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Abstract: Nitrile butadiene rubber (NBR) and its various composites are extensively studied as
matrix materials for oil-free lubricated mechanical friction surfaces. While numerous macroscopic
friction experiments can compare the frictional performance of different NBR composites, the
complex material preparation and low experimental efficiency pose challenges. Nanoscale
molecular dynamics (MD) simulations can help develop materials with improved friction
properties, but they cannot directly provide the friction coefficients of actual macroscopic friction
surfaces. Therefore, it is important to integrate the advantages of macroscopic and nanoscale friction
studies and perform a synergistic analysis to modify the friction properties of composite materials.
In this study, a multi-scale approach is proposed to simulate the frictional characteristics of carbon
nanotube (CNT)-reinforced NBR by combining the MD friction simulation, micromechanical
bridging model, and macroscopic finite element analysis (FEA) methods. The results of the multi-
scale friction simulation of copper (Cu)-CNT/NBR composites show that the addition of CNTs
significantly improves the frictional properties of NBR, and the extent of the improvement is related
to the mass fraction of CNTs. As the mass fraction of CNTs increases (0%, 1.25%, 2.5%, 5%), the
coefficient of friction decreases from 0.50 to 0.38. The results are validated by ring-block friction
experiments at the same scale as the simulations.

Keywords: multi-scale model; CNT/NBR composites; molecular dynamics; finite element analysis;
friction coefficient

1. Introduction

NBR is widely used in mechanical industries such as sealing and bearing systems due to its
excellent mechanical properties, aging resistance, heat resistance, electrical insulation, and wear
resistance [1-4]. To further improve the mechanical and frictional properties of NBR and meet the
requirements of various components, various fillers are used to modify NBR composites. Various
reinforcing or lubricating fillers such as graphene, alumina, silica, and carbon black improve the
mechanical and frictional properties of the composites to varying degrees [5-9]. It is important to
effectively predict the frictional properties of NBR composites and develop suitable composites.

Traditional methods for studying the friction characteristics of NBR composites involve directly
preparing the materials and conducting macroscopic friction experiments. Water-lubricated friction
and wear experiments have shown that the addition of graphene and CNTs can effectively reduce
the friction coefficient of NBR. Compared to graphene, CNTs exhibit better performance in reducing
surface cracks and improving the wear resistance of NBR [10]. Under water-lubricated conditions, X.
Yang et al. [11] utilized an ionic liquid-assisted method to prepare NBR composites with uniformly
dispersed graphene. The friction coefficient and volume wear rate of the composites were reduced
by 31.52% and 51.9%, respectively, compared to pure NBR. Dry friction experiments and scanning
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electron microscopy (SEM) observations have revealed that short carbon fiber (SCF)-reinforced NBR
composites and Fe304 particle-reinforced NBR composites exhibit superior friction and wear
properties compared to pure NBR [12,13]. The friction performance of hydrogenated NBR composites
filled with 35% carbon black or silica was compared by E. Padenko et al. [14], and the experimental
results demonstrated a more pronounced advantage of carbon black over silica as a filler. In addition
to the type of filler, the filler loading also influences the friction performance of NBR. Y. Jia et al. [15]
prepared NBR composites with different alumina doping levels using mechanical blending, and
corresponding friction and wear experiments revealed that the composite with 5 g of alumina
exhibited the best friction and wear resistance. Similarly, Q. He et al. [16] prepared NBR
nanocomposites with varying contents of WS2 using mechanical blending. The experimental results
showed that the composite with 10 parts of nano WS2 exhibited the lowest friction coefficient.
Furthermore, the size and dispersion of the nanofillers are also critical factors influencing the
performance of NBR composites. W. Yang et al. [17] prepared hydrogenated NBR reinforced with
nano-sized Al203 particles of different sizes. Comparative experiments on mechanical and frictional
properties revealed that as the particle size of nano AI203 decreased, the mechanical performance of
the hydrogenated NBR composite gradually improved, accompanied by a reduction in dry friction
coefficient and wear rate.In a study by X. Liu et al. [18], the influence of silica particle size and
dispersion on the frictional properties of NBR was investigated under water-lubricated and constant
temperature conditions. The experimental results demonstrated that smaller-sized nano silica
exhibited better dispersion within the NBR matrix, leading to superior frictional characteristics of the
composite material. Furthermore, modified fillers can exhibit different frictional performances in
composite materials. Y. R. Liang et al. [19] employed cetyltrimethylammonium bromide (CTAB),
silane coupling agent (KH570), and polyethylene glycol (PEG) to modify the surface properties of
molybdenum disulfide (MoS2). Friction test results of MoS2/ NBR composites with different
modified fillers indicated that CTAB-modified MoS2 exhibited the most significant enhancement in
the frictional performance of NBR.

Despite the comparative analysis provided by traditional frictional experiments on the frictional
characteristics of NBR composites, accurately predicting their frictional properties before material
preparation remains challenging. The intricate process of material preparation and the substantial
number of repetitive experiments contribute to the inefficiency of studying frictional characteristics.
To facilitate the efficient selection of appropriate fillers and guide the frictional modification of
materials, a reliable friction model is required for predicting the frictional properties of composite
materials.

In recent years, with the rapid development of computer hardware performance, the utilization
of molecular dynamics (MD) methods to investigate the mechanical and frictional properties of NBR
composites at the nanoscale has become a focus of research. Y. Li et al. [20] employed MD simulations
to study the atomic motion in the contact frictional region between iron atoms and CNT-reinforced
NBR. The simulation results revealed that the incorporation of CNTs led to a maximum increase of
60% in the shear modulus of the composite material and significantly improved its frictional
performance. Building upon these findings, Y. Li's research team further conducted MD simulations
to explore the frictional properties of NBR composites filled with defective CNTs and functionalized
CNTs. These simulations provided a series of insights at the nanoscale to comprehend the
mechanisms by which carbon nanotubes enhance the frictional performance of composite materials
[21-24]. In addition to CNTs, molecular-level simulations can also be employed to investigate the
frictional properties of NBR composites reinforced with other nanofillers. X. Liu et al. [25,26]
conducted studies on the mechanical and tribological properties of NBR composites reinforced with
silica nanoparticles at the nanoscale. The simulation results demonstrated significant improvements
in frictional performance and wear resistance of the NBR composites filled with silica compared to
pure NBR under both dry friction and water lubrication conditions. J. Cui et al. [27] employed MD
simulations to study the functionalized graphene-reinforced nitrile rubber composites with hydroxyl,
carboxyl, and ester groups. The results indicated that carboxyl -functionalized graphene exhibited
the best enhancement in the mechanical and frictional properties of NBR. Furthermore, MD
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simulations of zinc oxide nanoparticle-reinforced NBR revealed a reduction of 30% in the friction
coefficient of the NBR matrix after the incorporation of zinc oxide particles [28].

Despite the ability of MD simulations to predict the frictional performance of composites at the
nanoscale and provide new insights for frictional modification, it is challenging to validate the
simulation results through nanoscale friction experiments. Moreover, there exists a significant
disparity in spatial and temporal scales between MD and the actual frictional motion of contacting
components, making it difficult to effectively predict macroscopic friction behavior based solely on
MD simulations. Therefore, it is of great significance to employ a multi-scale modeling approach that
combines nanoscale MD simulations with macroscopic friction models for synergistic analysis. This
approach enables the accurate prediction of the friction coefficient of real components and provides
guidance for the frictional modification of composite materials.

Since its discovery in 1991 [29], CNTs have been considered an ideal filler for improving the
friction and wear performance of polymers due to their exceptional mechanical properties, self-
lubricating nature, and high wear resistance [30-32].

To effectively predict the frictional performance of actual CNT-reinforced NBR composite
materials and guide the modification of their frictional characteristics, this study proposes a multi-
scale friction model that combines MD and macroscopic FEA methods, utilizing the bridging model
from micromechanics [33,34] as a key component. At the nanoscale, MD simulations are employed
to obtain the mechanical properties of isotropic pure NBR and transversely isotropic representative
volume elements (RVE) of CNT/NBR composites, as well as the friction coefficients at different
pressures. By homogenizing the mechanical parameters from MD simulations using the
micromechanical bridging model, the macroscopic mechanical properties of NBR composites with
different mass fractions of CNTs can be obtained at a macroscopic (micrometer-level) scale. These
macroscopic mechanical properties are then incorporated into a macroscopic finite element (FE)
contact friction model to obtain the pressure distribution at the contact interface. Subsequently, the
MD-derived friction coefficients are applied to the entire contact interface and integrated to predict
the macroscopic friction coefficient. Finally, the multi-scale model is validated through friction tests
on actual CNT-reinforced NBR blocks in contact with copper rings of the same size. This study
represents the first attempt at multi-scale friction simulation for CNT-reinforced NBR, providing a
new approach for predicting the friction coefficient of composite materials at the actual scale and
guiding friction modification.

2. Methods

As this is the first attempt to perform multi-scale friction simulation for CNT/NBR composites,
this study focuses on investigating the elastic deformation stage and dry friction characteristics of the
material. Considering the unique structure of carbon nanotubes CNTs, the mechanical and frictional
properties of the CNT/NBR representative volume element (RVE) are analyzed in both axial and
radial directions during the molecular simulation. Given the potential application of the composite
material in oil-free lubricated rotating machinery, the target of this multi-scale simulation is the
friction pair of a copper ring and a CNT/NBR block. Using the multi-scale friction model, the frictional
characteristics of four CNT/NBR composite materials with CNT mass fractions of 0% (pure NBR),
1.25%, 2.5%, and 5% are predicted under the conditions of 0.5 MPa normal pressure, 30 rpm rotational
speed, and room temperature. The effectiveness of the multi-scale model is validated through friction
experiments conducted on copper ring-CNT/NBR block pairs with identical dimensions and
operating conditions.

2.1. MD Simulations

At the nanoscale, the elastic and frictional properties of pure NBR and the CNT/NBR RVE are
simulated. The obtained elastic mechanical parameters and dry friction coefficients from the MD
serve as the foundation for the latter part of the multi-scale model. Taking advantage of the
capabilities of various MD simulation software, the model construction is performed using the
Materials Studio (MS) commercial software (2019 edition), and system optimization and MD
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simulation are carried out using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) [35]. The CAMPASS force field [36] is employed for the MD simulation in this study.

2.1.1. Modeling and Mechanical Simulations of Pure NBR and CNT/NBR RVE

First, pure NBR is molecularly modeled. NBR is a copolymer composed of acrylonitrile and
butadiene monomers. In this simulation, the NBR polymer chains are constructed based on a 1:1 ratio
of butadiene and acrylonitrile monomers. The polymerization degree of the NBR chains is set to 20.
A periodic box with dimensions of 50 A x 30 A x 30 A is constructed in the MS software. Using the
Monte Carlo method [37], multiple NBR polymer chains are placed in the periodic box until the box
density reaches the actual density of NBR, which is 1.0 g/cm3. The constructed pure NBR unit cell is
shown in Figure 1(a). This is followed by the modeling of the CNT/NBR RVE. An armchair single-
walled CNT was placed in the center of a 50 A x 30 A x 30 A periodic box such that the axial direction
of the CNT was parallel to the x-direction of the box. The same Monte Carlo method was used to fill
the box with NBR molecular chains such that the mass fraction of carbon nanotubes was 10%. The
generated CNT/NBR RVE density is 1.03 g/cm3. The structure and size of carbon nanotubes and the
filling process are shown in Figure 1(b)

(a)

NBR matrix

Acrylonitrile

/

29.51 A

SWNT(6,6) CNT/NBR RVE

Figure 1. Construction of MD model: (a) NBR matrix; (b) CNT/NBR RVE.

The pure NBR and CNT/NBR RVE periodic unit cells were imported into LAMMPS using the
msi2lmp module in the MS software for system optimization and simulation. The initially established
amorphous unit cell had high total energy and exhibited highly unstable internal states. To achieve
energy minimization, the conjugate gradient method was applied to the entire molecular system. The
energy convergence threshold was set to 10-5 kcal/mol, and the force convergence criterion was set
to 10-4 kcal/mol/A. To eliminate peculiar connections between polymer chains and molecules, a 1 ns

do0i:10.20944/preprints202307.0556.v1
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molecular dynamics equilibration was performed in the NPT (constant-pressure, constant-
temperature) ensemble at a temperature of 300 K and a pressure of 0.1 MPa (atmospheric pressure).
Subsequently, the equilibrated unit cell was subjected to an annealing process with a temperature
range of 250 K to 500 K and a temperature step size of 50 K, repeated for 10 cycles. The repeated high-
temperature to low-temperature annealing cycles allowed for better relaxation and optimization of
the molecular structure within the system. A subsequent 1 ns molecular dynamics equilibration was
performed in the NVT (canonical ensemble) ensemble. The optimized total energy of the system
reached its lowest level at a temperature of 300 K, and the pressures in all directions were reduced to
zero.

The molecular models of the optimized systems were subjected to elastic mechanics simulations.
Before the mechanical simulations, it is necessary to discuss the independent elastic parameters of
pure NBR and CNT/NBR RVE. The principles of elastic mechanics describe the constitutive
relationship between stress and strain during the elastic deformation stage, which can be expressed
as follows:

{e}= I:Sij]{o-i} M
{O-i} = [Cij]{gi} 2)

where [Sij:l and [Cij are the flexibility tensor and the stiffness tensor, respectively.

Since pure NBR is an isotropic material, its flexibility tensor [SM] can be expressed as:

1Y Y 45 o o
E E E
vy 1 v 0 0 0
E E E
Ly v 1 0 0 0
I:SM]: E E E 1 3)
0o 0 0 — 0 0
G
1
o 0 0 0 — 0
G
1
o 0 0 0 0 —
L G |

where Young's modulus E and Poisson's ratio V are independent parameters, and the
relationship between shear modulus G and them is satisfied as follows:

E
G=—"2
2(1+v) @)

For CNT/NBR RVE, the filling of the CNT leads to transverse isotropy in mechanical properties,
and the flexibility tensor [SR] can be expressed as:

do0i:10.20944/preprints202307.0556.v1
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where E|, is the axial (x-direction) Young's modulus, E,, is the transverse elastic modulus
(E,, = E,;), V,, is the axial Poisson's ratio (V,, =V,;), V,; is the transverse Poisson's ratio, and
G12 is the axial shear modulus. Since in the 2-3 plane, CNT/NBR RVE behaves isotropically, the

transverse shear modulus G,; can be expressed as:

E
G. — 2
2T+ v,) ©)

After determining the independent elastic parameters to be obtained, the mechanical properties
were simulated for pure NBR as well as CNT/NBR RVE. To obtain Young's modulus £ and
Poisson'sratio V of the pure NBR, continuous strains were applied in the x(11) direction with strain
steps of 0.0025 until a minimum strain of 0.05 was reached. For the transverse isotropic CNT/NBR
RVE, three simulation actions (axial tension, axial shear, and transverse tension) were designed to

obtain its five elastic parameters (E,,, E,,, V,,, Vy, G),).

2.1.2. Friction Simulations of Cu-NBR and Cu-CNT/NBR RVE

In order to simulate the frictional behavior of pure NBR and CNT/NBR RVE, we selected copper
(Cu) as the counterpart material for the frictional contact. A Cu crystal box with a thickness of 10 A
was placed on top of the pure NBR box, where the bottom region of the NBR box with a thickness of
5 A was fixed as the stationary layer, while the remaining part served as the sliding layer. A normal
pressure ranging from 0.05 to 0.90 MPa (corresponding to the contact load distribution at the interface
analyzed by finite element analysis) was applied to the Cu atom layer, and a tangential sliding
velocity of 0.055 m/s (equivalent to 30 rpm) was imposed to simulate the dry friction motion. The
friction coefficient was obtained by calculating the ratio of the total tangential force acting on the Cu
atoms to the normal pressure. Each friction simulation was conducted for a duration of 300 ps with
a time step of 1 fs. The average value of the friction coefficient over the stable state of 150 ps was
considered the effective value, and three replicates were performed to ensure the reproducibility of
the results.

The friction simulation process for CNT/NBR RVE is similar to that of pure NBR. Due to the
transversely isotropic nature of CNT/NBR, the frictional characteristics in the Y and Z directions are
essentially the same [38]. Taking into account the influence of the CNT orientation on the frictional
performance of CNT/NBR, simulations were conducted in both the X and Y directions as shown in
Figure 2. The simulation settings were the same as those for pure NBR.
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Figure 2. MD friction simulation of CNT/NBR RVE: (a) relative sliding direction in y-direction; (b)

relative sliding direction in x-direction.V.

2.2. Bridging Model Homogenization

Given the known mechanical properties of the matrix (pure NBR) and the reinforcing fibers
(CNT/NBR RVE), the macroscopic mechanical properties of the resulting composite material can be
determined using the homogenization method in micromechanics. In this section, the
homogenization approach based on the micromechanical bridging model is employed to calculate
the macroscopic mechanical properties of the CNT/NBR composite material, which is a crucial step
in establishing the multi-scale friction model, as illustrated in Figure 3.

NBR matrix CNT/NBR composite

Bridging model
homogenization

CNT/NBR RVE

Figure 3. Bridging model homogenization process.

Assuming that the stresses and displacements of the matrix and fibers satisfy the continuity
boundary condition at the common interface, their stresses and strains satisfy the following

relationship:
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Here V, and V,, are the respective volume fractions of CNT/NBR RVE fibers and pure NBR

matrix, and 7=1,2,---,6 is the six principal directions of stress-strain.

Since the internal stresses of the fiber and matrix are equal at the common interface, the mean
internal stresses of the fiber and matrix must have a non-singular matrix leading to the following
relationship:

{o"}=[A){oF] ©)

Here [A] is called bridging tensor. The effective flexibility tensor [S] of CNT/NBR composite can

be expressed as.
[S1=(Ve[S" ]+ 7 [S"]IAL) (Vi [1]+7,, [A]) (10)

where [SM] and [SR ] are the flexibility tensor of the NBR matrix and CNT/NBR RVE fibers, and

their respective component parameters are determined from the MD simulations in Section 2.1.1; [I]

is the unit tensor. in the bridging tensor model, each of the independent variables in the bridging
tensor is more than a function of both types of parameters, and always expands Taylor series on them:

A, =1+, (1-EY JE )+ 11)
Ay =4, (1-v" Iv)+-- (12)

Ay, =Ay=1+4,(1-EY /E})+-- (13)
Ay =2, (1=v" [V )+ (14)
A=A, =1+4,(1-G"/GY)+-- (15)

The subsequent expansion terms of the above series are omitted, where
ﬂ,l.j (i =12,--,6;j=1,2,- ‘,00) is the expansion coefficient [34].

Considering the directional randomness of CNT/NBR RVE mixed into the matrix, the bridging
tensor needs to be transformed from the local coordinate system (X y z) to the global coordinate

system (X" y’ 2"). The bridging tensor [A'] after coordinate transformation can be expressed as:
[A7=[R][A] (16)
Here [R] is the rotation operator matrix:

cosacosy—sinacos fsiny  sinacosy+cosacos fsiny  sinysin
[R]=|—cosasiny—sinacos fcosy —sinasiny+cosacos fcosy sinBcosy (17)
sinarsin —cosasin cos 8

do0i:10.20944/preprints202307.0556.v1
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Figure 4. Schematic of the transformation relationship between local and global coordinates.

Where, ¥, [ are Euler angles as shown in Figure 4. Averaging over [A'] yields [K:I [39]:

n w2

[ ] ][&)eB.7)sin pded pdy

-70 0 — (18)
{

sin fdod Bdy
Based on the elastic parameters from MD simulations, the macroscopic mechanical properties of
three CNT/NBR composites with CNTs mass fractions of 1.25%, 2.5%, and 5%, respectively, were
obtained in this section using a bridging model homogenization method.

[]-

T

—3
S |

N

2.3. Finite Element Simulations

A FE friction model was constructed, which was consistent with the dimensions of the actual
copper ring-CNT/NBR sample block. The elastic parameters obtained from the homogenization of
the CNT/NBR material using the bridging model were incorporated into the FE model. The material
structure was divided into numerous elements and nodes through finite element meshing, and the
overall mechanical response was obtained by solving the stress-strain transfer between the nodes.
The Arbitrary Lagrangian-Eulerian method [40] was employed to solve the rolling contact problem
in this study. The structure of the FE friction model is shown in Figure 5, and Table 1 provides the
statistical parameters for the dimensions of the copper ring and CNT/NBR block.
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Normal pressure

Contact interface
CNT/NBR block

EEE—

Copper ring
—)

Figure 5. Structure of the FE model.

Table 1. Structural parameters of copper ring and CNT/NBR block.

Structure member Parameter description Value[mm]

Copper ring Outer diameter 35
Inner diameter 28

Thickness 10

CNT/NBR block Length 16.5
Height 10

Thickness 6.5

Radius of the contact surface 17.5

2.3.1. Effect of Contact Interface Meshing on Pressure Distribution

The quality of mesh partitioning plays a key role in influencing the results of FEA. In the present
ring-block friction model, the contact interface is a critical region for transmitting contact pressure
and frictional stress, necessitating an analysis of the mesh partitioning accuracy at the contact
interface. Considering the actual dimensions of the copper ring and CNT/NBR block, as well as the
hardware capabilities of the computer, an initial choice of a global mesh accuracy of 1 mm and a local
mesh accuracy of 0.5 mm was made. An external normal pressure of 0.5 MPa was applied to calculate
the pressure distribution at the contact interface. Based on the results obtained with a local mesh
accuracy of 0.5 mm, the local mesh accuracy was further refined to 0.3 mm and then to 0.2 mm. The
pressure distribution at the contact interface of the CNT/NBR composite with a 5% mass fraction of
CNTs under the three kinds mesh accuracies is shown in Figure 6.
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0.78902 Max
0.70813
0.62724
0.54635
0.46547
(a ) 0.38458
0.30369
0.2228

0.14191
0.061018 Min

. 0.86329 Max

0.77415
0.68502
0.59589

(b ) 0.50675
0.41762
0.32849
0.23936

0.15022
0.061089 Min

. 0.87866 Max

0.78725
0.69584
0.60442

(C) 0.51301
04216
0.33019
0.23877
0.14736
0.055947 Min

Figure 6. Pressure distribution at the contact interface with three kinds of local grid accuracy: (a) 0.5
mm; (b) 0.3 mm; (c) 0.2 mm.

Comparing the pressure distribution resulting from the three different mesh accuracies in Figure
6, it can be observed that the local maximum pressure in all three cases occurs at the edge of the
CNT/NBR block, which is attributed to the greater thickness of the copper ring compared to the
CNT/NBR block. Furthermore, when refining the local mesh accuracy from 0.3 mm to 0.2 mm, the
difference in the local maximum pressure is only 1.7%. Therefore, a local mesh accuracy of 0.2 mm is
determined for the subsequent finite element analysis.

2.3.2. Calculation of Friction Coefficient

When the contact interface pressure distribution is known, the friction coefficient /. of each

cell at the contact interface is a function of the cell pressure p, and the sliding velocity v [41]:

= f(p.v) (19)

By overlaying the friction coefficients at different pressures from the MD simulations in section 2.1.2
to each contact unit, the friction coefficient of the entire contact interface can be expressed as:

1 N
H=—=>)> (Up4 20
o Z( ) (20)

Here, p is the overall external pressure, A, is the area of the overall contact area, and A, is the

area of each contact unit.

FE simulations were conducted to investigate the frictional behavior of four CNT/NBR
composite materials with CNT mass fractions of 0% (pure NBR), 1.25%, 2.5%, and 5%, under normal
pressure of 0.5 MPa and a relative sliding velocity of 30 rpm (corresponding to 0.055 m/s). The
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simulations were performed for a duration of 5 seconds, and the average friction coefficient during
the stable state of 2.5 seconds was taken as the representative value. Each material was subjected to
three repeated simulations for statistical analysis.

2.4. Experimental Setup

Frictional properties of four CNT/NBR composite materials with CNT mass fractions of 0% (pure
NBR), 1.25%, 2.5%, and 5% were tested using the UMT-type friction tester manufactured by Bruker
Corporation, as shown in Figure 7. The CNT/NBR composite materials required for the experiments
were prepared by physically blending different mass fractions of carbon nanotubes with nitrile
butadiene rubber. Considering the potential application of CNT/NBR composite materials in oil-free
lubricated rotating mechanical components, the ring-block friction module was selected for the tests.
The dimensions of the copper ring and CNT/NBR block in the experiments were identical to those in
Section 2.3 simulations. A normal pressure of 0.5 MPa and a sliding velocity of 30 rpm were applied
during the tests. Each friction test lasted for 1 minute, and the average friction coefficient during the
stable stage of 30 seconds was taken as the representative value. Three repeated experiments were
conducted for each material to ensure reliability and reproducibility.

Loading device

Force sensor TR o 33

Spindle motor

Figure 7. Structure of ring block friction tester.

3. Results and Discussion

3.1. Subsection

MD simulations were conducted at the nanoscale to simulate the sliding process of Cu-NBR and
Cu-CNT/NBR RVE under dry friction conditions, and the friction coefficients were calculated. The
trend of friction coefficient variation and the error bars of repeated simulations at a normal pressure
of 0.5 MPa and a relative sliding velocity of 0.055 m/s are shown in Figure 8.
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Figure 8. Friction coefficients of Cu-NBR and Cu-CNT/NBR RVE at 0.5 MPa normal pressure and
0.055 m/s relative sliding velocity.

From Figure 8, it can be observed that after the introduction of carbon CNTs, the friction
coefficients of CNT/NBR along the CNT axis (X-direction) and radial direction (Y-direction)
significantly decreased by 34.2% and 37.3% compared to pure NBR. This molecular-level observation
indicates that CNTs, as effective lubricating fillers, can improve the friction performance of NBR. The
improvement in friction performance can be attributed to the intermolecular interactions. Upon the
addition of CNTs into NBR, a large number of NBR polymer chains are adsorbed around the CNTs
due to strong van der Waals forces. Moreover, NBR chains originally adsorbed on the Cu surface also
migrate towards the vicinity of the CNTs, resulting in a reduction of the overall adhesion force at the
Cu-NBR interface and subsequently decreasing the tangential friction force. It is worth noting that
the orientation of CNTs also influences the friction performance of NBR, with lower friction
coefficients observed along the X-direction compared to the Y-direction. This is attributed to the
unique structure of CNTs with a higher aspect ratio, leading to a significantly higher carbon atom
density along the axial direction compared to the radial direction. The denser arrangement of carbon
atoms along the axial direction enhances the interaction with NBR polymer chains, resulting in
reduced adhesion between Cu atoms and CNT/NBR along the axial direction and, consequently,
better friction performance.

Furthermore, based on the FE analysis, the pressure distribution range at the contact interface of
the CNT/NBR block (0.055-0.878 MPa) was obtained. Friction simulations were conducted for Cu-
NBR and Cu-CNT/NBR RVE at different pressure levels, and Figure 9 summarizes the corresponding
friction coefficients.
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of 0.05-0.9 MPa and a sliding speed of 0.055 m/s.

3.2. Finite Element Simulation Results

Based on the MD simulations and the homogenization of the bridging model, FE simulations
were conducted to simulate the friction process of the macroscopic-scale Cu-CNT/NBR composite
material. Under a normal pressure of 0.5 MPa and a relative sliding velocity of 30 rpm, the variations
in friction coefficients for the four different CNTs mass fractions in the CNT/NBR composites, as well
as the error bars representing the repeatability of the simulations, are shown in Figure 10.

0.55
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Figure 10. Friction coefficients of four CNT/NBR materials with CNTs mass fractions of 0, 1.25%, 2.5%
and 5% at a constant speed of 30 rpm (0.055m/s) under 0.5Mpa pressure load.
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From Figure 10, it is evident that the addition of carbon nanotubes CNTs leads to a reduction in
the dry friction coefficient of NBR, highlighting the excellent lubricating properties of CNTs as fillers
at the macroscopic scale. The comparative simulations with different CNT mass fractions
demonstrate that the CNT content is a key factor influencing the friction performance of the filled
composite material. The trend depicted in Figure 10 indicates a continuous decrease in the friction
coefficient of the CNT/NBR composite material as the CNT mass fraction increases (0%, 1.25%, 2.5%,
5%), ranging from 0.50 to 0.38. This trend can be utilized to guide the design of NBR friction
modification, enabling the preparation of tailored CNT/NBR composite materials for specific friction
applications.

3.3. Comparison of Experimental Results and Multi-scale Simulation

To evaluate the effectiveness of the proposed multiscale friction model, friction testing
experiments were conducted on copper ring-CNT/NBR samples of the same size. The experimental
results of the four different CNT mass fractions in the CNT/NBR composite materials, along with the
corresponding multiscale simulation results, are compared in Figure 11 under the conditions of 0.5
MPa normal pressure and 30 rpm relative sliding velocity.

0.55 oy
O-SZI —e— Multiscale simulated
| 051 + Experimental
05F
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Figure 11. Comparison of experimental and multi-scale friction model.

From Figure 11, it can be observed that as the mass fraction of CNTs increases, the experimental
friction coefficients decrease, which is consistent with the trend predicted by the multi-scale
simulation. Although the consistency in the trend of friction coefficients validates the effectiveness of
the proposed multi-scale friction model to some extent, there still exist discrepancies between the
multi-scale model and the experimental results. Several factors contribute to these discrepancies,
including the dispersion of CNTs in NBR, temperature variations during the dry friction testing
process, and surface wear of the materials, among others. In the next step of model optimization, a
detailed investigation of these error factors can be conducted.

4. Conclusions

This paper presents a novel multi-scale friction simulation method for predicting the friction
characteristics of CNT-reinforced NBR composites. By bridging the nanoscale molecular dynamics
friction simulation and the macroscale finite element analysis through a mesoscale mechanics
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homogenization model, a multi-scale friction model is developed. The multi-scale model reveals the
underlying mechanism of how carbon nanotubes enhance the friction properties of NBR composite
materials at the molecular chain level and predicts the friction coefficients of actual Cu-CNT/NBR
friction pairs at the macroscopic scale. The multi-scale friction simulation results demonstrate that
the friction coefficients of CNT/NBR composite materials decrease continuously with increasing mass
fraction of carbon nanotubes (0%, 1.25%, 2.5%, 5%), ranging from 0.50 to 0.38. The corresponding
friction experiments on Cu ring-CNT/NBR blocks validate the reliability of the predicted trend by the
multi-scale simulation. Although the simulation cannot precisely predict the experimental results,
the multi-scale friction simulation provides a new approach for studying the friction characteristics
of CNT/NBR composite materials and guiding their friction modification.
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