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Abstract: M50 bearing steel has great potential for applications in the field of aerospace engineering,
as it exhibits outstanding mechanical and physical properties. From a microscopic point of view,
bearing wear originates from the microscopic region of the contact interface, which usually only
contains hundreds or even several atomic layers. However, the existing researches seldom study the
wear of M50 bearing steel on the microscopic scale. This study explored the atomic-scale modeling
method of M50 bearing steel. Then molecular dynamics simulations of nanoindentation on the
M50 bearing steel model were carried out to study the size effect of the mechanical behaviors.
The simulation results show that with the change in the radius of the diamond indenter in the
nanoindentation simulation, the calculated nanohardness decreases. According to the size effect,
when the indentation radius is 200 nm, the hardness obtained by the simulation is about 9.26 GPa,
and that of the M50 sample measured by the nanoindentation is 10.4 GPa. Then nanoindentation
simulations were carried out at different temperatures. The main bearings of aero-engines generally
work at 300–500 degrees Celsius. When the simulated temperature was increased from 300 K to 800 K,
the hardness of the model decreased by 15%, and the model was more prone to plastic deformation.
In this study, a new molecular dynamics modeling method for M50 bearing steel was proposed, and
then nanoindentation simulation was carried out, and the nanoindentation experiment verified the
correctness of the model. These results are beneficial to the basic understanding of the mechanical
performance of M50 bearing steel.

Keywords: M50 bearing steel; molecular dynamics; nanoindentation; size effect

1. Introduction

As a rotating body supporting mechanical work, bearings are widely used in aerospace,
ships, automobiles, and other major equipment, known as the “joint” of mechanical equip-
ment [1,2]. M50 bearing steel, as a common aviation-bearing material, has become the
main technical development direction [3–7]. The material has been transformed from the
macroscopic continuum at the micro-scale into a discrete medium connected by atoms and
molecules. However, the existing experimental methods are difficult to analyze the micro-
scopic changes of atoms inside the damaged site, and the finite element analysis method
based on continuum mechanics is no longer applicable at the microscopic scale. Therefore,
it is necessary to conduct the molecular dynamics simulation for M50 bearing steel. Scratch
and indentation is a contact loading process widely used to test various properties of mate-
rials, such as elastic modulus, hardness, fracture toughness, and surface adhesion [8–10].
The molecular dynamics simulation method can compensate for the defects of practical
experimental methods by constructing microscale models and quantitatively reproduc-
ing the dynamic processes in real solids [8–14]. Therefore, it has become important for
studying friction and wear mechanisms. In 2021, Hoang-Thien, Luu, et al. [15] conducted
nanoindentation simulations using two different materials, aluminum and iron, studying
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different simulation parameters such as substrate size, indenter size, and loading rate.
Furthermore, they analyzed how the properties of the substrate affect the critical forces
needed to produce a pop-up event in the substrate. AlMotasem, A.T. et al. [16] used embed-
ded atom method potential (EAM) to conduct extensive large-scale molecular dynamics
simulations of nanoindentation/nanoscratch of nanocrystalline iron to explore the grain
size dependence of wear response. The results show no obvious correlation between the
friction and normal force and the grain size, and the single crystal (SC) iron has higher
friction and normal force than the nanocrystalline(NC) sample.

By simulating nanoindentation experiments on the surface of single-crystal copper
(100), Liu [17] explained the causes of a load drop in the load-depth curve and hardness
drop in the hardness-depth curve during the plastic deformation of the sample and focused
on the dislocation behavior in the sample under the indenter. In the indentation process,
the ratio of the contact area between the indenter and the specimen, the ratio of the load
to the projection of the contact area, namely the hardness in common sense, is obtained.
The spatiotemporal distribution of the dislocation in the specimen around the indenter is
calculated and analyzed. Wang [18] found both the size effect and grain boundary effect
in the process of simulating gradient polycrystalline copper nanoindentation and used
the N-G model to explain the size effect and grain boundary effect, and the simulation
results were verified. Minor et al. [19] showed that there was a strong correlation between
the occurrence of plasticity and dislocation activity during the nanoindentation process of
aluminum crystals. Previous studies showed little work on molecular dynamics modeling
of M50 bearing steel. Most of them used pure iron or iron-carbon alloy instead of various
alloy steel and did not take into account the influence of various alloy elements on the
results, which would lead to a large error.

Most studies of nanoindentation using molecular dynamics simulation focus on the
mechanical response and deformation mechanism of the substrate. Generally, the hardness
obtained at the nanoscale is larger than that in macroscopic experiments and varies with
the diameter of the indenter [20–25]. However, it is not clear how the simulation results of
the nanoindentation compare with the experimental data.

Therefore, it is necessary to study the size effect of indenter radius on hardness in
nanoindentation simulation to compare the actual hardness value of macroscopic materials,
which may provide a useful reference for the results of nanoindentation experiments in the
future.

In this study, the multi-atomic molecular dynamics modeling of M50 bearing steel
was carried out for the first time, and a method of comparing the experimental results
with the simulation results was proposed to verify the correctness of the model. Because
M50 bearing steel contains many elements, to make the established model conform to the
mechanical properties of M50 bearing steel to the greatest extent, we select five elements
(iron, carbon, chromium, molybdenum, and vanadium) to establish the molecular dynamics
model of M50 bearing steel. Moreover, each element in the established model conforms to
the requirements of the mass fraction of elements in M50 bearing steel. Nanoindentation
simulation was performed on the M50 plate model, and the size effect in nanoindentation
simulation was investigated. The influence of temperature on the hardness of the M50 plate
model was studied. Nanoindentation experiments were carried out on M50 steel samples,
and the molecular dynamics simulation results were verified.

2. Computational Methods
2.1. Computational Model

The iron matrix model was established using the built-in commands of LAMMPS
software (24 December 2020) [26]. The crystal direction [100], [010], and [001] were taken as
the X, Y, and Z axes of the model, and the model size was set as 30a0 × 30a0 × 30a0, a0 is
the lattice constant [27] of Fe. The lattice type was bcc.

The iron atoms in the iron matrix model were randomly replaced with a given number
of chromium, molybdenum, and vanadium atoms by the method of atomic replacement,
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and the three atoms were evenly distributed in the iron matrix. A certain amount of carbon
atoms were randomly inserted within the model range of the iron matrix by random
insertion, which also ensures their uniform distribution. At this point, the mass fraction
of each element in the model meets the mass fraction range of M50 bearing steel [28].
Table 1 [29,30] shows the chemical composition of the main elements of M50 bearing steel:

Table 1. The chemical composition of the main elements of M50 bearing steel. (%, mass fraction).

Grade of Steel C Cr Mo V Ni S P

M50 0.8–0.85 4–4.5 4–4.5 0.9–1.1 ≤0.15 ≤0.008 ≤0.015

Then, the diamond hemisphere models with different radii were established at 5 Å
above the surface of the M50 plate and set as rigid bodies, so there was no interaction
between the diamond indenter and the M50 plate at the initial position. The established
MD simulation model is shown in Figure 1.
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Figure 1. Schematic diagram of the MD simulation model: nanoindentation of M50 bearing steel.
The orange fixed layer is 5a0 thick, the blue thermostatic layer is 5a0 thick, and the gray Newtonian
layer has an atomic layer thickness of 20a0. Here, the value of a0 is 2.855 Å.

Periodic boundary conditions are applied in the model’s X, Y, and Z directions. It can
be seen that the model is divided into upper and lower parts. All the diamond indenters
on the upper part are set as rigid bodies, and they do not deform. The orange part below is
the fixed layer of the model, which does not have internal deformation and plays a role
in supporting the model and bearing the load during the simulation. The blue atoms are
called thermostatic layer atoms. The Nose-Hoover thermal baths [31] are applied on the
atoms of the thermostatic layer so that they can provide a constant heat source for the
atoms of the thermostatic layer, keeping the temperature of the system constant. The gray
atoms are called Newtonian layer atoms. In the simulation, these atoms follow Newtonian
mechanics, interact with other atoms, and also undergo deformation.

2.2. Potential Functions

According to the types of elements added, the interaction mode between the elements
in the model is determined, and the potential function between each element in the model is
set, selecting the type of potential function that best fits the model. The modified embedded
atom method (MEAM) is used to simulate the interaction between Fe-C, Fe-Mo, Cr-Mo,
and Mo-V, which can describe the properties of the alloy system well. In this study, the
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potential parameters between Fe and C were developed by B.-J. Lee et al. The potential
parameters between Mo and V were developed by Wang, J et al. The potential parameters
between Mo and Fe, Mo-Cr were developed by Sang-Ho Oh et al. [32–34].

The embedded atom method (EAM) was used to simulate the interaction potentials
between Fe-Cr atoms and between Fe-V atoms. The EAM potential parameters used in the
study were developed by Stukowski and Mendelev [35,36]. The interaction between other
atoms is simulated by Lennard-Jones potential [37–39], and the potential parameters are all
taken from the general force field. The potential parameters are given in Table 2.

Table 2. Lennard Jones energies (ε) and distances (σ) for Cr, V, Mo, and C.

Species ε (eV) σ (Å)

Cr-V 6.718 × 10−4 2.747

C-Cr 1.721 × 10−3 3.062

C-Mo 3.325 × 10−3 3.0749

C-V 1.777 × 10−3 3.1159

2.3. Simulation Procedure

The simulations were all performed using the classical open-source MD LAMMPS
code [40]. The simulation is divided into four parts: The first step is energy minimization:
During model building since carbon atoms are randomly inserted into the matrix, carbon
atoms can appear at any position in the matrix. As a result, they might coincide with other
existing atoms or be too close to each other, which will lead to energy and stress explosion
in the system. Therefore, it is necessary to simply optimize the system to eliminate the
problems of atom coincidence and too small spacing caused by randomly inserted carbon
atoms.

The second step is relaxation. The simulation of M50 bearing steel at high temperature
melting, cooling, and aging treatment at room temperature can fully eliminate the structural
defects and cracks in the model, reducing the residual stress in the model and making
it closer to the physical and mechanical properties of the M50 bearing steel. The whole
relaxation process was performed for 16 ps, including 5 ps in the high-temperature melting
stage, 10 ps in the cooling stage, and 1 ps in the room-temperature aging stage. After this
process, the energy of the system reached the lowest state, and the model also reached the
most stable state.

The third step is the nanoindentation process. The diamond indenter was set as a
rigid body and slowly pressed into the M50 bearing steel plate at a certain speed. The
pressing depth at every moment and the load on the M50 plate were obtained. Then the
nanoindentation hardness value of the M50 bearing steel was calculated. The second step
applied the canonical ensemble (NVT) to both the thermostatic and Newtonian layers. In
the third step, the canonical ensemble applied to the Newtonian layer was changed into
a micro-canonical ensemble (NVE). This study used the velocity Verlet algorithm [41] to
calculate the atomic motions. A time step of 0.0001 ps was used for the simulations.

In the nanoindentation simulation, load and penetration depth changes were tracked
by monitoring the Z-direction force acting on the diamond tip and the distance the tip was
pushed into the model. Fourth, the temperature of the thermostatic layer was changed,
and the diamond indenter of the same radius was used respectively to simulate the nanoin-
dentation process and to explore the influence rule of temperature on the hardness of the
model.

The following formula was used to calculate the hardness in the nanoindentation
simulation [42,43]:

H =
P
A

(1)
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where H is the model hardness value, P is the force on the diamond indenter at every
moment, and A is the contact area between the diamond indenter and the base model at
every corresponding moment.

Figure 2 illustrates the calculation method of the model hardness during the nanoin-
dentation process.
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Figure 2. Schematic diagram of the hardness calculation method of the model when the indenter is
pressed into the matrix at a depth of d.

The diamond indenter with radius R is uniformly pressed into the matrix, and the
pressing depth is d. Because there is a cutoff radius between atoms, it must be considered
to calculate the contact between the substrate and the diamond indenter. Therefore, at
a pressing depth of d, the contact area of the diamond indenter on the M50 plate can be
calculated as

A = π

(√
R2 − (R − d)2 + rc

)2
(2)

Therefore, the nanoindentation hardness value of the model can be calculated by
inserting it into the hardness calculation Formula (1). Figure 3 shows snapshots of the
nanoindentation models with diamond indenters of different radius sizes.
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Figure 3. Snapshot of nanoindentation models for diamond indenters with different radius sizes. The
radius of the diamond indenter is 10 Å, 20 Å, 30 Å, 40 Å, 70 Å, and 100 Å, respectively. The matrix
model contains 56,790 Fe atoms, 2600 Cr atoms, 1500 Mo atoms, 630 V atoms, and 2200 C atoms.
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2.4. Experimental Verification

To verify the accuracy of the fitting results based on the hardness data measured by
indenters with different radius sizes in the nanoindentation simulation, we adopted the
method of experimental verification. Firstly, the M50 bearing steel was cut into a suitable
sample size of 10 mm × 10 mm × 2 mm. The sample surface is then polished on a high-
speed polishing machine. Because the nanoindentation experiment is conducted on the
nanoscale, the surface state of the sample has a particularly important impact on the test
results [44–46], and the surface roughness also greatly impacts the discreteness of the test
results [47–49]. So it is usually necessary to grind and polish the sample.

A Brooker Ti950 nanoindentation instrument with a berkvoich indenter with a radius
of 200 nm was used to perform nanoindentation tests on samples [50–52]. A total of five
nanoindentation tests were performed at five different points of the sample. During the
test, the probe was pressed into the steel to a maximum depth of 140 nm, and the maximum
load was 9000 nN, the loading time was 11.2 s, and the unloading time was 6 s.

3. Results and Discussion
3.1. Verification of Simulation Results

Unlike macroscopic experiments, there is a size effect in atomic scale simulation or
experiment [53]. The size effect means that the measured physical quantity changes with
the size of measuring tools, parameters during measurement, or the size of the measured
sample. It is not an objective and constant quantity.

In the molecular dynamics simulation of aluminum and iron nanoindentation pub-
lished by Hoang-Thien, Luu et al. [14] in 2021, it was found that when indenters of different
sizes were pressed into the aluminum model, the measured hardness value of the alu-
minum base model decreased with the increase of the radius of the indenter, and finally
remained roughly stable. In this study, we used diamond indenters with different radii to
conduct nanoindentation simulation to explore the change rule of hardness measured by
the diamond indenter.

Under the same periodic boundary conditions and temperature of 300 K, a diamond
indenter with different radius sizes was pressed into the M50 bearing steel plate at a
speed of 1 m/s, and the pressing depth was 12 Å. The Load-Distance curves of each
nanoindentation test were obtained, as presented in Figure 4.
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30 Å, 40 Å, 70 Å and 100 Å in the figure represent the radius of the diamond indenter in the simulation.

As can be seen from Figure 4, when the diamond indenter gradually presses down at
a distance of about 2 Å, there is an adsorption phenomenon [20]. At this time, the indenter
is subjected to a negative force in the direction of the Z axis, which is the adsorption force
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between the M50 plate and the diamond indenter. Moreover, it can be seen that the larger
the radius of the diamond indenter is, the greater the adsorption force appears.

We set the cutoff radius between the diamond indenter and the M50 plate as 1.5 Å;
that is, when the pressing distance of the diamond indenter reaches 3.5 Å, it is considered
that the diamond indenter and the M50 bearing steel model are just in contact.

As can be seen from Figure 4, the larger the radius of the diamond indenter, the
greater the force on the diamond indenter when pressing down the same distance. To
make the calculation more accurate, the stable force-displacement curve of the diamond
indenter was selected, that is, the interval between 8–9 Å of the pressing distance, at which
the indentation depth was 4.5–5.5 Å. The average load and displacement of the diamond
indenter in this interval were substituted into the nanoindentation hardness calculation
formula in Section 2. The average nanohardness of the diamond indenter with each radius
in this interval was calculated respectively, and the results were plotted in Figure 5.
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Figure 5. The fitting curves of matrix hardness values measured by nanoindentation simulation for
diamond indenters with different radius sizes. It is predicted that when the radius of the diamond
indenter is 200 nm, the hardness of the model measured is 9.26 GPa.

According to the hardness data of the model measured by the diamond nanoinden-
tation simulation with each different radius, the data is fitted, and then the prediction is
made. The predicted result is that when the radius of the indenter is 200 nm, the hardness
measured by the model is about 9.26 GPa.

To verify the accuracy of the fitting results based on the hardness data measured
by indenters with different radius sizes in the nanoindentation simulation, we adopted
experiments to verify it. The load-distance curves of five nanoindentation tests are obtained
by five repeated nanoindentation tests, as shown in Figure 6.
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10.62 GPa, and 9.98 GPa, respectively. The results are plotted in Figure 7.
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It can be calculated from the data in Figure 7 that the average hardness of the results
of five nanoindentation experiments is 10.4 GPa. Compared with the 9.26 GPa predicted by
the 200 nm indenter during the simulation, the prediction error is very reasonable, only
about 12%. Xiong et al. [54] also conducted a nanoindentation test on the M50 sample. The
results show that the average nanohardness of the as-received M50 bearing steel is 9.03 GPa.
As the radius of the indenter used in the nanoindentation test is generally several hundred
nanometers, there is a certain size effect at this scale, so the measured data is affected by the
radius of the indenters. Compared with the paper mentioned above, the error of hardness
value of M50 steel is only 15%, which is reasonable.

Therefore, it can be verified that our fitting prediction of the simulation results is
correct. Therefore, it can be concluded that the model of M50 bearing steel established in
this study is close to the mechanical properties of real M50 bearing steel, and this model
can be used as the molecular dynamics model of M50 bearing steel for subsequent research.
After getting the correct model, a variety of simulation tests can be carried out on M50
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bearing steel, such as simulation of adhesive wear, simulation plastic of deformation, and
simulation of bearing changes under high temperature and high pressure, which are of
guiding significance for bearing design. Therefore, our study now plays a basic role, and
after the completion of this study, this model will be used for further research.

3.2. Influence of Temperature on the Hardness of the Model

Because the bearings of aero-engine work for a long time under high temperatures,
high pressure, and extreme working conditions of oil, some mechanical properties at normal
temperatures cannot explain the real working conditions [55]. Therefore, it is necessary to
explore the mechanical properties of M50 under high temperatures [56], which can provide
a reference for the hardness design of the bearing. We used a diamond indenter with
a radius of 100 Å and a temperature range of 300 K–800 K to conduct nanoindentation
simulation on the M50 bearing steel model. Then, the nanoindentation simulation of the
loading and unloading process was carried out on the M50 bearing steel model at 300 K.
The curves of the force and displacement acting on the diamond indenter were obtained,
as shown in Figure 8.
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In nanoindentation experiments, plastic deformation is usually determined by mea-
suring the relationship between the load generated when the indenter applies pressure to
the sample and the displacement between the indenter and the sample. This relationship
can be obtained by recording the Load-Distance curve [57].

In the nanoindentation experiment, the commonly used method to determine whether
plastic deformation occurs is based on two main characteristics in the load-distance curve:
elastic stage and plastic stage. In the elastic phase, the relationship between load and
distance is linear, which indicates that the sample is undergoing elastic deformation but
not plastic deformation. When the load reaches a certain value, the distance increases
significantly, indicating that the sample is undergoing plastic deformation. This point is
often referred to as the “elastic-plastic transition point” or “Young’s modulus point” [58].

It can be seen from Figure 8a that after the indenter is pressed to a certain depth, there
will be a bulge peak, and then the stress curve drops rapidly. This is because the model
has plastic deformation at this time, and this point is the “elastic-plastic transition point.”
From Figure 8b, it can be found that the indenter is pressed into the model at a depth of
10 Å. However, in the unloading process, the load becomes 0 nN after only 4 Å upward
movement of the indenter, so it can be determined that plastic deformation occurs in the
model. In the reference Molecular dynamics simulation of single crystal Cu nanoindentation [59],
nanoindentation simulations were performed on single-crystal copper. The P-H curve and
the atomic strain energy-depth curve were measured during the nanoindentation process,
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and the trend of the two curves was consistent. Therefore, the decrease in the atomic
strain energy can be judged by the decrease in the load. Therefore, it can be concluded
from Figure 8a that the higher the model’s temperature, the earlier the point of plastic
deformation occurs, and the model was more prone to plastic deformation. The state
diagram of the model at this point is shown in Figure 9.
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In addition, it can be seen from Figure 8 that the higher the temperature, the smaller
the force on the indenter at the same pressing depth, so the smaller the hardness of the
model can be calculated. The model hardness values at each temperature were calculated
separately and plotted in the following figure, as shown in Figure 10.
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The hardness value of the model decreases gradually with the increase in temperature.
When the simulated temperature was increased from 300 K to 800 K, the hardness of the
model decreased by 15% from 49.42 GPa to 42 GPa. Moreover, higher temperature makes
plastic deformation more likely to occur. This is because the higher the temperature of the
model, the higher the energy in the system and the more unstable the model is. In the 300
K–800 K model, the higher the temperature, the more metal bonds between atoms will also
absorb more energy in the environment, and the bonds will more easily reach the breaking
point. Therefore, as the temperature increases, the hardness value of the model decreases,
and plastic deformation is more likely to occur.
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4. Conclusions

In this work, molecular dynamics was used to simulate the nanoindentation of M50
bearing steel, and the simulation results were verified. Through this study, the following
conclusions can be drawn:

(1) The molecular dynamics model of M50 bearing steel was established. Firstly, Lammps
software was used to establish the Fe matrix model, and then a certain amount of Cr,
Mo, and V atoms were added to it in the way of random replacement, and then a
certain amount of C atoms was added to it in the way of random insertion so that it
could meet the mass fraction requirements of each element in M50 bearing steel;

(2) To verify the correctness of the model, a nanoindentation simulation was carried
out. Due to the size effect of nanoindentation, the nanohardness obtained by using
diamond indenters with different sizes was different, and the larger the radius of the
diamond indenter, the smaller the hardness obtained. Then, the nanohardness data
were fitted to predict that when the radius of the indenter was 200 nm, the hardness
of the M50 plate measured by the nanoindentation was 9.26 GPa;

(3) Five nanoindentation tests were carried out on M50 bearing steel samples, and the
average hardness of the five tests was obtained to be 10.4 GPa. The error was reason-
able compared with the simulation results, so the M50 plate model was verified to be
correct and can be used for subsequent research;

(4) The mechanical properties at different temperatures of the M50 plate were obtained.
The results show that the hardness of the model decreases gradually with the increase
in temperature. Furthermore, higher temperature makes plastic deformation more
likely to occur.

Author Contributions: Conceptualization, L.Y., X.W., H.W. and G.F.; Methodology, X.H. and L.Y.;
Validation, X.H. and L.Y.; Investigation, X.H.; Data curation, X.H.; Writing—original draft, X.H.;
Writing—review & editing, L.Y.; Project administration, L.Y.; Funding acquisition, L.Y., X.W., H.W.
and G.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science and Technology Major Project (No. J2019-IV-
0004-0071).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work is supported by the National Science and Technology Major Project
(No. J2019-IV-0004-0071).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jian, G. Research on Contact Fatigue Damage Behavior of M50 Steel for Aircraft Rolling Bearings. Ph. D. Thesis, Harbin Institute

of Technology, Harbin, China, 2019.
2. Chenqing, G. Microstructure, and properties of high temperature carbonitriding of bearing steel for aero-engine. J. Met. Heat

Treat. 1998, 1, 27–31.
3. Wang, F.; Qian, D.; Hua, L.; Lu, X. The effect of prior cold rolling on the carbide dissolution, precipitation and dry wear behaviors

of M50 bearing steel. Tribol. Int. 2019, 132, 253–264.
4. Hager, C.H.; Doll, G.L.; Evans, R.D.; Shiller, P.J. Minimum quantity lubrication of M50/M50 and M50/Si3N4 tribological interfaces.

Wear 2011, 271, 1761–1771.
5. Essa, F.; Zhang, Q.; Huang, X.; Ibrahim, A.M.M.; Ali, M.K.A.; Sharshir, S. Enhancing the tribological and mechanical properties of

M50 steel using solid lubricants—A detailed review. Proc. Inst. Mech. Eng. Part J J. Eng. Tribol. 2018, 232, 619–642.
6. Tong, Y.X.; Wang, L.Q.; Gu, L.; Peng, B. Friction and Wear Behavior of Structural Ceramics Sliding against Bearing Steel under

Vacuum Condition. Key Eng. Mater. 2011, 474–476, 973–978.
7. Zhang, C.; Peng, B.; Wang, L.; Ma, X.; Gu, L. Thermal-induced surface damage of M50 steel at rolling-sliding contacts. Wear 2019,

420–421, 116–122.
8. Komanduri, R.; Chandrasekaran, N.; Raff, L. MD simulation of indentation and scratching of single crystal aluminum. Wear 2000,

240, 113–143.



Materials 2023, 16, 2386 12 of 13

9. Ruestes, C.J.; Alhafez, I.A.; Urbassek, H.M. Atomistic Studies of Nanoindentation—A Review of Recent Advances. Crystals 2017,
7, 293.

10. Yin, L.; Dai, Y.; Hu, H. Nanoindentation Characterization of Single-Crystal Silicon with Oxide Film. Silicon 2022, 14, 5173–5178.
11. Ewen, J.P.; Restrepo, S.E.; Morgan, N.; Dini, D. Nonequilibrium molecular dynamics simulations of stearic acid adsorbed on iron

surfaces with nanoscale roughness. Tribol. Int. 2017, 107, 264–273.
12. Albina, J.-M.; Kubo, A.; Shiihara, Y.; Umeno, Y. Coarse-Grained Molecular Dynamics Simulations of Boundary Lubrication on

Nanostructured Metal Surfaces. Tribol. Lett. 2020, 68, 49. [CrossRef]
13. Goel, S.; Joshi, S.S.; Abdelal, G.; Agrawal, A. Molecular dynamics simulation of nanoindentation of Fe3C and Fe4C. Mater. Sci.

Eng. A 2014, 597, 331–341. [CrossRef]
14. Ranjan, P.; Balasubramaniam, R.; Jain, V.K. Investigations into the mechanism of material removal and surface modification at

atomic scale on stainless steel using molecular dynamics simulation. Philos. Mag. 2018, 98, 1437–1469.
15. Luu, H.-T.; Dang, S.-L.; Hoang, T.-V.; Gunkelmann, N. Molecular dynamics simulation of nanoindentation in Al and Fe: On the

influence of system characteristics. Appl. Surf. Sci. 2021, 551, 149221. [CrossRef]
16. AlMotasem, A.T.; Bergström, J.; Gåård, A.; Krakhmalev, P.; Holleboom, L.J. Atomistic Insights on the Wear/Friction Behavior of

Nanocrystalline Ferrite During Nanoscratching as Revealed by Molecular Dynamics. Tribol. Lett. 2017, 65, 101. [CrossRef]
17. Qiao, L. Molecular Dynamics Study of Dislocation Evolution during Nanoindentation of Single Crystal Copper. Ph.D. Thesis,

Huazhong University of Science and Technology, Wuhan, China, 2018.
18. Ziyun, W. Molecular Dynamics Simulation of Graded Polycrystalline Copper Nanoindentation. Ph.D. Thesis, Harbin Institute of

Technology, Harbin, China, 2020.
19. Minor, A.M.; Asif, S.A.; Shan, Z.; Stach, E.A.; Cyrankowski, E.; Wyrobek, T.J.; Warren, O.L. A new view of the onset of plasticity

during the nanoindentation of aluminum. Nat. Mater. 2006, 5, 697–702. [CrossRef]
20. Long, X.; Jia, Q.; Shen, Z.; Liu, M.; Guan, C. Strain rate shift for constitutive behavior of sintered silver nanoparticles under

nanoindentation. Mech. Mater. 2021, 158, 103881. [CrossRef]
21. Zhou, J.; He, Y.; Shen, J.; Essa, F.A.; Yu, J. Ni/Ni3Al interface-dominated nanoindentation deformation and pop-in events.

Nanotechnology 2021, 33, 105703.
22. Hua, D.; Xia, Q.; Wang, W.; Zhou, Q.; Li, S.; Qian, D.; Shi, J.; Wang, H. Atomistic insights into the deformation mechanism of a

CoCrNi medium entropy alloy under nanoindentation. Int. J. Plast. 2021, 142, 102997.
23. Li, Y.; Chen, J.-Q.; Yang, J.-H.; Liu, J.-S.; Tong, W.-S. Determination of shale macroscale modulus based on microscale measurement:

A case study concerning multiscale mechanical characteristics. Pet. Sci. 2022, 19, 1262–1275. [CrossRef]
24. Broitman, E. Indentation Hardness Measurements at Macro-, Micro-, and Nanoscale: A Critical Overview. Tribol. Lett. 2017, 65,

23. [CrossRef]
25. Li, L. Nanoindentation and Porosity Fractal Dimension of Calcium CarbonateWhisker Reinforced Cement Paste After Elevated

Temperatures (up to 900 ◦C). Fractals 2020, 29, 214001.
26. Thompson, A.P.; Aktulga, H.M.; Berger, R.; Bolintineanu, D.S.; Brown, W.M.; Crozier, P.S.; in’t Veld, P.J.; Kohlmeyer, A.; Moore,

S.G.; Nguyen, T.D.; et al. LAMMPS—A flexible simulation tool for particle-based materials modeling at the atomic, meso, and
continuum scales. Comput. Phys. Commun. 2022, 271, 108171. [CrossRef]

27. Chu, C.M.; Huang, H.; Kao, P.W.; Gan, D. Effect of Alloying Chemistry on the Lattice Constant of Austenitic Fe-Mn-A1-C Alloys.
Scr. Metall. Mater. 1993, 30, 505–508. [CrossRef]

28. Ping, Y. Design, and development of improved M50 high-temperature bearing steel. Heat Treat. Met. 2018, 43, 1–7.
29. Zhang, M. Analysis of Surface Damage Behavior and Bonding Failure Mechanism of M50 Steel. Master’s Thesis, Harbin Institute

of Technology, Harbin, China, 2017.
30. Li, C. Study on Vacuum Carburizing Process of M50NiL Steel. Master’s Thesis, Harbin Institute of Technology, Harbin, China,

2018.
31. Hoover, W.G. Canonical dynamics: Equilibrium phase-space distributions. Phys. Rev. A Gen. Phys. 1985, 31, 1695–1697. [CrossRef]
32. Lee, B. A modified embedded-atom method interatomic potential for the Fe–C system. Acta Mater. 2006, 54, 701–711. [CrossRef]
33. Oh, S.; Seol, D.; Lee, B. Second nearest-neighbour modified embedded-atom method interatomic potentials for the Co-M (M = Ti,

V) binary systems. Calphad 2020, 70, 101791. [CrossRef]
34. Lee, B. Second nearest-neighbour modified embedded atom method potentials for bcc transition metals. Phys. Rev. B 2001, 64,

184102. [CrossRef]
35. Stukowski, A.; Sadigh, B.; Erhart, P.; Caro, A. Efficient implementation of the concentration-dependent embedded atom method

for molecular-dynamics and Monte-Carlo simulations. Model. Simul. Mater. Sci. Eng. 2009, 17, 075005. [CrossRef]
36. Mendelev, M.I.; Han, S.; Son, W.-J.; Ackland, G.J.; Srolovitz, D.J. Simulation of the interaction between Fe impurities and point

defects in V. Phys. Rev. B Condens. Matter Mater. Phys. 2007, 76, 214105. [CrossRef]
37. Banerjee, S.; Naha, S.; Puri, I.K. Molecular simulation of the carbon nanotube growth mode during catalytic synthesis. Appl. Phys.

Lett. 2008, 92, 233121. [CrossRef]
38. Berro, H.; Fillot, N.; Vergne, P. Molecular dynamics simulation of surface energy and ZDDP effects on friction in nano-scale

lubricated contacts. Tribol. Int. 2010, 43, 1811–1822. [CrossRef]
39. Xie, L.; Brault, P.; Thomann, A.-L.; Bauchire, J.-M. AlCoCrCuFeNi high entropy alloy cluster growth and annealing on silicon: A

classical molecular dynamics simulation study. Appl. Surf. Sci. 2013, 285, 810–816. [CrossRef]

http://doi.org/10.1007/s11249-020-1276-2
http://doi.org/10.1016/j.msea.2013.12.091
http://doi.org/10.1016/j.apsusc.2021.149221
http://doi.org/10.1007/s11249-017-0876-y
http://doi.org/10.1038/nmat1714
http://doi.org/10.1016/j.mechmat.2021.103881
http://doi.org/10.1016/j.petsci.2021.10.004
http://doi.org/10.1007/s11249-016-0805-5
http://doi.org/10.1016/j.cpc.2021.108171
http://doi.org/10.1016/0956-716X(94)90611-4
http://doi.org/10.1103/PhysRevA.31.1695
http://doi.org/10.1016/j.actamat.2005.09.034
http://doi.org/10.1016/j.calphad.2020.101791
http://doi.org/10.1103/PhysRevB.64.184102
http://doi.org/10.1088/0965-0393/17/7/075005
http://doi.org/10.1103/PhysRevB.76.214105
http://doi.org/10.1063/1.2945798
http://doi.org/10.1016/j.triboint.2010.02.011
http://doi.org/10.1016/j.apsusc.2013.08.133


Materials 2023, 16, 2386 13 of 13

40. Pljmpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–19. [CrossRef]
41. Swope, W.C.; Andersen, H.C.; Berens, P.H.; Wilson, K.R. A computer simulation method for the calculation of equilibrium

constants for the formation of physical clusters of molecules: Application to small water clusters. J. Chem. Phys. 1982, 76, 637–649.
[CrossRef]

42. Nishimura, K.; Chen, H.P.; Kalia, R.K.; Nakano, A.; Nomura, K.I.; Vashishta, P.; Shimojo, F. Response to “Comment on
‘Nanoindentation hardness anisotropy of alumina crystal: A molecular-dynamics study’”. Appl. Phys. Lett. 2009, 94, 146102.
[CrossRef]

43. Tan, M. Extracting hardness-displacement relations and elastic modulus using nanoindentation loading curves. Acta Metall. Sin.
2005, 10, 1020–1024.

44. Jiang, W.-G.; Su, J.-J.; Feng, X.-Q. Effect of surface roughness on nanoindentation test of thin films. Eng. Fract. Mech. 2008, 75,
4965–4972. [CrossRef]

45. Kim, J.-Y.; Kang, S.-K.; Lee, J.-J.; Jang, J.-I.; Lee, Y.-H.; Kwon, D. Influence of surface-roughness on indentation size effect. Acta
Mater. 2007, 55, 3555–3562. [CrossRef]

46. Chen, Z.; Diebels, S. Surface Roughness Effects in Nanoindentation of Soft Polymers. PAMM 2012, 12, 297–298. [CrossRef]
47. Nazemian, M.; Chamani, M.; Baghani, M. A Combined Experimental and Numerical Study of the Effect of Surface Roughness on

Nanoindentation. Int. J. Appl. Mech. 2019, 11, 1950070. [CrossRef]
48. Chen, L.; Ahadi, A.; Zhou, J.; Ståhl, J.-E. Modeling Effect of Surface Roughness on Nanoindentation Tests. Procedia CIRP 2013, 8,

334–339. [CrossRef]
49. Shibutani, Y.; Koyama, A. Surface roughness effects on the displacement bursts observed in nanoindentation. J. Mater. Res. 2004,

19, 183–188. [CrossRef]
50. Cohen, S.; Kalfon-Cohen, E. Dynamic nanoindentation by instrumented nanoindentation and force microscopy: A comparative

review. Beilstein J. Nanotechnol. 2013, 4, 815–833. [CrossRef] [PubMed]
51. Hu, C.; Li, Z. A review on the mechanical properties of cement-based materials measured by nanoindentation. Constr. Build.

Mater. 2015, 90, 80–90. [CrossRef]
52. Fischer-Cripps, A.C. Critical review of analysis and interpretation of nanoindentation test data. Surf. Coat. Technol. 2006, 200,

4153–4165. [CrossRef]
53. Voyiadjis, G.; Yaghoobi, M. Review of Nanoindentation Size Effect: Experiments and Atomistic Simulation. Crystals 2017, 7, 321.

[CrossRef]
54. Yue, X.; Hu, S.; Wang, X.; Liu, Y.; Yin, F.; Hua, L. Understanding the nanostructure evolution and the mechanical strengthening of

the M50 bearing steel during ultrasonic shot peening. Mater. Sci. Eng. A 2022, 836, 142721. [CrossRef]
55. Ren, L. Study on Thermal Deformation Behavior and Microstructure of M50 Steel. Master’s Thesis, Harbin Institute of Technology,

Harbin, China, 2015.
56. Domínguez-Gutiérrez, F.; Papanikolaou, S.; Esfandiarpour, A.; Sobkowicz, P.; Alava, M. Nanoindentation of single crystalline Mo:

Atomistic defect nucleation and thermomechanical stability. Mater. Sci. Eng. A 2021, 826, 141912. [CrossRef]
57. Verkhovtsev, A.V.; Yakubovich, A.V.; Sushko, G.B.; Hanauske, M.; Solov’Yov, A.V. Molecular dynamics simulations of the

nanoindentation process of titanium crystal. Comput. Mater. Sci. 2013, 76, 20–26. [CrossRef]
58. Li, J.; Guo, J.; Luo, H.; Fang, Q.; Wu, H.; Zhang, L.; Liu, Y. Study of nanoindentation mechanical response of nanocrystalline

structures using molecular dynamics simulations. Appl. Surf. Sci. 2016, 364, 190–200. [CrossRef]
59. Gao, Y. Molecular Dynamics Simulation of Single Crystal Cu Nanoindentation. Master’s Thesis, Beijing Jiaotong University,

Beijing, China, 2011.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1063/1.442716
http://doi.org/10.1063/1.3114376
http://doi.org/10.1016/j.engfracmech.2008.06.016
http://doi.org/10.1016/j.actamat.2007.02.006
http://doi.org/10.1002/pamm.201210138
http://doi.org/10.1142/S1758825119500704
http://doi.org/10.1016/j.procir.2013.06.112
http://doi.org/10.1557/jmr.2004.19.1.183
http://doi.org/10.3762/bjnano.4.93
http://www.ncbi.nlm.nih.gov/pubmed/24367751
http://doi.org/10.1016/j.conbuildmat.2015.05.008
http://doi.org/10.1016/j.surfcoat.2005.03.018
http://doi.org/10.3390/cryst7100321
http://doi.org/10.1016/j.msea.2022.142721
http://doi.org/10.1016/j.msea.2021.141912
http://doi.org/10.1016/j.commatsci.2013.02.015
http://doi.org/10.1016/j.apsusc.2015.12.145

	Introduction 
	Computational Methods 
	Computational Model 
	Potential Functions 
	Simulation Procedure 
	Experimental Verification 

	Results and Discussion 
	Verification of Simulation Results 
	Influence of Temperature on the Hardness of the Model 

	Conclusions 
	References

