and technologies, specifically those related to the development of nanostructured
materials and thin films. Although the atomistic investigations in the nanoscale are challenging approaches
to predict the behavior in physical conditions and environments, it is confirmed that atomistic simulations
resemble the characteristics of the macroscopic scale reasonably [1–3].

Nano-indentation is widely used to investigate the mechanical properties of thin films. The penetration
depth and required force for indentation on the nanoscale depend on the presence of several microstructural
defects. Despite widespread use of crystalline materials in pioneering applications, most of the recent atom-
istic simulations have concentrated on the investigation of the behavior of the crack in single crystals [4–6].
Understanding the effects of grain boundaries on the material behavior and microstructural changes during
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nano-indentation can provide significant information about this process. For coarse-grained materials, it is
possible to assume that the indenter is far from grain boundaries and to neglect the effects of grain boundaries.
However, for nanostructured materials and coatings, this assumption is not valid.

The behavior of grain boundaries has been studied in most recent works to reveal their influence on
mechanical properties. Among these works, Nair et al. [7] simulated the nano-indentation process on Ni
thin films using low-angle grain boundaries (LAGBs), which were generated perpendicular to the indentation
surface. They showed that LAGBs act as dislocation sources and dislocations are emitted from those boundaries.
Kim et al. [8] simulated the nano-indentation process on a nickel bicrystal with a �5<210> grain boundary.
Their results demonstrated that the dislocation nucleation is in the shape of prismatic loops. The study of
nano-indentation of bilayers was also performed in recent studies [1,9,10].

Material behavior during nano-indentation is strongly dependent on several parameters, e.g., loading con-
ditions, crystallographic orientation, temperature, indenter shape, indenter size, imperfections, and defects.
The careful assessment of microstructural evolution is beneficial to reveal the contribution of the different
parameters in nano-indentation. MD methods effectively develop the relation between the mechanical proper-
ties and microstructure of the material and provide a good understanding of the deformation mechanisms on
the atomic scale. In addition, in simulations of nano-indentation, the influence of grain boundaries, particularly
those located parallel to the indentation surface, gained less attention in the literature. Therefore, in this paper,
MD simulations are employed to investigate the evolution of the microstructure during nano-indentation. For
this purpose, the influences of indenter diameter, crystal orientation, and the presence of a symmetric tilt grain
boundary are investigated during loading, and the results are discussed.

2 Atomistic simulation

The open source MD code Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [11] and
the Open Visualization Tool (OVITO) [12] were employed for atomistic simulations and visualization. Three-
dimensional MD simulation of nano-indentation was performed using the embedded-atom-method (EAM)
inter-atomic potential of aluminum [13]. This potential was reliably used to describe the bonding in metallic
systems and to correlate the strength of individual bonds to the modeled system [14–17]. The total energy for
an atom was calculated as follows:
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The first part of this equation was an embedding function, and the second part was the short-range electrostatic
pairwise potential. The first termwas a function of the distance between two atoms (ri j )within a cutoff distance
(Fα), and the second term was a function of the distance (ri j ) and the pair potential between two atoms ∅αβ .

During the nano-indentation process, the temperature of the systemwas kept constant (300K). As shown in
Fig. 1, the simulation box was approximately 16nm× 8nm× 16nm in the x, y, and z directions, respectively.
Subsequently, indentation was performed in y direction considering periodic boundaries in x and z directions.
The indentation force for the penetration of the indenter in the samples was recorded. The atomic stress field
was also used in this work, defined as:

σαβ (i) = − 1

2Ωi

N∑
j �=0

rα (i, j) Fβ (i, j) . (2)

In this equation, N is the number of atoms surrounding atom i within the EAM potential cutoff distance,
rα(i, j) denotes the relative position of two atoms, Fβ(i, j) represents the interaction force exerted by atom j
on atom i , and Wi is the volume of atom i . The average atomic stress tensor for each atom was calculated by
taking an average over the volume around atom i within the potential cutoff distance as follows:

σ̄αβ (i) = 1

N

N∑
j=1

σαβ ( j) . (3)

In the first part of the paper, the influence of crystallographic orientation was assessed during loading. Three
different crystal orientations were considered. In the first case, the x axis, y axis, and z axis in the simulation
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Fig. 1 Schematic illustration of nano-indentation

box were at [100], [010], and [001] lattice directions, respectively. In the second case, the x axis, y axis,
and z axis in the simulation box were at [210],

[
1̄20

]
, and [001] lattice directions, respectively. In the last

case, x, y, and z axes in the simulation box were at [310],
[
1̄30

]
, and [001] lattice directions, respectively. In

all cases, the indentation was performed in y direction. In the second part, the influence of the presence of
�5<210>/(100) and�5<310>/(100) high-angle grain boundaries (HAGBs)was assessed. In order to exam-
ine the nano-indentation process in bicrystals, high-angle symmetric tilt grain boundaries of�5<210>/(100)
and �5<310>/(100) were generated in the distances of D = 2 nm, D = 4 nm, and D = 6 nm below the
indentation surface. Each grain boundary plane was oriented parallel to the indentation surface. Finally, two
different indenter diameters of d = 4 nm and d = 8 nm were implemented to study the influence of indenter
size while the indentation depth was constant (∼2nm).

3 Results and discussion

Figure 2 illustrates the required force during indentation for different crystal orientations when the indenter
diameter is d = 4 nm. To validate the results, the alteration in the required load observed in different crystallo-
graphic orientations of single crystals is compared with previous studies. The results show good coincidence
with the simulations of Ju et al. [18] who investigated the nano-indentation process on single-crystal nickel
with three different crystallographic orientations. As illustrated in Fig. 2, the required force for the case X [100]
is higher than that in the other cases. The required force is reduced when the single crystal is rotated by 18◦ and
27◦. Nevertheless, in each of these cases, the required force for indentation is increased by adding a HAGB. In
order to investigate the reasons for this phenomenon, Fig. 3 illustrates the cross section of the sample during
indentation. Common neighbor analysis (CNA) is used to detect the evolution of crystal defects. This method is
a helpful measure of the local crystal structure around an atom, in which a characteristic signature is computed
from the topology of bonds that connect the surrounding neighbor atoms. More details about the detection of
crystal defects and specific dislocations are presented elsewhere [19].

The plastic deformation beneath the indenter and the high stress level of atoms in this region are main
contributors to the slip initialization and generation of slip bands. Therefore, slip band generation is directly
correlated with the high shear stress in this region. The amount of plastic deformation beneath the indenter
prescribes the slip band generation. In Fig. 3a, b, slip occurs along a close-packed plane and the slip system
is {111}<110>. However, the presence of a grain boundary delays further slip as depicted in Fig. 3b, and
consequently, the required force for indentation is increased as shown in the diagram in Fig. 2. Nair et al.
[7] observed that for relatively thicker films, the dislocations were emitted from the grain boundaries and in
the single crystals the dislocations were emitted from underneath the indenter, which is consistent with the
observations in this work.

The indentation force is actually dependent on the size of the indenter. Comparing Figs. 2 and 4 implies
that when the diameter of the indenter is changed from 4 to 8nm, the required force for indentation is increased
by around 120%. The increase in surface area and surface curvature are the main contributors to increasing the
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Fig. 2 Required force for indentation for an indenter using d = 4 nm

Fig. 3 Plastic deformation, dislocation nucleation, and slip band formation during nano-indentation in the absence and presence
of a grain boundary for a specific crystallographic orientation

required force. These results are in agreement with the results of Muhammad et al. [20] who investigated the
effects of the indenter diameter on the nano-indentation of single-crystal Ni. They showed that the maximum
indentation force is higher for an indenter with a larger diameter than that for an indenter with smaller diameter.
In addition to that, Fig. 4 indicates that the required force for indentation becomes higher in the presence of
a grain boundary in each crystallographic orientation. As the grain boundary is a source of generation and
emission of dislocations, it could restrict the penetration of the indenter by limiting the slip band formation.
In this case, a higher force is required to be exerted on the sample to achieve the same penetration depth.

Figure 5 illustrates the dislocation emission and slip band formation when the diameter of the indenter is
increased. As shown in this figure, while the sample is indented using an indenter with a larger diameter, the
number of dislocations emanating from the grain boundary increases. The dislocation emission from the grain
boundary restricts the penetration of the indenter and limits the formation of the octahedral slip systems of
type {111}<110>, and consequently, the required force for indentation is increased in bicrystals. However,
in single crystals with different crystallographic directions, the slip band formation requires a lower amount
of normal force. Furthermore, as the misorientation angle between two grains is increased, the required force
for indentation notably increases. This observation can also be explained considering the dislocation emission
from the grain boundary, which seems to happen easily by increasing the misorientation angle between two
grains.

It is confirmed that in the early stages of dislocation nucleation, dislocation slips along the slip plane and,
when the dislocation expansion is hindered, the dislocation locks are formed and the dislocations finally end at
the side surface composing “V”-shaped dislocation [21]. The presence of a grain boundary may enhance the
hindering of dislocation glide while increasing the required force for indentation. Kim et al. [22] investigated
the interaction between lattice dislocations and the�5<210> symmetric tilt grain boundary, in which the grain
boundary plane was normal to the indentation surface. They showed that the dislocation loops merged into
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Fig. 4 Indentation force for an indenter with d = 8 nm and D = 4 nm

Fig. 5 Plastic deformation, dislocation nucleation, and slip band formation during nano-indentation with different indenters while
D = 4 nm

Fig. 6 Required lateral force (Fx ) for nano-indentation

the grain boundary without emitting new dislocations to the neighboring grain. They correlated the migration
of the �5<210> grain boundary after interaction with lattice dislocations to the nature of symmetric tilt
boundaries that keep up a periodic set of grain boundary dislocations at the interface.

Although shear-coupled grain boundary migration is thermally activated, it can take place at relatively
low temperatures. Shear-driven grain boundary migration at low temperatures is usually a consequence of
the applied shear stress in which the grain boundary movement is perpendicular to the plane that contains
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Fig. 7 Indentation force for indentation using d = 8 nm by changing the distance between grain boundary and surface

the boundary. A theoretical model was proposed by Li et al. [23] to illustrate the influence of shear-coupled
migration of grain boundaries on the crack growth in nanocrystallinematerials. They correlated the initiation of
shear-coupled migration with the stress concentration in the vicinity of the crack tip in the mode I crack. They
found that the coupled shear played a key role in enhancing the fracture toughness of nanocrystalline materials,
and the shear-coupled migration that occurred served effective toughening mechanism in nanocrystalline
materials. Although the grain boundary migration is usually observed at high temperatures, in the case where
an external stress is applied to a nanocrystalline solid at room temperature, a normal grain boundary migration
occurs. In addition, this normal grain boundary migration is usually accompanied by a tangential translation
of grains parallel to the grain boundary plane for both LAGBs and HAGBs. Consequently, the translation
would produce shear deformation of the lattice traversed by grain boundary, as proved by many molecular
dynamics and quasi-continuum studies for bicrystals [24,25]. The fact that Kim et al. [22] observed boundary
migration during nano-indentation seems to have originated from the orientation of the grain boundary plane
with respect to the indentation direction. However, in this work, such a phenomenon was not observed, because
the orientation of the grain boundary plane is normal to the indentation direction. In addition, other parameters
such as penetration depth, indenter speed may affect the material behavior.

To investigate the differences between using different indenters, Fig. 6 depicts the required lateral force
(Fx ) during nano-indentation in bicrystals for which the value of D is 4nm. This figure shows that, as the
surface curvature of the indenter is increased, the lateral indentation force is reduced significantly. In addition
to that, as the misorientation angle between two grains is increased, the required lateral force is also increased.
Moreover, the effect of the distance between grain boundary and indentation surface is illustrated in Fig. 7.
The required force for indentation drops more than 20%, when the grain boundary is near to the indentation
surface. In this case, the indenter penetrates through the grain boundary, leading to slip band formation and
dislocation emission in the adjacent grain. Nevertheless, when the grain boundary is outside of the indenter
penetration region, the required force does not show a significant variation.

It should be noted that although this work provides for the role of the presence of the grain boundary
during nano-indentation, the interaction between grain boundaries is very important to assess the behavior
of the materials under indentation. Therefore, more cases that are complicated should be addressed in future
studies to clearly understand the material behavior during indentation.

4 Summary and conclusions

In this work, molecular dynamics simulation of nano-indentation process was performed on pure aluminum.
The influence of indenter diameter was investigated in the presence and absence of a symmetric tilt grain
boundary. In the single crystal, the required force for the case X [100] was higher than that in other cases,
and when the single crystal was oriented in X [210] and X [310] directions, the required force was reduced.
However, by adding high-angle symmetric tilt grain boundaries of �5<210>/(100) and �5<310>/(100)
to the X [210] and X[310] cases, respectively, the required force for indentation significantly increased. The
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main reason was an increase in the number of dislocations emanating from the grain boundary. The dislocation
emission from the grain boundary restricted the penetration of the indenter and limited the formation of the
octahedral slip systems of type {111}<110>, and consequently, the required force for indentation increased.
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