% polymers

Article

Mechanical Properties of Amide Functionalized CNT/NBR at
Different Temperatures: A Molecular Dynamics Study

Longcheng Ji 17, Lijia Chen %, Li Lin ! and Shijie Wang 2

check for
updates

Citation: Ji, L.; Chen, L.; Lin, L.;
Wang, S. Mechanical Properties of
Amide Functionalized CNT/NBR at
Different Temperatures: A Molecular
Dynamics Study. Polymers 2022, 14,
1307. https://doi.org/10.3390/
polym14071307

Academic Editor: Brian ]J. Edwards

Received: 21 February 2022
Accepted: 22 March 2022
Published: 24 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China;
jilongcheng1@163.com (L.J.); linli-1969@126.com (L.L.)

School of Mechanical Engineering, Shenyang University of Technology, Shenyang 110870, China;
wang_shijie@263.com

*  Correspondence: chenlj-sut@163.com

Abstract: A comprehensive study on the mechanical properties of a pure carbon nanotube (PCNT)/
nitrile butadiene rubber (NBR) composite and an amide-functionalized carbon nanotube (CONH,—
CNT)/nitrile butadiene rubber (NBR) composite was carried out using molecular dynamics (MDs)
simulations at different temperatures. The effects of temperature on the mechanical properties,
fractional free volume (FFV), MSD, dipole autocorrelation function, number of hydrogen bonds
of PCNT composites, and functionalized CNT composites were analyzed and compared, and the
pull-out behavior of the composites under different condition temperatures was simulated. The
enhancement mechanism of the interface interaction between the functionalized carbon nanotubes
and the NBR matrix was explained from an atomic point of view. The results show that, due to the
existence of hydrogen bonds, higher interfacial binding energies were formed between PCNT and
NBR, and FFVs and MSDs were restricted at each temperature, with the mechanical properties of the
composites being improved by 5.02-25.93%.

Keywords: molecular dynamics simulation; NBR; amide; mechanical properties; fractional free

volume

1. Introduction

NBR is a random copolymer prepared by free-radical-initiated emulsion polymer-
ization of two monomers, butadiene and acrylonitrile [1]. Due to the polar nitrile group
having good oil resistance, heat resistance, and good physical and mechanical properties in
their molecular structure, they are widely used in the automotive, aerospace, petroleum
exploration, petrochemical, textile, wire and cable, printing, and food-packaging fields [2].
NBR is different from natural rubber or neoprene, in that it has a poor crystallization ability
under tension, and therefore lacks its reinforcing effect [3]. Therefore, the strength of the
pure NBR formula is very low, and the practical value is very small. The reinforcing phase
must be used in the formulation of NBR, and its variety is closely related to the properties
of NBR [4].

In addition to having particularly large tensile modulus and tensile strength, carbon
nanotubes also have outstanding electrical conductivity and thermal conductivity [5], which
are currently the best and most traditional reinforcing agents. Therefore, the simulation
study of the relationship between carbon nanotubes and the mechanical properties of
NBR through molecular dynamics is particularly important for the rubber-processing
industry. According to recent research, amide has therefore been adopted to modify the
CNTs to render high mechanical performance to CNT/NBR composites, since there were
further numerous stable chemical modifications from amide linkages of the functionalized
CNTs, which formed a covalent bond in polymers [6]. Previous work has shown that
CONH,—-functionalized carbon nanotubes have the best enhancement effect when the
degree of functionalization is 10% [7]. It has been proved that the mechanical properties
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of pure NBR show a decline as temperature increases [8,9], which can be enhanced by the
addition of PCNT at both low and high temperatures [10]. Obviously, further research of the
reinforcement at different temperatures for the functionalized CNT needs to be conducted.

Molecular dynamics (MDs) simulation has emerged as an alternative method to study
the properties of material at the atomic scale by providing microscopic detailed information
of molecular interactions. It is capable for further interpretations of experimental results,
which is also effective in estimating the mechanical properties of materials. Based on
molecular dynamics theory, this paper uses CNT as nano-reinforcing materials, -CONH,
functional groups to modify CNT. The functionalized carbon CONH,;—-CNT/NBR matrix
is simulated and calculated by NBR as the polymer matrix, the nanomaterial enhances
the mechanical properties of the NBR matrix [11]. The difference of performance between
functionalized carbon nanomaterials and the NBR matrix at different temperatures was
compared and analyzed. The main analysis focused on mechanical properties, free volume
fraction, MSD and diffusion coefficient, hydrogen bond, dipole autocorrelation function,
and the impact of performance and unplugging behavior, provided a theoretical basis for
the structural design of high—performance NBR-based nanocomposites [12].

2. Modeling and Methods

To investigate the properties of the composites at different temperatures, a pure
CNT/NBR composite and a composite with amide groups models were established, re-
spectively. The specific model construction method is as follows: carbon nanotubes (CNT)
and nitrile rubber (NBR) are used as representatives of reinforcing materials and polymer
matrix, and amorphous molecular models of CNT and NBR matrix are established, respec-
tively. First, two (6,6) armchair-shaped single-walled carbon nanotubes are constructed
with a length of 29.51 A and a diameter of 8.0 A, both ends of which are terminated with
hydrogen atoms, and then two of them are placed, each with a size of 50 x 40 x 40 nm3
periodic lattice center, for functionalized CNT, amide group (CONH,), and about 10% func-
tionalization degree is uniformly grafted on the sidewall of CNT, as shown in Figure 1a.

Figure 1. Molecular models: (a) an amide-functionalized CNT, (b) a single chain of NBR, (c) amide-
functionalized CNT/NBR composite.
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As shown in Figure 1b, acrylonitrile (C3H3N) and 1,3-butadiene (CH,=CH-CH=CH,)
were employed as repeating units to build an NBR molecular chain with a chain length of
20. As shown in Figure 1c, the NBR molecular chains were randomly encapsulated into
periodic structural units containing CNT according to the set density of 1.00 g/cm?3.

To obtain the global and local minimum energy configuration, the above-mentioned
molecular models were successively subjected to the process of geometric optimization
and molecular dynamics equilibration. The conjugate gradient method with an energy
convergence accuracy of 10~° kcal/mol is used to optimize the geometry of the composite
material system. The molecular dynamics equilibration of the Normal Canonical ensemble
(NVT) system was run at different temperatures for 600 ps to eliminate the internal stress
of the molecular system, e.g., —20 °C, 20 °C, 60 °C, 100 °C, 140 °C, respectively. Molecular
dynamics simulations of the NVT molecular system were performed at 600 ps under the
conditions of constant pressure (101 Kpa) and the above five different temperatures. Taking
140 °C as an example, the system configuration after complete equilibration was obtained,
and the properties of the composites were calculated according to the final trajectory frame
of 80 ps. The simulation process of the constant strain method is to apply 4-times strain &
(—0.003, —0.001, 0.001, 0.003) in the six directions of x, y, z, xy, xz, and yz, respectively.

3. Results and Discussions
3.1. Mechanical Properties of the Composites at Different Temperatures

Young’s modulus, shear modulus, and bulk modulus are parameters of mechanical
properties of the material, which reveal the stiffness, shear resistance, and resistance of
volume change, respectively. To study the mechanical properties of the CONH,-CNT/NBR
composite and PCNT/NBR composite at different temperatures, the reinforcement dif-
ferences at five different temperatures of —20 °C, 20 °C, 60 °C, 100 °C, and 140 °C were
compared and analyzed with the strain constant method by MD simulations. To obtain
the mechanical properties of the NBR model, stretching operations were performed using
MDs simulations. The tensile process was conducted with the uniform change of the shape
of the simulation box during the MDs simulations, after applying a pressure, mechanical
properties can be calculated using the virial formula. The calculation results are shown in
Figure 2.
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Figure 2. Mechanical properties of composites. (a) Young’s modulus, (b) shear modulus,
(c) bulk modulus.

Due to the anisotropy of the composites, Young’s modulus value takes the average
value in the X, Y, and Z directions. As shown in Figure 2, under different condition temper-
atures of —20 °C, 20 °C, 60 °C, 100 °C, and 140 °C, the Young’s modulus of PCNT/NBR
composite was 4.78, 3.64, 3.61, 3.50, and 3.25 Gpa, respectively. In addition, the Young’s
modulus of the CONH,-CNT/NBR material at the same temperature was 5.02, 4.63, 4.54,
3.88, and 3.60 Gpa, respectively. The result showed that, compared with PCNT/NBR
material, the Young’s modulus of CONH,—CNT/NBR composite at different temperatures
increased by 5.02%, 27.2%, 25.8%, 10.86%, and 10.77%, respectively, higher stiffness of
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the composite was obtained. Under the same temperature conditions as above, the shear
modulus of PCNT/NBR composite was 1.60, 1.50, 1.35, 1.29, and 1.26 Gpa, respectively,
while that of the CONH,-CNT/NBR composite was 1.93, 1.78, 1.70, 1.51, and 1.35 Gpa,
respectively. The shear modulus of CONH,—CNT/NBR composite at the same temperature
has increased by 20.63%, 18.67%, 25.93%, 17.05%, and 7.14%, respectively, an obvious shear
resistance had been achieved. Moreover, the bulk modulus of NBR composite enhanced
with PCNT/NBR were 3.85, 3.72, 3.38, 2.72, and 2.50 GPa, in the case of CONH,-CNT,
they were 4.42, 4.16, 3.55, 3.02, and 2.68 GPa. Compared with the bulk modulus of the
PCNT/NBR composite, the bulk modulus of the CONH,—CNT/NBR composite increased
by 14.81%, 11.83%, 5.03%, 11.03%, and 7.20%, respectively, leading to a better resistance of
volume change.

In summary, the functionalization of CNT is beneficial to improve the mechanical
properties of NBR composites, including strength and stiffness [13,14], and the mechanical
properties of the CONH,-CNT/NBR composite are better than that of PCNT/NBR at the
same temperature. This superiority exists in both the high and low temperature ranges.

3.2. Fractional Free Volumes of the Composites at Different Temperatures

FFV, which reflects the tightness and compatibility for polymer nanocomposites, was
calculated to investigate the tightness and compatibility of CNTs and NBR; the lower the
FFV was, the higher the tightness and the better the compatibility of the composite. To
explore the mechanism of mechanical properties’ enhancement of composites, the motion
of molecular chains should be analyzed. For verification of the influence of the above
temperature on the consistency of the composite, the fractional free volume (FFV) of the
PCNT/NBR material and CONH,;-CNT/NBR composite were calculated based on the
NVT molecular dynamics equilibration trajectory file.

As shown in Figure 3, as the temperature increases, the fractional free volume values
of PCNT/NBR composites were 14.92%, 15.72%, 16.10%, 17.73%, and 19.59%, respectively,
and in the case of CONH,-CNT/NBR, 14.66%, 15.21%, 15.51%, 17.21%, and 18.41%, respec-
tively. The material becomes loose with the temperature increase. Meanwhile, at the same
temperature, the fractional free volume of the functionalized composite was lower than
that of the PCNT/NBR material.

0.20 -
PCNT/NBR

—e— CONH,-CNT/NBR

0.19 4

0.18 /
0.174
0.164

0.14

Fractional free volume

-20C 20C 60°C 100°C 140°C
Temperature (°C )

Figure 3. Fractional free volumes of composites during MD simulations.

The functionalization of CNT is beneficial to inhibit the influence of temperature on
the FFV of the NBR matrix from the analysis results, which can further compress the free
movement space of the NBR molecular chain [15]. This is due to the higher interface
adsorption capability of CONH,—CNT/NBR composite. Therefore, more NBR molecular
chains are adsorbed on the surface of functionalized CNT, thereby forming a more stable
NBR matrix and further inhibiting the decrease of mechanical properties.

3.3. MSDs of the Composites at Different Temperatures

For further evidence that the functionalization of CNT may further restrict the molec-
ular chains from moving, the MSD of the PCNT/NBR material and CONH,—CNT/NBR
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composite at five different temperatures including —20 °C, 20 °C, 60 °C, 100 °C, and 140 °C
was calculated based on the NPT molecular dynamics equilibration trajectory. The mean
square displacement (MSD) of the PCNT/NBR material and CONH,-CNT/NBR compos-
ite are shown in Figure 4. It can be seen that the average mean square displacement values
of the NBR molecular chains of the PCNT/NBR composite at different temperatures were
1.80, 1.72, 3.48, 6.96, and 10.42 A2, respectively, while the MSD of the CONH;—CNT/NBR
molecular chains were 1.48, 2.36, 3.49, 5.67, and 7.72 A2, respectively. As the temperature in-
creased, the MSD of both of the composites increased, and by comparing them, the average
mean square displacement value of the PCNT/NBR molecular chain was slightly lower
than that of the CONH,—CNT/NBR one. The main reason for this result is the acceleration
of molecular motion at high temperatures. However, due to the existence of hydrogen
bonds in the CONH,—-CNT/NBR composite, the molecular motion is restricted. MSDs of
NBR composites are decreased by the addition of the functionalized CNTs at each tempera-
ture. Consequently, a smaller free space and more stable structure of the composites are
obtained. It can be concluded that better dispersibility [16], stability, and stronger interfacial
interactions are formed between the CONH,—CNT/NBR matrices than PCNT/NBR at
each temperature, which renders the structure of NBR composites denser and hinders the
movement of NBR chains. The above conclusions can be confined that at high temperatures,
hydrogen bonds play a positive role in the stability of the composite [17].

— -20°C

16 — -20°C g

200 300 400 500 0 100 200 300 400 500
Time (ps) Time (ps)

(a) (b)

Figure 4. MSDs curves of NBR chains during MD simulations. (a) PCNT/NBR composite,
(b) CONH,—-CNT/NBR composite.

3.4. Simulation of the Pull-Out Behavior and Interfacial Binding Energy of the Composites in
Different Temperatures

To explore the inherent mechanisms of various amido—amine functionalized CNTs
on the mechanical properties of NBR composites at different temperatures, the variation
of interfacial binding energies between the functionalized CNTs and NBR matrices with
the increase temperature were compared and analyzed by pulling out simulation. Five
different temperature parameters were again set at —20 °C, 20 °C, 60 °C, 100 °C, and 140 °C,
for CNT to perform a molecular dynamics simulation of pulling out from the NBR matrix.
Therefore, after the optimal molecular configuration of the composite is obtained, the initial
speed of PCNT and CONH,-CNT in the horizontal direction was 15 A /ps, which allows
the reinforcing material to slide relatively through the NBR matrix, and this was performed
at different temperatures, respectively. They were continuously pulled out from the NBR
matrix. It should be pointed out that in the molecular dynamics simulation process, the
NVE ensemble is used to maintain the conservation of total energy [18]. The sliding distance
and speed changes of PCNT and CONH,-CNT are calculated and recorded respectively.
Snapshots of PCNT and CONH,—-CNT pullout simulations at different temperatures are
shown in Figure 5: as the temperature increases, the interface effect gradually weakens.
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Pulling out direction

Pulling out direction

(b)

Figure 5. Sketch of pull-out structure. (a) Before pulling out, (b) after pulling out.

To further reveal the microscopic mechanism of the difference in the interface interac-
tion between PCNT and CONH,-CNT and the rubber matrix, the changing trend of the
interfacial binding energy between PCNT and CONH,-CNT and the NBR matrix during
the pull-out simulation process was calculated and extracted. As shown in Figure 6, at
different temperatures, the average interfacial binding energie between CNT and the rubber
matrix before pulling-out was —201.30, —196.50, —189.10, —173.07 and —170.20 kcal/mol,
respectively. The average interfacial binding energy between CONH,—CNT and the rub-
ber matrix was —259.50, —269.41, —279.72, —303.21, —311.92 kcal /mol, respectively. The
CNT functional group also played a certain role in the pull—out simulation, and CONH,-
CNT hindered the polymer chains from moving, the effect was more obvious at high
temperatures [19].

0

.50_
=307 100

-150 1
-100+

Interaction binding energy (kcal/mol)

Interaction binding Energy (kcal/mol)

-2004

——-20°C o e

-150- 20°C 250 o
60°C ——60°C
——100°C -300+ 100°C
——— 140° —— 140°C

~2001 . ; 0 -350 . . . :

0 1 2 3 4 0 2 4 6 8

Time (ps) Time (ps)
(a) (b)

Figure 6. Variations of the interfacial potential energy between the CNT and NBR matrices during
the pull-out process. (a) PCNT/NBR composite, (b) CONH,;-CNT/NBR composite.

As shown in Figure 7, the sliding velocities of the CNT during the pull-out process
decreased after the functionalization of CNT in each temperature, which also revealed a
grow of the resistance. Therefore, through the above discussion of the interfacial binding
energy, it can be concluded that as the temperature increases, the interfacial binding energy
between PCNT and NBR decreased to a lower degree and that between PCNT and CONH,-
CNT growed, so due to the bridging effect during the crack propagation process, delaying
crack growth was inhibited to increase the service life of rubber, CONH;—CNT has a more
obvious effect than PCNT both at low and high temperatures [20].

To explore the inherent mechanisms of CNT reinforcement on the mechanical prop-
erties of NBR, the contribution of nonbonding energy terms to the interfacial binding
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energy was calculated. As shown in Tables 1 and 2, according to the comparison of the
two kinds of composites, electrostatic force played a more important role in the CONH,—
CNT/NBR composite than in the PCNT/NBR composite. Meanwhile, with the temperature
increasing, the portion of electrostatic force in the interfacial binding energy increased.
This phenomenon is supposed to be attributed to the hydrogen bond interaction between
CONH,-CNT and NBR, thus making CONH,-CNT/NBR composites have higher resis-
tance to external forces.

15.0 —-20°C
——-20°C 20°C
20°C P
14.5 1 — 60°C 100°C
—100°C —— 140°C
—~ \ I o = 12 4
é‘ 14.04 140°C %“
135 -
g ‘ 2 Ny
2 S~— “ 94 Y
A Vo
12.51
6 T T T T T
120 0 1 ’ 3 4 0 2 4 6 8 10
Time (ps) Time (ps)
(a) (b)
Figure 7. The variations of the sliding velocities of the CNT during the pull-out process.
(a) PCNT/NBR composite, (b) CONH,;-CNT/NBR composite.
Table 1. Contribution of nonbonding energy terms to interfacial binding energy in CONH,—
CNT/NBR composite.
Temperature Ui ter (kcal/mol) U,lec Portion of Ugje. Upaw Portion of Uygw
—-20°C —201.30 —9.63 4.79% —191.67 95.21%
20 °C —196.50 —-11.24 5.72% —185.27 94.28%
60 °C —189.10 —2.51 1.33% —186.58 98.67%
100 °C —173.07 —8.75 5.05% —164.32 94.95%
140 °C —170.20 —3.90 2.29% —166.29 97.71%
Table 2. Contribution of nonbonding energy terms to the interfacial binding energy in
PCNT/NBR composite.
Temperature Ui uter (kcal/mol) Uelec Portion of Ugje. Uyaw Portion of Uygqw
—-20°C —259.50 —66.57 25.65% —192.93 74.35%
20 °C —269.41 —68.90 25.58% —200.50 74.42%
60 °C —279.72 —90.28 32.27% —189.44 67.73%
100 °C —303.21 —98.92 32.62% —204.29 67.38%
140 °C —311.92 —113.01 36.23% —198.91 63.77%

3.5. The Number of Hydrogen Bonds at Different Temperatures

For further verification of the conjecture in 3.4, the influence of different temperatures
in the equilibration trajectory of NVT molecular dynamics on the change of the number
of hydrogen bonds between the CONH,;—CNT and NBR matrix was also calculated. As
shown in Figure 8, in the range of —20-140 °C, the average NHB of CONH,-CNT/NBR
composite was 13, 14, 14, 17, and 18, respectively. The results show that with the increase
of temperature, the NHB of the CONH,—CNT/NBR composite grows, which further
contributes to the restriction of the motion of molecular chains, and the better performance
than the PCNT/NBR material. The hydrogen bonds formed by the functionalization of
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CNT has played a more—and—more important role in the optimization of the composite
as temperature increases. Since chemical bonds contribute to further enhancement of the
material, other modification methods such as cross-linking of the NBR by amino may be
taken into account and compared in subsequent research.

o ¢

20

Number of hydrogen bonds
)

-20°C  20°C  60°C 100°C 140°C
Temperature (°C)

(a) (b)

Figure 8. NHB between the CONH;,-CNTs and NBR matrices (a) Variations of NHB, (b) snapshot
of NHB.

3.6. Dipole Autocorrelation Function of Composites at Different Temperatures

Based on the micromechanics, the overall performances of the composite at the
nanoscale at different temperatures are relative to the characteristics of the matrix, modifi-
cation of CNT, and their interfaces. To explore the variation of the interfacial interaction
mechanism at each temperature, the dipole autocorrelation function (DACF) of CNTs and
were determined, and that of the composites at different temperatures in the molecular
dynamics equilibration trajectory of NVT was calculated. Taking 20 °C for example, it is
indicated that stronger dipole—dipole interactions are formed in the CONH,—CNT/NBR
composite than that in the PCNT/NBR composite, which greatly limits the motions of
polymer chains in the CONH,-CNT/matrix. Meanwhile, the fluctuation amplitudes of
DACEFs reveal the vibration behavior of the polymer, as shown in Figure 9a, and the value of
DACEF at each temperature remains consistent, making the functionalized NBR more stable
in the matrix, reducing agglomeration, and it has better dispersibility in the matrix than the
PCNT/NBR composite [17]. With the increase of temperature, dipole—dipole interactions
from—CONH; polar amide functional groups, hydrogen bonding interactions between
amide groups on the surface of CNTs and polar nitrile groups of NBR matrices, and interfa-
cial interactions between the CONH;-CNT and NBR matrix, remain relatively consistent,
making the composite obtain a higher resistance to external forces at each temperature.

1.2 s =
N T —r—p—T—y — CONH,-CNT/NBR PCNT/NBR
o~ ]
0.9 ~ 20 0.8+
" \\/ \\\7‘IH/\#
[ 5 0.6
206 3
a A 0.4
0.2 4
0.3 1
0.0 4
0.0 -0.2 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (ps) Time (ps)

(@) (b)

Figure 9. The DACFs of the composites. (a) Variation of DACFs of CONH,—-CNT/NBR at different
temperatures, (b) comparison between CONH,—CNT/NBR and PCNT/NBR at 20 °C.
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4. Conclusions

MDs simulations were performed at different temperatures to study the mechanical
properties of PCNT-/NBR and CONH,—CNT/NBR composites, and the mechanisms
according to their FFVs, MSDs DACFs, and NHS. Conclusions are drawn as below:

(1) Five different temperatures and two different models, including pristine carbon nan-
otubes and functionalized carbon nanotubes with polar functional group, CONH,,
were used to study the properties of the composite in different temperatures. Com-
paring the results of the mechanical properties of the PCNT/NBR composite and the
CONH,-CNT/NBR material with different temperatures, the results show that the
Young’s modulus, shear modulus, and bulk modulus of the two materials are reduced,
but the CONH,—CNT/NBR composite performs better at each temperature with an
improvement of the modulus by 5.02-25.93%.

(2) The functionalization of CNT is beneficial to inhibit the influence of temperature on
the FFV of the NBR matrix, it can further compress the free movement space of the
NBR molecular chain in high temperatures. Therefore, more NBR molecular chains
are adsorbed on the surface of functionalized CNT, the molecular motion is restricted.
MSDs of the NBR composite are clearly decreased by the addition of the functionalized
CNTs, thereby forming a more stable NBR matrix and further inhibiting the decrease
of mechanical properties in high temperatures.

(3) Interfacial binding energy is the fundamental reason for the enhancement of CNT on
NBR. According to the comparison between the pull-out behaviors of two kinds of
composite, electrostatic force played a more important role in the CONH,-CNT/NBR
composite than in the PCNT/NBR composite, especially in high temperatures. This is
attributed to the hydrogen bond interaction between CONH,—CNT and NBR which
was increased as the temperature increased, having a bridging effect during the crack
propagation process. Meanwhile, the value of DACF at each temperature remains
consistent, making the functionalized NBR more stable in the matrix at both low and
high temperatures, reducing agglomeration, and it has better dispersibility in the
matrix than PCNT/NBR composite.
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