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Abstract: This work shows the atomic scale deformation behavior of crystalline multilayer coating
comprising up to five Cr and Ni layers. A molecular dynamics simulation was conducted to visualize
the atomic scale behavior of the multilayer during indentation/unloading and scratch. Normal
and shear directional forces were recorded to compare repulsion and friction forces between the
multilayer models during the indentation/unloading and scratch simulations. Dislocation lines
within the layers were quantified to understand the deformation behavior of each model. Atomic
scale deformation and dislocation lines after the indentation and scratch were visualized. Generation
and movement of a single dislocation line during the indentation simulation were also visualized
within a few picoseconds. The repulsion and friction forces of the five-layer model showed the lowest
values among the models. The unloading stiffness of the five-layer model was calculated to be the
lowest among the models. The amount of plastic deformation and the wear volume of the one-layer
model after the indentation and scratch was calculated to be the highest among the models. The
number of dislocation lines of the five-layer model showed an increasing trend during the indentation
and scratch. The highest dislocation density of the five-layer model might aid in an enhancement of
resistance to the plastic deformation to reduce the wear volume when scratched.

Keywords: multilayer coating; molecular dynamics simulation; dislocation; friction; wear

1. Introduction

All mechanical components involving contact and sliding motion experience wear
phenomena that determine the system’s reliability and lifetime. It is beneficial to reduce
the wear to extend the lifetime and maintain the designated performance of mechanical
systems [1,2]. Recently, coating technology is proceeding to utilize two or more materials
to overcome the limitation on the properties of a single material and to obtain additional
functionalities such as transparency, flexibility, and corrosion resistivity [3,4]. The coatings
consisting of multiple materials are mainly in the form of multilayer, composite, and those
containing nanomaterials. Among those coatings, multilayer coatings have been developed
to have nanoscale layer thickness to improve mechanical and tribological properties [3,5–9].
It has been reported that the ratio of hardness to elastic modulus is one of the important
values that determine the wear resistance of the coating, and multilayer coatings are found
to be beneficial in achieving a higher ratio of hardness to elastic modulus than those
comprising a single material [3,6,7,10]. For example, the multilayer coatings adopting high
hardness materials such as diamond-like carbon, TiN, and WC as layers have been reported
to have a reduced elastic modulus and excellent hardness [3,8,10].

Multilayer coatings exhibit additional advantages due to their layer structure [3,11,12].
Specifically, it is known that defects such as cracks and dislocations cannot propagate or
move across the layer interface or grain boundary. This is because each layer or grain
consists of different lattices or crystallographic directions. In addition, though the thickness
of the individual layer is in the range of a few to a few tens of nanometers, the structure

Lubricants 2022, 10, 357. https://doi.org/10.3390/lubricants10120357 https://www.mdpi.com/journal/lubricants

https://doi.org/10.3390/lubricants10120357
https://doi.org/10.3390/lubricants10120357
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0001-9891-123X
https://orcid.org/0000-0002-6095-5138
https://doi.org/10.3390/lubricants10120357
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com/article/10.3390/lubricants10120357?type=check_update&version=1


Lubricants 2022, 10, 357 2 of 14

partially crystallizes to form grains, rather than remaining as a perfect amorphous struc-
ture [13,14]. Thus, it would be important to analyze the generation and movement of
dislocations within the layers when plastic deformation occurs. Nevertheless, the phe-
nomenon is hard to observe experimentally because the thickness of a layer is generally
under a few tens of nanometers, and it is challenging to investigate deformation behavior
during tribological tests simultaneously.

A few attempts to observe the nanoscale deformation behavior of multilayer coatings,
whose thicknesses are in the range of a few nanometers, have been reported. Bhattacharyya
et al. reported the nanoscale deformation behaviors of Al-TiN, Cu-Nb, and Cu-Ni multi-
layers by using transmission electron microscopy (TEM) to directly observe bending of
layers, change in layer thickness, change in crystallographic orientation of grains, and
shear bands when indented. They claimed that a part of the multilayer coatings showed
shear bands with layer offset, and significant changes in layer thickness were found in the
subsurface region. In addition, they reported that the crystallographic changes occurred
near the surface based on selected area diffraction pattern (SADP) results [15,16]. However,
experimental limitations still exist, because the SADP does not show a clear difference be-
tween the patterns before and after the indentation, and the defects inside of the multilayer
coatings are not able to be quantified by the TEM or SADP images.

Another methodology to characterize the generation, movement, and piling up of
dislocations is a dislocation dynamics (DD) simulation. The motion and interactions
between the dislocations can be simulated by DD to obtain an insight into the variation in
mechanical properties of the material during plastic deformation [17]. In this simulation,
forces and velocities of each degree of freedom are time-integrated for every timestep to
update the position of dislocation lines and plastic strain. To calculate a unit force exerted
on a dislocation, the Peach–Koehler equation is generally used [18]. Using DD simulation,
Akasheh et al. reported representative dislocation behaviors at layer interfaces. The
authors contributed to the investigation of the hardening effect induced by the interactions
between the line defects at the interfaces inside of the Cu–Ni metallic multilayer structure.
They reported that the strength of the system was increased about 1.5-fold over that of
free threading because a perpendicularly bent dislocation remained after the bypassing
process [19]. The other reported works regarding DD simulation of multilayers also include
various cases of dislocations near interfaces within the multilayer structures, and their
behaviors in each case [20–23]. These studies mostly concentrated on the phenomena that
occur at the interface rather than quantifications of defects inside of each layer. In this
regard, though it is able to obtain an insight into deformation behaviors and hardening
effects of the multilayer with respect to the advancement of dislocations, it does not seem
straightforward to estimate defect information inside of an entire layer when a plastic
deformation is promoted by external forces in normal and shear directions.

A report by Yang et al. regarding molecular dynamics (MD) models of AlCoCrFe
alloyed coating and pristine Al showed mechanical and tribological characteristics by
indentation and scratch simulations. The authors reported the enhanced Young’s modulus
and hardness of the alloyed coating and its resultant scratch resistance compared to those
of Al by referring to reduced atomic strain and total length of dislocations at the same
simulation conditions [24]. However, dislocations inside the coating were analyzed only at
the end of the scratch. On the other hand, several studies have been reported regarding
the MD simulations of the nanoindentation on laminated structures. Wu et al. conducted
an MD simulation of nanolaminate composites and reported that the nucleation and
extinction of dislocations in the crystalline structure underneath the amorphous layer
were observed near the indented regions. They claimed that the change in the dislocation
lines was associated with the activation of the shear transformation zone, which occurred
by the indentation [25]. Another report by Fang et al. showed a detailed description of
the deformation behavior of a multilayered film by using MD simulation. The authors
demonstrated a plastic deformation of the Al–Ni multilayer structure by visualizing the
slip phenomenon during the indentation [26]. Though these studies showed detailed
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descriptions of the plastic deformation of multilayer structures, there were limitations
because the studies had no variation in the number of layers. Moreover, the other studies
regarding the nanoindentation on multilayer structures mostly concentrated on the effect
of layer interfaces on the deformation mechanism [27–30]. Though the studies reported
by Fu et al. and Zhao et al. showed the layer effects on the deformation behaviors of
crystalline multilayer structures during the nanoindentation, the results did not include the
deformation under a shear motion of the counter surface [31,32]. Therefore, there still lacks
a detailed analysis of dislocation changes under the circumstances of loading and scratching
to study layer effects on the resistance of the plastic deformation of multilayer coatings.

In this work, Cr and Ni were selected as the coating components because Cr–Ni
multilayer coating and the alloys including them have been reported to exhibit great
tribological properties at elevated temperatures and corrosion resistance, being utilized
as materials for aerospace and dental applications [33–35]. In particular, the multilayer
form was reported to have superior anti-corrosive characteristics owing to the reduced
defects inside of the metallic material [36,37]. Thus, the mechanism of deformation should
be further studied to fully utilize the metallic multilayer coatings for the mechanical
components driven in harsh environments. To understand the deformation behavior and
generation of dislocations of multilayer coatings according to the number of layers, MD
simulations were conducted on the multilayer coatings comprising crystalline Cr and Ni.
The dislocation line is evidence that the atomic lattice structure is being deformed, and it
is one of the most important factors in the wear phenomenon of the coating because its
movement is the slip mechanism in which permanent deformation occurs most easily. Thus,
tracking the generation and movement of dislocation lines with respect to the number of
layers is needed to understand the fundamental wear mechanism of multilayer coatings.
To generate the line defects inside of the coatings, indentation and scratch simulations were
conducted on each model. The models contained approximately one million atoms in the
system, which were close to the experimental scale with atomic force microscopy. During
the indentation, unloading, and scratch simulations, dislocation lines were quantified with
respect to the indentation depth or scratch distance. Force–displacement (F–D) curves
were obtained to compare normal and shear directional forces between the models. Cross-
sections of each model after the indentation and scratch were visualized to understand the
layer deformation. The results of this work are expected to exhibit the advantages of layered
structures on the amount of deformation when indented or scratched by analyzing the
dislocation lines quantitatively. Further, an understanding of the deformation mechanism
of a multilayer coating would extend the usage of Cr–Ni multilayers for various conditions.

2. Simulation Details
2.1. Modeling and Computation

Multilayer coatings with different numbers of layers were modeled to compare the
layer effect on the generation, development, and movement of defects inside the crystalline
layers. A large-scale atomic/molecular massively parallel simulator (LAMMPS) was
utilized to conduct indentation and scratch simulations for each model [38]. The multilayer
coatings were modeled with the overall size of approximately 40 × 20 × 13 nm3, as shown
in Figure 1. The total thickness of ~13 nm was uniformly divided to each layer for three- and
five-layer models, as shown in Figure 1b,c. The radius of the rigid hemispheric tip was set
as 5 nm. The radius was chosen to imitate the radius of curvature of typical AFM tips, while
the shape was modeled as a simple hemisphere in order to exclude unnecessary factors
that may affect the deformation behavior significantly. By referring to the design strategy
of multilayer coating, the soft Ni layer was arranged between the Cr layers to enhance the
flexibility, and the surface was covered by the Cr layer to protect the entire coating from
severe abrasive wear [3,5]. Cr layers were modeled as a body-centered cubic (BCC) structure
with a lattice constant of 0.291 nm, while Ni layers were modeled as a face-centered cubic
(FCC) structure with a lattice constant of 0.352 nm [39]. The planes at the interfaces were
BCC (001) and FCC (001) for Cr and Ni layers, respectively. Among the atoms in the Cr
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layer at the bottom, the lowermost atoms with a thickness of two-unit cells were set as rigid,
as shown by the red atoms in Figure 1. Boundaries in directions other than the thickness
direction were set as periodic for all models (X and Y directions in Figure 1d). Due to the
periodic boundaries, the model lengths in the X and Y directions were determined to be
a common multiple of the lattice constants of Cr and Ni structures. Angular-dependent
potential, which describes the angular dependence of directional d-bonding of Cr BCC
structure with more accuracy, was used for the interactions between Cr–Cr, Ni–Ni, and
Cr–Ni [39]. Interactions between the atoms in the Si indenter tip and the atoms in the
layers (Si–Cr or Si–Ni) were described by 12-6 Lennard-Jones (L-J) potential calculated by
the Lorentz–Berthelot mixing rule because the pairs were not bonded [40–43]. The cutoff
distance for the L-J potential was set as 1.0 nm. Though several studies have been reported
on atomic simulations, including the atmospheric circumstance or liquid/solvent [44,45],
the models were simulated in a vacuum because the Cr–Ni multilayer coating is reported
to have corrosion resistance [33].
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Figure 1. Side view and geometry of (a) one-layer model, (b) three-layer model, and (c) five-layer
model. (d) Perspective view of five-layer model. Red atoms underneath each model are set as fixed.

On the basis of a Nosé–Hoover thermostat, a canonical ensemble was used during
relaxation, indentation, and scratch simulation for all models [46]. After allocating the
initial speed of each atom with Gaussian distribution, the temperature of the entire system
was maintained at 300 K except for the atoms set as rigid. Since the simulation includes
indentation and scratch, the extra energy was input into the system. However, the sys-
tem temperature was controlled to be approximately 300 K by extracting the energy from
individual atoms. The force data during the indentation and scratch were calculated by
summing the forces experienced by all the atoms comprising the indenter tip. During the
simulations, force data in X and Z directions and dump files were recorded periodically.
Since the number of atoms of the model was approximately one million, a parallel com-
putation system was required. In this work, a total of 512 cores were utilized for each
simulation to accelerate computation speed.
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2.2. Simulation Procedure

The geometry of multilayer models was optimized by adjusting the interlayer distance
between the Cr and the Ni layers. Since the interlayer distance considerably affects the total
potential energy of the entire model, it was needed to analyze the total energy with respect
to the distance. Based on the interlayer distance value that exhibits the minimum energy,
the geometries of the multilayer models were revised. Then, the simulations of all three
models were conducted in the following procedures: relaxation, indentation, unloading,
and scratch. All models were relaxed before indentation simulations for 100 ps at 300 K
with the canonical ensemble. After the relaxation, the models were indented up to 50%
of their total thicknesses for the −Z direction in Figure 1d. At the moment of every 10%
indentation depth, all data of each model were recorded to restart the unloading and scratch
simulations from those timesteps. Scratch simulations were conducted from the indentation
depth of 10% and 20% of the total thickness with a distance of 20 nm for the +X direction
in Figure 1d. Unloading simulations were started from each 10% indentation depth from
10% to 50% of the total thickness. The movement of the rigid indenter was maintained at
the constant speed of 0.05 Å/ps (5 m/s) for the indentation, scratch, and unloading. The
moment when the interatomic distance between the Cr and Si atoms became the minimum
L-J potential was regarded as the indentation depth of zero. To visualize and analyze all
simulation procedures and results, including dislocation lines, The Open Visualization Tool
was utilized [47–49].

3. Results and Discussion
3.1. Deformation Behavior during Indentation and Scratch

F–D curves were obtained during indentation and scratch simulations by recording
the repulsion force that the rigid indenter tip experienced. In the case of scratch simulation,
force in the horizontal direction was obtained as well as the coefficient of friction (COF).
Figure 2a–c show F–D curves during the indentation and unloading from the depth of
10~50% of total thickness for each model. Figure 2d–f shows the cross-sectional images
of each model when indented up to 50% of the total thickness. The indentation force was
higher and showed rougher peaks at the same indentation depth as the number of layers
decreased. The repulsion force experienced by the tip at the indentation depth of 50% for
the five-layer model was ~12% and ~39% lower than those of the three-layer and one-layer
models, respectively. All models showed numerous peaks when indented compared to
their unloading curves. The force peaks were attributed to repeated stress accumulation
and relief caused by the plastic deformation. In particular, the arrow in each F–D curve
(Figure 2a–c) shows the first occurrence of dislocation for each model when indented. In
other words, the decrease in the reaction force to the indentation was attributed to the
slip, which occurred after the accumulation of stress or defects in the layer [25]. Moreover,
it was found that the first dislocation was created earlier for the multilayer models than
the monolayer model. On the contrary, the force decreases smoothly and rapidly when
unloaded for all cases. In the case of unloading curves from about 30 to 50% of three- and
five models (Figure 2b,c), there were fluctuations because of the frictional behavior between
the tip and the sidewall created by the indentation. Based on the unloading curve data,
the unloading stiffness could be calculated to compare the mechanical behavior of each
model [50]. The unloading stiffness was calculated using the initial linear part of unloading
curves from about 20 to 50% of the total thickness for each model. As a result, the unloading
stiffnesses were 5430 ± 20 nN/nm, 3083 ± 17 nN/nm, and 2349 ± 15 nN/nm for one-,
three-, and five-layer models, respectively. The reason why the indentation force at the
same indentation depth and the unloading stiffness are higher for the one-layer model is
that the mechanical properties such as hardness and elastic modulus of the Cr material are
reported to be higher than those of Ni, and the one-layer model had the highest Cr atomic
ratio among all models [51,52].
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Friction force and COF were obtained according to the scratch distance for all models.
Figure 3a,b,f,g shows friction force and COF with respect to the scratch distance for each
model, with the indentation depth of 10% and 20% of the total thickness, respectively. For
both indentation depths, the friction force generally increases as the tip scratches because
of the burr creation, as shown in Figure 3c–e,h–j. Furthermore, friction force was generally
lower for the Cr–Ni multilayer models than the Cr monolayer model for both 10% and 20%
indentation depth conditions. However, the difference in COF of each model was smaller
because the normal repulsion forces of multilayer models (Figure 2b,c) were also smaller
than that of the monolayer model (Figure 2a). Specifically, for the scratch simulations at 10%
indentation depth, the COF of the one-, three-, and five-layer models were 0.412 ± 0.082,
0.451 ± 0.067, and 0.417 ± 0.093, respectively. For the simulations at 20% indentation depth,
the COF of the one-, three-, and five-layer models were 0.782 ± 0.134, 0.767 ± 0.158, and
0.678 ± 0.168, respectively. The COF results for the simulations at 20% indentation depth
were higher than those at 10% indentation depth because there was a higher number of
atoms in contact between the indenter tip and the coating at the deeper indentation depth.
In addition, the friction forces for the simulations at 20% indentation depth increased more
rapidly than at 10% indentation depth as the scratch proceeded. The COF results at 20%
indentation depth showed increasing trends as scratched, contrary to the results at 10%
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indentation depth. This is because the burr created in front of the tip motion was significant,
and it interrupted the scratching motion of the tip more than the scratch models with lower
indentation depth. Particularly, the burr height of the monolayer model was the largest
among the models, and it covered the rigid Si tip at the end of the scratch, as shown in
Figure 3h. The interruption by this burr was reflected as the highest friction force among
the models, as shown in the red line in Figure 3f.
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one-layer, (i) three-layer, and (j) five-layer models.
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The deformation of each model according to the indentation simulation was quantified
by tracking the displacement of each atom compared to their original position in the pristine
model. Figure 4a shows the number of atoms that show the displacement of greater than
2 Å, with respect to the indentation depth. To determine the criterion of permanent
displacement, the unnecessary movement, such as the vibration by temperature and the
fluctuation of the entire coating by the indentation, was monitored at the region that is
not indented. As a result, the movement by the temperature and the fluctuation of the
coating was less than 2 Å, and the criterion of permanent displacement was determined to
be 2 Å. Since the indentation was controlled by the constant speed rather than a constant
force, the volume of the region swept by the indenter tip was the same for all models.
Thus, it was presumed to be reasonable to compare the number of displaced atoms by the
indentation to quantify permanent deformation of the entire coating, including burr or
protrusion. The number of displaced atoms in the monolayer model was smaller than those
of multilayer models at the indentation depth of 20% of the total thickness (approximately
2.6 nm), then overtaken by the multilayer models as the increasing indentation depth. As a
result, at the indentation depth of 50% (approximately 6.5 nm), the number of displaced
atoms in the monolayer model was 28.8% and 15.0% larger than those of the three-layer and
five-layer models, respectively. The number of displaced atoms in the monolayer model
increased significantly in the range from the indentation depth of 20% to 30% because
the slip occurred for the entire coating to elevate the Cr atoms near the indentation mark,
whereas the multilayer models seemed to have less plastic deformation due to the Ni layers
that blocked the slip or dislocation movement across the layers.
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In the case of scratch simulation, the deformation was quantified by calculating the
volume of the concave region, which corresponds to the actual wear track. Since the tip
was hemisphere, the volume of the wear track was calculated by summing the volume of
the spherical segment and horizontal cylindrical segment. The volumes of the spherical
and horizontal cylindrical segments could be calculated by the following formulas:

Vspherical =
1
3

πh2(3R − h)

Vcylindrical = L(R2 cos−1 (
R − h

R
)− (R − h)

√
2Rh − h2)
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where R, h, and L are the radius of sphere or cylinder, segment height, and segment length,
respectively. The values of R, h, and L were determined by measuring the distance between
the corresponding atoms at more than three locations. As shown in Figure 4b, the overall
tendency of wear according to the scratch showed linearly increasing trends for all models.
Additionally, in both indentation depth conditions of 10% and 20%, the wear volume was
lower as the number of layers increased. Specifically, the wear volume of the five-layer
model was 68.4% and 24.9% smaller than that of the one-layer model at the indentation
depth of 10% and 20%, respectively.

3.2. Dislocation Analysis during Indentation and Scratch

The dislocation was analyzed during the indentation and scratch to further under-
stand the deformation behavior of each model. To maintain consistency, dislocations inside
the Cr BCC structure were analyzed because the monolayer model did not include the Ni
FCC layer. Figure 5a–c shows the dislocation lines visualized at the end of indentation
simulations (depth of 50% of total thickness) for each model. Figure 5d–i shows the dislo-
cation lines visualized at the end of scratch simulations for each model at the indentation
depth of 10% and 20%, respectively. The main difference between the monolayer and the
multilayer models was the shape of dislocation lines. The dislocation lines inside the Cr
layer of the monolayer model generally formed a loop shape, which starts and ends at
the surface of the indentation or scratch mark. In addition, there were a few intersections
between the dislocation lines (kink or jog). The phenomenon seemed to be attributed to
the thickness of the layer, because the three-layer model, which consisted of thinner layers
than the one-layer model, also showed the loop shape and the intersections partially, as
shown in Figure 5b,h. On the other hand, the dislocation lines in the five-layer model did
not seem to have enough space to form a loop shape; the dislocation lines that cross the
layer were dominant.
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Figure 5. Visualization of dislocation lines after indentation simulations for (a) one-layer, (b) three-
layer, and (c) five-layer models. Visualization of dislocation lines after the scratch simulations started
from the indentation depth of 10% for (d) one-layer, (e) three-layers, and (f) five-layers. Visualization
of dislocation lines after the scratch simulations started from the indentation depth of 20% for (g) one-
layer, (h) three-layers, and (i) five-layers. The red dotted boxes in the images indicate the positions of
the Cr BCC layers in each model.
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To quantify the dislocation during the indentation and scratch, the number of disloca-
tion lines was tracked, as shown in Figure 6. In both indentation and scratch simulations,
the number of dislocation lines was generally higher as increasing the number of layers.
During the indentation simulation, the number of dislocation lines showed an increasing
trend for all models because of the significant penetration by the tip. However, when
scratched, the number of dislocation lines of the monolayer model decreased to less than
10, while those of the multilayer models showed an increasing trend for both scratch
simulations at the indentation depth of 10% and 20%. Specifically, the five-layer model
maintained the highest number of dislocation lines during the scratch process among all
models. Considering that the total volume of the Cr BCC layer of the five-layer model is
12.3% and 41.9% smaller than those of the three-layer and one-layer models, the number of
dislocation lines is much higher than those of the other models if the volumes are the same.
In the case of scratch simulations at the indentation depth of 10%, the number of dislocation
lines of the five-layer model is 2.16- and 2.60-fold higher at the end of the scratch than the
three-layer and one-layer models, respectively. For those at the indentation depth of 20%,
the number of dislocation lines of the five-layer model is 1.20- and 3.33-fold higher at the
end of the scratch than the three-layer and one-layer models, respectively. Thus, as the
dislocation lines piled up, the overall mobility of dislocation lines decreased, resulting in
an enhancement of slip resistance. Consequently, the amount of plastic deformation of the
five-layer model was the smallest among all models, as shown in Figure 4.
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In addition to the analysis of the number of dislocation lines, the generation and
movement of a dislocation line could be visualized by increasing the dumping rate from
0.1 ps−1 to 1000 ps−1. Figure 7a,b shows the moment of dislocation line generation, while
Figure 7c,d shows the movement of a dislocation line near the indenter tip. During the
movement, the dislocation line traveled ~3.5 nm in 1.9 ps. Moreover, the length of the
dislocation line was increased from ~1.8 nm to ~4.9 nm to adapt the gap between the
surfaces at the top and bottom.
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Figure 7. Visualization of the generation and movement of a dislocation line indicated with yellow
arrows in the images. (a) An image captured 0.001 ps before the generation of the dislocation line. (b)
An image captured at the moment of dislocation line generation. (c) An image captured 0.54 ps after
the image (b). (d) An image captured 1.38 ps after the image (c). During the 1.92 ps, the dislocation
line glided approximately 3.5 nm. The color of the lines indicates the dislocation type: green lines
represent 1/2<111>, while pink lines represent <100>.

4. Conclusions

Molecular dynamics simulations were conducted to analyze the deformation behav-
iors of crystalline Cr–Ni multilayer coatings. The coatings comprising 1-, 3-, and five-layers
were modeled to simulate indentation, unloading, and scratch processes. During the series
of simulations, forces in normal and shear directions were recorded to calculate normal
repulsion force and friction force. Based on the coordinates of the atoms, deformation
behavior and dislocation lines were visualized. In addition, the amount of plastic deforma-
tion and the number of dislocation lines were quantified. Based on the results obtained in
this work, the following conclusions were deduced:

1. Based on the F–D curves obtained in the indentation process, the five-layer model
showed ~39% and ~12% smaller repulsion force than those of the one-layer and three-
layer models, respectively. Unloading stiffnesses were calculated to be 5436, 3078,
and 2342 nN/nm for one-, three-, and five-layer models, respectively. The results are
attributed to the fact that Cr has been reported to have higher mechanical properties
than Ni and that the one-layer model consisted of Cr atoms only.

2. The friction force of the five-layer model during scratch simulations showed the lowest
values among the models for both indentation depth of 10% and 20%. However,
because the repulsion force of the five-layer model was also smaller than the other
models, the COF of each model was not significantly different.

3. At the indentation depth of 50% of the total thickness, the amount of plastic deforma-
tion of the one-layer model was 28.8% and 15.0% higher than those of the three-layer
and five-layer models, respectively. The wear volume of the five-layer model when
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scratched was at most 68.4% lower than that of the one-layer model at the indentation
depth of 10%.

4. The number of dislocation lines in the five-layer model showed a consistently increas-
ing trend when indented and scratched. The five-layer model showed 1.20~3.33-fold
higher numbers of dislocation lines than those of the other models when scratched.
Based on the increase in dislocation density, the mobility of dislocation lines was
decreased, resulting in higher resistance to plastic deformation.

5. This work is expected to provide a basic understanding of the excellent wear-resistance
of multilayer coatings containing partially crystallized structures.
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