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ARTICLE INFO ABSTRACT

Keywords: Friction behavior of carbon nanotube networks (CNNs) is ubiquitous in applications, however, is poorly inves-

Ca_rbfm nanotube network tigated. Here, we employ coarse-grained molecular dynamics (CGMD) simulations to investigate friction be-

E““‘;’Pk haviors and microscopic mechanism of CNNs. We first give a phase diagram to determine the initial contacting
rossiin

state of “supported” or “trapped” for an indenter in CNNs. In a “supported” state, friction force is mainly orig-
inated from the local surface adhesion of CNNs which experience stable elastic deformation in friction process. In
contrast, in a “trapped” state, friction force is mainly activated by nonlocal reconstitution of carbon nanotubes
(CNTs) accompanied with irreversible bond breaking. Furthermore, with an increased normal pressure, the
friction force keeps nearly constant for a “supported” indenter while it increases linearly for a “trapped” one; the
friction force is linearly or nonlinearly related to the sliding velocity of an indenter in a supported or trapped
state. Importantly, there is a critical crosslink density, above which, the coefficient of friction is greatly decreased
due to enhanced integrity of CNNs. These results provide a profound understanding of friction deformation

Deformation behavior
Coarse-grained molecular dynamics

behavior of CNNs, which is of great significance for optimal design in practical applications.

1. Introduction

Carbon nanotube network (CNN) materials are assembled by a large
number of carbon nanotubes (CNTs) in a random or regular spatial
distribution. They have drawn wide attention due to their light weight
[1], remarkable mechanical [2], thermal [3] and electrical [4] proper-
ties. Both CNNs and their composites find wide potential applications in
both traditional industrial fields, such as lightning strike protection
system of vehicle and airplanes [5], and emerging fields of flexible de-
vices [6], water treatment membranes [7] and medical implants [8].

Most researchers are dedicated to unveil the deformation and failure
mechanisms to continuously improve mechanical performance of CNN
materials under tension, compression and impaction conditions. Ma
et al. [9] found that good and long inter-bundle connections as physical
crosslinkers are responsible for the strength (up to 360 MPa) of
single-walled CNN films. Li et al. [10] further found that the entangle-
ment and bundling mechanisms affect major structural features of
buckypaper by the coarse-grained molecular dynamics (CGMD) method.
Chen et al. [11] and Jakubinek et al. [12] found that the strength of
pristine CNNs can be increased by 1-4 times by adding chemical groups

as crosslinkers to strengthen junctions of adjacent CNTs, which is further
validated by Wang et al. [13] and Yang et al. [14] using the CGMD
method. Xie et al. [15] and Wang et al. [16] found that crosslinkers can
further improve strain affinity and avoid the pull-out failure of CNN
materials. Wu et al. [17] and Wang et al. [18] found discrete and mobile
nanoparticles strengthen inter-tube joints and constrain the bundling of
CNTs to increase the Young’s modulus and the tensile strength. Wang
et al. [19] studied the dissipation of CNN materials under impaction and
pointed out that the brittle fracture of carbon nanotubes and ductile
fracture of van der Waals interfaces between the nanotubes in forms of
detachments or sliding are the channels to dissipate mechanical energy.
Later, Xiao et al. [20] studied the similar impaction behavior of CNN
materials and observed a mode transition from bending-dominated
dissipation to stretching-bending-dominated one by tuning the frac-
tion of strong crosslinkers. Very recently, Yu et al. [21] found that
double-crosslinked CNNs can nicely achieve cooperative energy dissi-
pation with minimal structural damage by applying CGMD simulations.
Xu et al. [22] made a CNN material composed of long interconnected
CNTs and found an important temperature- and frequency-irrelevant
viscoelastic properties under cyclic shear loadings. This important
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viscoelastic property of CNN materials is further explained using the
microscopic mechanisms of “zipping-unzipping” and unstable “attach-
ments/detachments” between individual CNTs by Li et al. [23] and Yang
et al. [24], respectively. Xu et al. [25] and Ma et al. [26] observed a
changing Poisson’s ratio from negative to positive through the reor-
ientation of CNT bundles, which was explained by Rawal et al. [27]
using a simple geometric model recently. Pan et al. [28] and Chen et al.
[29] studied the stiffness threshold and found two critical network
densities dividing the stiffness behavior into three stages: zero stiffness,
bending dominated and stretching dominated stages.

Besides of the researches on pure CNN materials, the effect of length
[301, reorientation [31], reconnection [32] of CNTs, and stability and
porous structure [33] on mechanical properties of CNN-based compos-
ites are also investigated extensively to ensure industrial applications
[34-37].

These studies pave a way to understand deformation behaviors of
CNNs and related composites under tension, compression, impaction.
However, in most practical applications, friction of both CNN materials
and CNN-based composites are ubiquitous and play an important role in
full play of different functions. For example, CNNs significantly reduce
the abrasive wear between alloys in the automation, aerospace, and
chemical industries [38]. However, friction of CNNs or
related-composites is much different from that of metals [39,40] or
various two-dimensional materials [41,42]. The surface of metals or
two-dimensional materials are atomically dense and the friction is
mainly induced by dislocation propagation and annihilation or lattice
incommensurability. For the CNNs and related-composites with intrinsic
porous and irregular microstructures at surfaces, the microscopic sags
and crests on contacting objects would be pressed into porous structure
of CNNs under normal pressure, which would cause complex friction
and scratch behaviors of carbon nanotubes in sliding process. Some
interesting phenomena have been observed: Fei et al. [43] found the
coefficient of friction (COF) of carbon fiber reinforced material prepared
with cashew-modified phenolic resin decreased with the increased
normal pressure, which is much different from the pressure-independent
COF for most conventional materials [44,45]. The underlying mecha-
nisms could not be explained using the reported micro-mechanisms in
above references and remain poorly understood up to now.

Here, we adopt a CGMD method to study the relationship between
porous network structures and friction properties of CNN materials,
including contacting state, normal pressure, sliding speed and crosslink
density. This paper is organized as below. The mesoscopic numerical
model of CNNs is first given in the second part. In the third part, two
normalized quantities of indenter size and normal pressure are proposed
to characterize two typical contacting states of “supported” and “trap-
ped” for an indenter on CNNs. Then, the friction mechanism of an
indenter in the two contacting states are meticulously studied.
Furthermore, the effect of normal pressure, sliding velocity and crosslink
density of CNNs on friction behaviors are analyzed in the fourth part. A
conclusion is given at last.

2. Numerical model and methodology

A well-validated coarse-grained bead-spring model of CNT proposed
by Buehler [46] is used to establish the numerical model of CNNs. The
energy of a single CNT is characterized by the tensile energy Et = kr
(r-r0)%/2 of all bonds in the CNT, the bending energy Eg = kg (1+cos6) of
all triplets in the CNT and the van der Waals energy Epairs = 4€[(dzer-
Q_energy/d)lz'(dzero_energy/d)6] with other neighbor CNTs, where kr, ko, 6,
r, ro are the tensile stiffness, bending stiffness, the angle of the triplet,
current bond length and the equilibrium one, respectively. ¢, d and
d zero-energy denote the energy well depth, the distance between the beads
in neighbor CNTs, and the zero-energy distance, respectively. The pa-
rameters of main force field used in this paper are listed in Table 1,
which is calibrated from full-atom MD simulation, see the original work
[46,47] for more details. The bond would break as its tensile strain
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Table 1

The parameters for a (5,5) carbon nanotube in the CGMD [47].
Parameters Values
Equilibrium inter-bond distance ry (10\) 10
Tensile stiffness kr (kcal mol™* A~2) 1000
Equilibrium angle ay (°) 180
Bending stiffness kg (kcal/mol) 14300
Lennard-Jones parameter ¢ (kcal/mol) 15.1
Lennard-Jones parameter d,ero-cnergy (A) 9.35

exceeds a critical value 0.2 according to the experimental measurement
of fracture strain of CNTs [2]. The mass for each coarse bead is 1953.23
amu (atomic mass unit). More details about the coarse-grained scheme
of carbon nanotubes can be found in Refs. [47,48].

Fig. 1a shows the numerical model of a CNN film with the micro-
structure of randomly-distributed CNTs (blue lines) entangled with each
other (see a randomly-chosen entanglement point in Fig. 1a-II) and
strengthened by crosslinks (see the magnified red bar in Fig. 1a-III)
between neighbor CNTs. This numerical model is established by
randomly generating 100 carbon nanotubes with the contour length of
100 nm in a simulation box. The two 100 is chosen by considering both
the computational efficiency and the reasonability of the numerical
model of CNN films. These nanotubes are first deposited layer by layer
on a rigid substrate at the bottom of the simulation box to form a loose
CNN sample under the action of a force pointing to the substrate (mimic
the action of gravity). A Langevin thermostat with 300K and a Berendsen
barostat with 0 Pa are taken in the isothermal-isobaric ensemble (NPT)
[49]. Periodic boundary conditions are added both in x and y directions,
but a free one in z direction. So, a thin CNN film with finite thickness and
infinite length and width is obtained. When the total energy fluctuation
is less than 0.1%, the model is considered to be in equilibrium. Then the
substrate and the action force are removed, and a pure CNN film is
obtained. After that, a detection program is adopted to find out all
adjacent beads within 0.9-1.1 nm and belonging to different CNTs, a
range around the equilibrium length of 1 nm for bonds in CNTs. Some
pairs are then chosen randomly to generate crosslinks between the two
beads in the pair according to the crosslink density (the effect is given in
Fig. 7) as shown in Fig. 1a-III. This process is corresponding to the ex-
periments [50,51], in which a strongly crosslinked CNN film is always
made through two steps: a pure CNN film is first synthesized and then
the strongly chemical and/or physical crosslinks are added between
adjacent carbon nanotubes. The newly obtained numerical crosslinked
CNN samples are exerted successively the geometrical optimization and
the dynamic energy optimization at a Langevin thermostat with 300K
and a Berendsen barostat with 0 Pa in both x and y directions to obtain a
well-equilibrated system with a convergent total energy as shown in
Fig. 1b. The whole film reaches a nearly zero-stress state marked by the
stress component oy as shown in the inset of Fig. 1b. The density of the
obtained CNN film is 0.28 g/cm®, which is comparable to the CNT
network materials fabricated in the experiment [52]. Details of the nu-
merical fabrication of a crosslink strengthened CNN film are referred to
our previous works [13,14,18,53,54] about the tensile and compressive
properties of CNNs.

Then, the configuration of the friction model is schematically shown
in Fig. 1c, a piece of well-equilibrated CNN film with the length of 120
nm, the width of 70 nm and the height of 10 nm is put on a virtual rigid
substrate as it is pressed and scratched by an indenter. In order to
simplify the model and save computing time, we do not use any specific
material to simulate the substrate, but just apply an action to the CNNs
as the beads of CNNs is pressed into the upper boundary of the virtual
substrate. This function is realized using the command of “fix wall/
1j126” in LAMMPS, see more details in the manual of this command
which can be easily accessed in the internet. The action potential energy
is described using Eg, = 4esp[(dsp/d)12-(dsp/d)6], where d is the distance
from the bead to the upper boundary of the substrate; &5, and ds;, are the
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Fig. 1. The numerical model of CNNs and settings of
the friction system. (a) The numerical sample of CNNs
(blue) with entanglements points (color-coded by
yellow in a-II) and crosslinks (red bar in a-III) be-
tween neighbor CNTs; Scale bar, 10 nm; (b) The total
energy with relaxing time to obtain a well-
equilibrated CNN film sample. Inset: the resulting
equilibrated structure color-coded by the stress
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usual Lennard-Jones parameters denoting the energy well depth and the
zero-energy distance, respectively. After the calculation as given in
Fig. S1 in Supplementary Materials, a finite value for &5, is OK to reach
the supporting effect. For simplicity, esp = £ and dsp = dzero-energy are set
in this paper, where € and d sero-energy are given above. A rigid spherical
indenter is put on the top of the CNNs and can slide on the film along x-
direction under a downward normal force N in z-direction. The spherical
rigid indenter is composed of beads as shown in Fig. 1c. The interaction
between the beads in the indenter and the beads in CNN film is described
using Ej, = 4eip[(dip/d)12-(dip/d)6], where d is the distance between the
bead in the indenter and the bead in CNN, ¢;, and d;, are the usual
Lennard-Jones parameters denoting the corresponding energy well
depth and the zero-energy distance, respectively. Like the settings of &g,
and dgp, we set &, = ¢ and dip = dyero-energy in all our simulations for
simplicity.

In all our simulations, the periodic boundary conditions are adopted
in both x and y directions and a free one in z direction. The Langevin
thermostat with 300K and the Berendsen barostat with 0 Pa in both x
and y directions are taken. The time step is 1 fs (1 fs = 107 15). All
simulations are based on the large-scale atomic/molecular massively
parallel simulator (LAMMPS) [55]. And the results are visualized based
on Open Visualization Tool (OVITO) [56].

3. Results and discussions
3.1. Two typical contacting states of a spherical indenter on a CNN film

Before studying the dynamic friction behavior of an indenter on a
CNN film, we first study the static contacting behavior of an indenter on
a CNN film under a normal pressure by conducting systematic simula-
tions. We examine the effect of two dimensionless quantities of
normalized indenter size R and normalized pressure ¢ on the static
contacting behavior of an indenter on a porous CNN film. R and ¢ are
defined as R = Rindenter/Renn and 6 = 61/6cnn, where Rindenter 1S the radius
of the indenter, Rcqy, is the average pore radius of the film ~3.2 nm. See
the calculation method of the radius of pores in Fig. S2 in Supplementary
Materials. oy, is the normal pressure calculated by o, = N/S, where N is
the normal force and S is the effective contact area of the compression
zone. The calculation method of the effective contact area of the
compression zone is described in detail in Supplementary Materials.
Oenn = 250 MPa is the in-plane tensile strength of CNNs obtained in our
previous work [14] studying the large-deformation behaviors and
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component oyy. (¢) Schematic diagram of friction
model and parameter settings. (A colour version of
this figure can be viewed online.)

fracture mode of CNN materials.

As shown in Fig. 2, by conducting systematic simulations with varied
combination of ¢ and R represented by solid/hollow points, we obtain a
critical line color-coded in red which divides the ¢ -R plane into two
parts representing the two contacting states of “supported” and “trap-
ped” for an indenter on a CNN film. In the “supported” state, the
indenter slightly contacts with the film, while in the “trapped” state, the
indenter is heavily pressed into the film and almost half of the lower part
of the indenter is immersed in the film as illustrated by the two insets in
Fig. 2. According to our simulations, the indentation depth in the
“supported” state is about 0.05R which is larger than that in the friction
of metals [39,40] or various two-dimensional materials [41,42]. For a
given indenter with a normalized indenter size R, there exists a critical
normal pressure o, at which the contacting state of the indenter changes

Trapped ©

30

20

Fig. 2. The contacting state of a spherical indenter on a CNN film. The red thick
line divides the 6-R plane into two parts: the top part filled with white hollow
points is the “trapped” state of the indenter and the down part filled with solid
black points is the “supported” one. All points are obtained by conducting a
series of CGMD simulations. Two insets: the schematic of the two contacting
states of the indenter. Two points highlighted by red circles are chosen for the
following analysis. (A colour version of this figure can be viewed online.)
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from “supported” to “trapped”. And for a given normal pressure, it is
reasonable that the larger an indenter is, the harder to push it into a
porous material. Yosuke et al. [57] experimentally studied the wear
properties of carbon nanotube films attached to copper based on an
atomic force microscope (AFM), and observed the similar transition of
contacting states and the contact-dependent wear behaviors as the
normal load is increased. This indenter size-dependency is the main
characteristic of the contacting and friction behavior of porous CNN
materials, which is much different from that of non-porous materials of
metals [39] and two-dimensional materials [41,42]. It should be noted
that the basic relation between the normalized indenter size and
normalized pressure shown in Fig. 2 also holds for the contact behavior
of microscale or larger indenters. Having the two typical states of an
indenter on a porous CNNs at hand, we are now in a position to study
friction behaviors of an indenter in the two states.

3.2. Friction behavior of an indenter in a “supported” state

In order to study the friction behavior of an indenter in a “supported”
state, we randomly choose a combination of the two key factors of R =
6.3 and ¢ = 3.3 which is under the red boundary line on the 6-R phase
diagram as circled in Fig. 2. The sliding velocity of the indenter is set to
be 10 m/s and the effect of the sliding velocity is studied later in Section
3.5. Fig. 3a shows the top view of a CNN film before friction sliding and
the initial position of an indenter signed by a black cross on the film. The
CNN film in the initial state is well equilibrated as color-coded by the
value of ox. Here, we noted that, because the indenter slides along the x
direction (the friction direction), relatively speaking, more CNTs have
larger oxx component as seen in the stress distribution diagram at an
intermediate moment during friction process in Fig. S3 in Supplemen-
tary Material. So, we just give the stress component oy in the text to
demonstrate the basic characteristic of stress distribution. Fig. 3b shows
the final state of the CNN film after the friction of the indenter.
Comparing the configurations of the CNN film in the two states, it is
clearly shown that both the topology and the stress state of the CNN film
change negligibly in friction process. This is due to the slight elastic
contact between the CNN film and the indenter in the “supported” state,
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CNT fibers deform elastically as they touch with the indenter and
recover almost completely after the indenter sliding away from them.

To study the dependency of dynamic friction force f normalized by
oennS on surface topology, we measure the relative height of the region
ahead of the sliding indenter as well as the dynamic friction force at the
corresponding time, see the details of the calculation of the dynamic
friction force in Supplementary Material. As shown in Fig. 3c-1, due to
the intrinsic uneven porous surface structure, the height of the region
ahead of the sliding indenter varies constantly in the sliding process of
the indenter and the maximal variation of height is ~20 nm comparable
to the size of the indenter. Here, we call the unevenness of the height of
CNN surface to be roughness. The roughness of the CNN film can be
divided into two kinds: the smaller roughness induced by the local
randomly stacked CNTs as illustrated by the lower inset in Fig. 3c-I, and
the larger structural humps as demonstrated schematically by the upper
inset in Fig. 3c-I. The dynamic friction force also fluctuates greatly in the
friction process of the indenter, with the maximal variation surpassing
980% as shown in Fig. 3c-II.

More interestingly, the fluctuation of the height ahead of the sliding
indenter (see the details of the calculation of the height ahead of the
sliding indenter in Fig. S4 in Supplementary Material) is well consistent
with that of the dynamic friction force as indicated by the dotted red
lines connecting Fig. 3c-I and II at several typical sliding positions. That
is, a larger friction resistance would be triggered as higher humps appear
in front of the sliding indenter. It is noted that the entanglement number
of the CNN film is almost unchanged as the red solid line shown in
Fig. 3c-I because of the negligible change of the topology of CNN film
during the friction process of the indenter as shown in Fig. 3a and b.

It could be seen that the smaller friction force is mainly triggered by
the smaller roughness induced by the local randomly stacked CNTs
contacting with the indenter, while the larger one is triggered by the
larger hump structures contacting with the indenter. It is noted that no
matter the friction force is larger or smaller, it is mainly originated from
local elastic interactions between the surrounding CNTs and the
indenter, which is much different from the following friction behavior of
the indenter in a “trapped” state.

Before friction
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Fig. 3. The friction behavior of an indenter in a
“supported” state. (a-b) Top view of CNNs color-
coded by the value of oy before and after friction
for an indenter marked by the black cross in the di-
rection pointed by the black arrow; (c-I) The relative
height of the region in the sliding direction and the
entanglement number of the CNN film, and (c-II) the
normalized dynamic friction force on the indenter at
the sliding distance. Two insets in c-I schematically
show the two kinds of roughness of CNN surface due
to the hump of CNT assembly and the unevenness of a
single CNT. The green dotted lines show the moving
trajectory of the indenter. (A colour version of this
figure can be viewed online.)
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3.3. Friction behavior of an indenter in a “trapped” state

To study the friction behavior of an indenter in a “trapped” state, we
randomly choose a combination of the two factors of R =6.3 and 6 = 13
which corresponds to a point above the red boundary line in the ¢-R
plane and highlighted by the red circle in Fig. 2. Fig. 4a shows the top
view of the topological structure color-coded by the corresponding stress
component oy of the CNN film at the initial state, an intermediate state
and the final state, respectively. Fig. 4a-I shows the initial position of the
indenter signed by a black cross in a “trapped” state on the CNN film. A
cavity forms under the indenter after the press-in process and the high
tensile/compressive stress states are triggered in the CNTs around the
indenter due to relatively heavy squeeze. When the indenter slides, the
CNTs ahead of the indenter would be further squeezed and gathered,
which leads to a larger stress concentration in a wider range as shown in
Fig. 4a-II. We observe an interesting corrugated stripe (highlighted by
the black lines in Fig. 4a-III) formed by heavily bended CNTs behind the
indenter as it slides away. What’s special, high tensile/compressive
stress states emerge not only in the CNTs near the sliding path of the
indenter, but also at a distance far from the indenter, showing a nonlocal
characteristic. At the same time, the network structure obviously re-
constructs accompanying with plastic deformation and bond-breaking
in the CNNs. The similar phenomenon of the scratching/gathering of
CNTs under friction has also been observed in the experiment by Zhou
et al. [58] as shown in Fig. 4b. Fig. 4b-I shows the initial state of the
CNTs well-arranged along the direction pointed by the white line. Then,
an indenter slides in the direction pointed by the red arrow and induces
the CNTs bending towards the moving direction of the indenter, forming
the similar corrugated stripe as shown in Fig. 4b-II. To be noticed, due to
the large reconstruction of microstructures of CNNs, the dynamic fric-
tion force of the indenter in the “trapped” state is much larger than that
in the case of “supported” state, as shown in Fig. 4c. Besides of those
friction source mentioned in the “supported” state, the nonlocal corru-
gated stripes with larger unevenness and broken bonds of CNTs in the
“trapped” state also contribute to the friction resistance to the indenter.
In addition, in contrast to the almost unchanged entanglement number
in the “supported” state as shown in Fig. 3c-I, the entanglement number

a Numerical

Carbon 200 (2022) 108-115

increases constantly with the increased friction distance as the blue solid
line shown in Fig. 4c because of the drastic nonlocal reconstruction of
the CNN structure as shown in Fig. 4a-II and 4a-IIL.

3.4. The effect of normal pressure

As discussed in Fig. 2, the normal pressure is one of the two key
factors responsible for the initial “supported” or “trapped” state of an
indenter. We further study the effect of normal pressure on friction be-
haviors for the two initial states as shown in Fig. 5. We find that if the
normal pressure is less than a critical stress o, for a given indenter, as
shown on the left side of the dotted line, the indenter is in the “sup-
ported” state and the corresponding average friction force (the black
line) is nearly independent on normal pressure. Thus, according to the
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Fig. 5. Normalized average friction force f/(cen, -S) (obtained by averaging the
dynamic friction force of the indenter) and corresponding COFy as a function of
normal pressure. (A colour version of this figure can be viewed online.)

Fig. 4. The friction behavior of an indenter in a
“trapped” state. (a-LILII) The top view of the
microstructural evolution of the CNN film in friction
process color-coded by the stress o4y (tension parts are
in red and compression parts are in blue). The posi-
tion of the indenter is marked by a black cross. Black
curves show the corrugated structure formed by
CNTs. (b-LII) The scratching of CNTs on the surface of
CNNs in the experimental literature [58], the white
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arrow shows the sliding direction. (¢) The comparison
of normalized dynamic friction force for the indenter
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a function of the sliding distance. (A colour version of
this figure can be viewed online.)
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formula u = f/N, the corresponding COF (the red line) is decreased
greatly as an increased normal pressure as given in Fig. 5. If a larger
normal pressure is adopted, the indenter would be in a “trapped” state
and the average friction force becomes linearly dependent on normal
pressure as shown on the right side of the dotted line, which is quali-
tatively consistent with the experimental observation by Babu et al.
[59], who performed scratch testing on MWCNT/Aluminum fiber rein-
forced polymers by using a nano-sized indenter. Therefore, the COF is
nearly invariant with an increased normal pressure. According to the
discussion in Fig. 3, the friction force of an indenter in a “supported”
state is mainly induced by local elastic contact between the indenter and
CNTs. Due to the porous topology of CNNs, the effective contact area
between CNTs and the indenter has no obvious increase if a smaller
normal pressure is adopted, which is responsible for the almost un-
changed friction force. The similar phenomenon has also been reported
in the experiments [43,60]. However, for the “trapped” state of the
indenter, the press-in depth would increase as an increased normal
pressure, as a result, more CNTs would be scratched in the following
friction process as discussed in Fig. 4, which induces larger friction
resistance.

3.5. The effect of sliding velocity of an indenter

Fig. 6a shows the normalized average friction force f/ (6cnn -S) as a
function of the sliding speed of an indenter initially in a “supported” or
“trapped” state. If the indenter is in a “supported” state, the average
friction force increases linearly with an increased sliding velocity of the
indenter, reflecting a linearly viscoelastic property of CNN film mate-
rials. If the indenter is in a “trapped” state, the average friction force
increases nonlinearly. In this case, there exists a critical sliding velocity
V., the average friction force is independent on the sliding velocity if v <
v. and then it increases nonlinearly as v > v,. Fig. 6b shows the topo-
logical structures of the CNN film after friction of the indenter in the
“supported” state at a speed of 100 m/s, no CNT breaks in this case as the
red beads shown in Fig. 6b. However, if the indenter is initially in a
“trapped” state and slides at the same speed, CNTs have no enough time
to relax and would break as the red broken CNTs shown in Fig. 6¢, which
is responsible for the nonlinear friction behavior of the indenter.

3.6. The effect of crosslink density

Furthermore, we study the effect of the crosslink density of CNNs on
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the friction behavior of an indenter at a given normalized pressure of &
= 13 and the sliding velocity of v = 10 m/s. Here, the crosslink density is
defined as the average number of crosslinks on each CNT. Nine sets of
crosslink density from 1% to 92% are selected for systematic simula-
tions. Fig. 7a shows that there exists a critical crosslink density p.~22%
as signified by the dashed line, as p_p, the indenter is initially in a
“trapped” state and the COF is nearly independent on the crosslink
density; as p-p, the CNNs is highly interconnected and strengthened by
more crosslinks, the initial state of the indenter would change to the
“supported” state under the same normalized pressure. In this case, the
COF is almost linearly decreased with an increased crosslink density.
Fig. 7b and c shows the topological structures of the CNNs with the
smaller and larger crosslink density after friction process. As shown in
Fig. 7b, because the indenter is in the “trapped” state, the resulting CNN
structure is similar to that in Fig. 4, i.e., the obvious corrugated stripes
emerge along the sliding path of the indenter as indicated by the black
dotted line. In contrast, as shown in Fig. 7c, the network structure of
CNNs with larger crosslink density remains intact as that in Fig. 3,
because the indenter is in the “supported” state.

For CNNs with a low crosslink density p_p., it is easier for the
indenter to be pressed into the CNNs to be a “trapped” state. And the
loose structure of the CNNs could not be strengthened completely as
long as p.p., which is responsible for the unchanged COF with an
increased p. As p-p., the CNNs is strongly interconnected to be a higher
integrity and becomes smoother as more crosslinks are included. As a
result, both the plastic deformation and bond breaking which are the
source of friction resistance, are reduced accordingly. Thus, a reduced
coefficient of friction can be obtained as an increased p. This finding is
qualitatively consistent with the experimental result obtained by Kamal
Yusoh [61] who studied the effect of concentration of CNTs on the
scratch properties of polyurethane nanocomposites, and found that the
scratch depth can be dramatically reduced with only 1 wt%
single-walled CNTs included as crosslinkers.

4. Conclusions

In this paper, we systematically study the friction behavior of CNNs
by using CGMD simulations. First, two initial contacting states of the
indenter, “supported” and “trapped”, are found by pressing the indenter
into the surface, giving a new perspective for studying friction properties
of porous material. Second, for a given normalized size, friction defor-
mation behavior of CNNs highly depends on the initial contacting state.
The “supported” state indicates a slight contact triggered by the “local
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Fig. 6. The effect of the sliding velocity of an indenter on friction behaviors. (a) Normalized average friction force f/(cenn -S) as a function of the sliding velocity of an
indenter in the two states; (b, ¢) The top view of CNNs with the touched CNT beads (marked in red) by the indenter in the “supported” state with ¢ = 3.3 and the
“trapped” state with ¢ = 22 at the same sliding velocity of 100 m/s. (A colour version of this figure can be viewed online.)
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elastic contact” of surrounding CNTs and shows an elastic and tempo-
rary deformation. However, the “trapped” state means a heavy contact
caused by nonlocal plastic accumulation of large-scope affected and
rearranged CNTs. Third, the friction response to the normal pressure,
sliding velocity and crosslink density are further studied: (1) A critical
normalized pressure o, divides the two contacting states of the indenter
for a given normalized indenter size R. In the “supported” state (¢ <o),
the indenter slightly contacts with the film, resulting a steady friction
force and a decreased COF. However, as the normal pressure increases,
most part of the indenter would be immersed in the film to be the
“trapped” state (6>0.), which leads to a linearly increased friction force;
(2) In a “supported” state, the elastic deformation of CNTs is responsible
for the linearly increased friction force with the sliding velocity, whereas
in the “trapped” state, plasticity and bond breaking would cause a
nonlinearly increased normalized friction force when the critical ve-
locity v, is exceeded; (3) Cross-linking greatly strengthens the inter-
connection between CNTs and can further tune the initial contact state
of an indenter at a given normalized size R and pressure ¢. The CNNs
with low crosslink density (p<p.) have an unchanged COF due to its
loose structure, while the CNNs with high crosslink density (p~p.) have a
decreased COF with an increased crosslink density due to the improved
integrity of CNN structures.

These results pave the way for understanding the friction between
CNNs and CNN-based composites with a real rough surface having many
humps and of great significance for optimization design of the related
composite materials.
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