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ABSTRACT 

 
In this study, we investigates the interfacial properties 

nanoreinforced polymer composites by simulating a 
nanotube pull-out experiment. An atomistic description of 
the problem is achieved by implementing constitutive 
relations that are derived solely from interatomic potentials. 
Specifically, we adopt the Lennard-Jones (LJ) interatomic 
potential to simulate a non-bonded interface, where only the 
van der Waals (vdW) interactions between the CNT and 
surrounding polymer matrix are assumed to exist. The 
effects of CNT embedded length, the number of vdW 
interactions, the thickness of the interface on the interfacial 
shear strength (ISS) are investigated and discussed.  
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1 INTRODUCTION 
 
The mechanical properties of a composite material are 

governed by the characteristics of the reinforcing filler-
polymer matrix interface. The interface is largely 
responsible for stress transfer from the surrounding matrix 
to the reinforcement. As such, the extremely high aspect 
ratios of CNTs lend themselves to greatly improve the 
transferability of load at the interface, when compared with 
conventional microfibers. However, the degree of 
interfacial adhesion between the nanotubes and polymer 
also becomes a key parameter affecting the physical 
properties of the nano-reinforced composite. The carbon 
atoms on CNT walls are chemically stable because of the 
aromatic nature of the bonding. As a result, the reinforcing 
CNTs interact with the surrounding polymer matrix mainly 
through weak van der Waals interactions [1]. Experimental 
measurements of the interfacial properties of CNT polymer 
composites are severely hindered by the length-scale 
involved when using CNTs. An effective way of 
quantifying such properties is through the use of 
computational modeling techniques. This paper expands on 
the existing literature of CNT polymer interfaces and 
describes the development of a multiscale computational 
model used to investigate the interfacial properties of non-
bonded CNT polymer systems.  

 
 
 
 

2 NUMERICAL APPROACH 
 
To investigate the interfacial properties of a CNT-

polymer composite system a pull-out test of the nanotube is 
simulated. The problem is formulated using a representative 
volume element which consists of the reinforcing CNT, the 
surrounding polymer matrix, and the CNT/polymer. The 
atomistic-based continuum (ABC) multiscale modeling 
technique is used to model the CNT. The approach adopted 
here extends the earlier work of Wernik and Meguid [2].  

The CNT is modeled as a space-frame structure as 
depicted in Fig. 1. One distinct CNT structure is 
investigated: the (16,0) zigzag nanotube having an 
approximate diameter of 1.2 nm. In the space-frame model, 
each beam element corresponds to an individual chemical 
bond in the CNT. As in traditional FE models, nodes are 
used to connect the beam elements to form the CNT 
structure. In this case, the nodes represent the carbon atoms 
and their positions are defined by the same atomic 
coordinates. Consequently, the terms node and atom are 
used interchangeably throughout this paper. We adopt the 
Modified Morse potential with an added angle-bending 
potential to describe the atomic interactions in the CNT. This 
potential is given by: 
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where ro is the initial bond length, θo is the initial angle 
between adjacent bonds, De is the dissociation energy, β is a 
constant which controls the ‘width’ of the potential, and kθ 
and ksextic are the angle-bending force constants. Nonlinear 
rotational spring elements are used to account for the angle-
bending component, while beam elements are used to 
represent the stretching component of the potential. 

The Lennard-Jones interatomic potential is used to 
describe the vdWs interactions at the CNT/polymer interface. 
The LJ potential is defined as 
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Figure 1: Carbon nanotube geometrical space frame 
structure. 

where µ  is the potential well depth, ψ  is the hard sphere 
radius of the atom or the distance at which ELJ is zero, and r 
is the distance between the two atoms. In this study, we 
investigate the non-bonded interactions between the carbon 
atoms in the CNT and the atoms in the polymer. 
Differentiating the potential with respect to the separation 
distance, we arrive at an expression for the vdW force 
between two interacting atoms 
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This expression is used to determine the magnitude of the 
force in each interaction, which depends solely on the 
separation distance between the atoms and the type of 
atoms considered. Each carbon atom in the CNT is 
involved in an enormous number of vdW interactions with 
the atoms in its surroundings. Therefore, to avoid excessive 
computational costs, no additional finite elements are 
included in the interface description, as was done in our 
earlier work where each interaction was represented by its 
individual finite element. Alternatively, the cumulative 
effect of the vdW interactions acting on each CNT atom is 
applied as a resultant force on the respective node which is 
then resolved into its three Cartesian components. This 
process is depicted in Fig. 2. During each iteration of the 
pull-out process, the above expression is re-evaluated for 
each vdW interaction and the cumulative resultant force 
and its three Cartesian components are updated to 
correspond to the latest pull-out configuration.  
 

 

Figure 2: The process of nodal vdW force application. (a) 
vdW interactions on an individual CNT atom, (b) the 

cumulative resultant vdW force, and (c) the cumulative vdW 
Cartesian components. 

In the present study, we consider a specific two-
component epoxy system. The polymer atoms involved in 
the vdW interactions at the interface are modeled as are 

randomly distributed throughout a constant volume 
surrounding the CNT. We feel that this approach provides a 
realistic depiction of the polymer and allow for us to predict 
the ISS for a specific CNT polymer system. We consider 
the vdW interactions between the nanotube and the inner 
surface of the polymer matrix as well as those which extend 
further into the immediate surrounding matrix. The 
representative nodes of the polymer are fully constrained 
and primarily serve to provide the coordinates of the 
polymer atoms involved in the vdW force evaluation 
procedure described above. The nodes in the CNT are 
constrained from any radial displacements and an 
incremental axial displacement boundary condition is 
applied to the top CNT nodes to initiate the pull-out 
process.  

 
3 RESULTS AND DISCUSSION 

 
The present study uses a representative volume element 

to investigate the interfacial properties of the CNT polymer 
composite system. The force required to withdraw the CNT 
from the matrix is evaluated over the course of the pull-out 
process by summing the reaction forces at the upper CNT 
nodes. The corresponding ISS can then be calculated by 
dividing the maximum pull-out force by the initial interfacial 
area, A = πdl, where d and l are the diameter and length of 
the embedded nanotube, respectively. 

Figure 3 shows simulated pull-out profiles for 
nanotubes of three different lengths; 3.3 nm, 6.6 nm, and 
12.8 nm with an interfacial thickness of 0.34 nm. At first 
glance one may conclude that the maximum pull-out force 
increases with embedded CNT length, particularly when 
comparing the 6.6 and 12.8 nm profiles. However, the 
additional sharp peaks evident in the 12.8 nm profile are 
due to the random distribution of nodes in the polymer 
representation. If a uniform distribution of nodes were 
adopted the profiles would exhibit a smoother and more 
consistent plateau regime. Therefore, it can be infered that 
the maximum pull-out force remains relatively unchanged 
for CNTs of different lengths.  

 

Figure 3: Pull-out profiles for CNTs with different 
embedded lengths. 
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Given that the maximum pull-out force is not affected 
by the CNT length, it is possible to examine its influence on 
the ISS simply by dividing the maximum force by the 
interfacial area for varied CNT lengths. The ISS of the CNT 
polymer composite system exhibits a decaying length 
dependence similar to traditional fiber composites. This 
result allows one to extrapolate ISS values for CNTs of 
longer lengths that are too large to model due to the number 
of degrees of freedom involved. For example, if we were to 
consider an embedded CNT length of 100 nm the results 
predict an ISS of 1.45 MPa for the corresponding CNT 
polymer composite system. 

A number of approaches have been considered to 
account for the interfacial properties of CNT polymer 
composites. These depend on the type of bonding, type of 
polymer matrix, and load transfer mechanisms considered. 
Hence, the interfacial thickness has not yet been 
unambiguously defined. Several different values have been 
used in both atomistic and continuum simulations. Hu et al 
[3]. simulated the helical wrapping of one polystyrene chain 
around a CNT considering only van der Waals interactions 
via molecular dynamics. The equilibrium distance between 
the hydrogen atoms in the polymer and carbon atoms in the 
nanotube ranged from 0.2851 to 0.5445 nm. However, only 
one polymer chain was considered, while in practical cases 
there may be other chains which also wrap around the 
nanotube. In comparison, Li and Chou [4] studied the 
compressive behavior of CNT/polymer composites and 
assumed that the inside surface of the polymer matrix was 
located at the same position as the outside surface of the 
nanotube, giving an interfacial thickness equal to 0.17 nm 
or half the thickness of the nanotube itself. Given the above 
variance, it is worthwhile to investigate the effect of 
different interfacial thicknesses on the ISS of the CNT 
polymer composite system. 

Figure 4 shows the predicted ISS for the two-component 
epoxy system over an interfacial thickness range of 0.30 to 
0.46 nm for a CNT of 3.30 nm in length. An immediate 
observation is that the ISS increases with decreasing 
interfacial thickness. The present analysis adopts a constant 
computational volume that extends a radial distance of 1.0 
nm from the wall of the CNT. As the interfacial thickness is 
decreased, a larger number of polymer atoms are included 
in the computational cell which increases the number of 
vdW interactions occurring over the interface and the 
subsequent ISS. 

 

 

Figure 4: Effect of interface thickness on the ISS. 

4 CONCLUSIONS 
 
A nanotube pull-out test has been simulated using the 

ABC multiscale modeling technique to investigate the 
interfacial properties of CNT polymer composites. Only 
vdW interactions were considered between the atoms in the 
CNT and the polymer implying a non-bonded system. The 
vdW interactions were simulated using the LJ potential, 
while the CNT was described using the Modified Morse 
potential. The results reveal that the ISS shows a linear 
dependence on the vdW interaction density and decays 
significantly with increasing nanotube embedded length. 
The thickness of the interface was also varied  and our 
results reveal that lower interfacial thicknesses favor higher 
ISS. These findings have a direct bearing on the design and 
fabrication of carbon nanotube reinforced epoxy 
composites. 
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