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Abstract 

In this work, we investigate the interfacial mechanical characteristics of carbon nanotube (CNT) 

reinforced epoxy composite using molecular dynamics (MD) simulations. The MD simulations 

were carried out by developing two pull-out models; namely, the displacement-load model and 

the velocity-load model. The second-generation force field – polymer consistent force field 

(PCFF) – is used in the current MD simulations. The effects of various parameters, such as 

epoxy density, length and diameter of a CNT, the CNT-epoxy interfacial thickness, LJ cut-off 

distance and capping conditions of a CNT on the interfacial mechanical characteristics have also 

been investigated and discussed. The results from the present pull-out model, which are validated 

with earlier studies, reveal that (i) the interfacial shear strength (ISS) of the CNT-reinforced 

epoxy composite is improved with the increase in the epoxy density, (ii) the ISS of the CNT-

reinforced epoxy composite decreases with the increase in the values of length and diameter of a 

CNT, and the thickness of CNT-epoxy matrix interface, (iii) the LJ cut-off distance has marginal 

effect on the ISS and the pull-out force of CNT, and (iv) incorporation of an end cap in the 

simulations results high initial pull-out peaks, which well correlate with the experimental 

findings.  
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1. Introduction  

In view of their superior mechanical, thermal and electrical properties [1-5], CNTs have emerged 

as the ideal reinforcements for multifarious applications in advanced nanocomposites [6-8].  It is 

a well-known fact that the load transfer between a CNT and the matrix plays an important role in 

the mechanical properties of the resulting nanocomposite. It is a complex process that depends 

largely on the interfacial bonding between the CNT reinforcement and the surrounding matrix. 

Fiber pull-out tests have been recognized as the standard method for evaluating the interfacial 

characteristics of composite materials. For example, the pull-out experiments of individual CNTs 

from the polymer matrix have been carried out by Cooper et al. [9] to evaluate the ISS of the 

resulting composite system. Kovalchuk et al. [10] studied the effect of functionalization of CNTs 

on the structural and mechanical properties of CNT reinforced polypropylene composites. They 

reported that better dispersion of CNTs within the polymer matrix can be achieved with covalent 

interactions between them. Their results also show that functionalization of CNTs leads to 

markedly improved plasticity and tensile modulus of the CNT polypropylene composite. 

Frankland et al. [11] investigated the influence of chemical cross-links on the shear strength of 

CNT reinforced polymer interfaces by using MD simulations. They concluded that the chemical 

functionalization of a CNT surface improves its interfacial adhesion with the surrounding 

polymer. Lachman and Wagner [12] studied the effect of the molecular nature of the 

nanoreinforced epoxy interface on the mechanical properties of the resulting composite and 

found that its toughness increases with the interfacial adhesion. Zheng et al. [13, 14] investigated 

the influences of sidewall modification and chemical functionalization of CNTs on the interfacial 

bonding characteristics of CNT-reinforced polymer composites using the molecular mechanics. 

Their results indicate that the appropriate functionalization of CNTs at low densities of 

functionalized carbon atoms drastically increase the interfacial bonding and shear stress between 

CNTs and the polymer matrix. Meguid and coworkers [15-17] investigated the effective elastic 

and interfacial properties of CNT-reinforced composites by using atomistic-based continuum 

(ABC) model. Their results show that the length, volume fraction, orientation and aspect ratio of 

the representative CNTs have significant effects on the elastic and interfacial properties of CNT-

reinforced composites. They also reported that the ISS depends on the van der Waals (vdW) 

interaction density and decays significantly with the increase in the embedded CNT length in the 

polymer matrix. Li et al. [18] carried out a series of pull-out simulations of CNT to investigate 



  

 
 

the interfacial properties between CNT and polymer matrix for two-phase CNT-polymer 

nanocomposites with only consideration of vdW interaction. A shear-lag model has been 

proposed by Ang and Ahmed [19] for assessing the interfacial characteristics of CNT-reinforced 

polymer matrix composites. Instead of considering any possible chemical bonding at the CNT-

matrix interface, their study focuses on stress transferring mechanism of CNT arising from the 

combined effects of mechanical interlocking, Poisson’s contraction, thermal mismatch and vdW 

interactions. Spanos et al. [20] developed a micromechanical hybrid finite element approach to 

study the stress transfer in CNT-reinforced composites. In their study, the interfacial effects 

between the two materials were simulated by appropriate stiffness variations defining a 

heterogeneous region. Chen et al. [21] presented an in situ electron microscopy nanomechanical 

study of the non-covalent vdW interfaces between individual CNTs and epoxy resins in 

conjunction with atomistic simulations.  

 Evidently, a number of analytical and experimental studies have been carried out by 

researchers to study the complexities of interfacial characteristics of CNT reinforced polymer 

composites. However, the correlations between these results are often difficult to evaluate and 

assess due to (i) the significant variation in the properties of the constituent phases, processing 

techniques and procedures, (ii) major differences in the adopted simulation techniques, and (iii) 

the way the pull-out problem is formulated and modeled in the numerical investigations. Some 

conclusions that are drawn from experimental studies have not been observed in numerical and 

analytical simulations. Specifically, experimental results exhibit high pull-out forces at the initial 

stage of a pull-out process. This is immediately followed by a sudden decay in the force until a 

CNT has fully been withdrawn from the polymer. On the contrary, the pull-out forces predicted 

by numerical simulations seem to increase up to a relatively fixed value until the last stages of a 

pull-out process. Therefore, several fundamental differences between experimental and 

numerical studies are worthy of investigation. In particular, little attention has been placed on the 

study of bonded interfaces and the effect of CNT diameter on the ISS. It is expected that if the 

polymer matrix fully embodies the embedded CNT, the additional vdW interactions at the base 

will serve to increase the initial pull-out force. It is therefore necessary to re-examine the bonded 

and non-bonded vdW mechanisms of CNT-reinforced composite and the key governing 

parameters to identify potential processing techniques that can be implemented in order to 

improve its ISS. Experimental measurements of the interfacial properties of CNT-polymer 



  

 
 

composites are severely hindered by the length-scale involved in using CNTs. Therefore, an 

effective way of quantifying such properties is through the use of computational modeling 

techniques. In particular, we intend to investigate the effects of epoxy density, length and 

diameter of CNTs, interfacial thickness, LJ cut-off distance and capping conditions of a CNT on 

the ISS of the CNT-reinforced epoxy composite. For this purpose, we use MD simulations 

accounting for the nonbonded vdW and electrostatic interactions between CNTs and the 

surrounding epoxy matrix by incorporating the second-generation PCFF.  

 

2. Force Fields and MD Simulations 

We have generated the single polymer molecular chain and CNT by using VMD [22] as shown 

in Figs. 1(a) and 1(b). Subsequently, the Packmol software [23] is utilized to create a targeted 

molecular model for MD simulations as shown in Figs. 1(c) and 1(d). Figure 1 (c) and 1 (d) show 

the respective front and lateral views of the computational model of the CNT-reinforced 

composite. Large-Scale Atomic Molecular Massively Parallel Simulator (LAMMPS) [24] was 

then used to perform all MD simulations, and post processing of the simulations was performed 

using VMD. The second-generation PCFF [25] developed by Accelrys is used in the present 

study to model the interactions of atoms in the CNTs, the polymer and the CNT-polymer 

interface. The analytic forms (Epot) of the energy expressions used in the PCFF are given below: 

 dihedralpot bond angle vdWaals CoulombE E E E E E       (1) 

In the following we outline the details of the above equations. The PCFF bond description shown 

in Fig. 2 (a) obeys the following potential:  
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The PCFF angle description shown in Fig. 2 (b) uses the following potential: 
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while the PCFF dihedral effect shown in Fig. 2 (c) is described by the following potential: 
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The van der Waals interaction potential shown in Fig. 2 (d) uses the standard 6-9 LJ potential, 

as given by 
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Finally, the Coulombic interaction uses the following potential:   
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(15)  

where q is the atomic charge,  is the dielectric constant, and rij is the i-j atomic separation 

distance, b and b′ are the lengths of two adjacent bonds, θ is the two-bond angle, is the dihedral 

torsion angle, and χ is the out-of-plane angle. b0, ki  (i = 2, 3, 4), 0, Hi  (i = 2, 3, 4), i
0
, Vi (i = 1, 2, 

3), Fbb', b0', F', 'Fb, Fb, Fi (i = 1, 2, 3), F, K', Aij, Bij are fitted parameters from quantum 

mechanics calculations [26]. The values of different hydrocarbon and potential parameters 

appeared in the above equations are given in Tables 1–3. 

 A diglycidyl ether of bisphenol A (DGEBA) epoxy resin with triethylene tetramine 

(TETA) curing agent was used to create the current molecular models of cured epoxy (see Figs. 

1 (c) and 1 (d)). In MD simulations, periodic boundary condition is applied in the x–y plane and 

the free boundary condition is assigned to the z-direction. Time steps were selected as 5.0 fs for 

all MD simulations. During the simulations, an axial displacement is applied to the rigidly 

constrained CNT and the equilibration process is carried out over 25 ps by using a time step of 

0.5 fs in the Hoover style thermostat (NVT) ensemble.  The periodic boundary conditions were 



  

 
 

removed along the axial direction of the CNT and the matrix was constrained during the pull-out 

simulation [18]. The system was then equilibrated for another 25 ps in the isothermal–isobaric 

(NPT) ensemble at 300 K and 1 atm to generate a compressed structure with the correct density 

and residual stresses. This equilibration step resulted in an equilibrated structure with an average 

density of 1.09 g/cm3. At the end, the structure is again equilibrated for 25 ps in the Nose-

Hoover style thermostat (NVT) ensemble at 300 K to obtain an equilibrated structure with 

minimum energy. These steps were repeated again in the subsequent axial displacement 

increments of the CNT. Two types of pull-out tests were carried out; namely, the displacement 

pull-out test and the velocity pull-out test. Several researchers studied the interfacial 

characteristics of CNT-reinforced composite using these tests [13–18, 21, 27–32, 35]. In the 

former test, the polymer matrix is constrained in the pull-out direction (z-direction) and is 

unconstrained in x- and y-directions. In this case, the CNT is pulled out in a series of steps, while 

equilibrating the system in between the steps to minimize its energy level.  In the later test, a 

CNT is pulled out at the uniform velocity of             until it is pulled out completely from 

the epoxy matrix. The pull-out force and the average ISS were then determined based on the 

work done during the pull-out test.  

 

2.1 Model Validation: Comparisons with Existing MD Results 

It is important at this stage to validate the molecular dynamics simulations. The predictions of 

the present MD simulations are compared against the pull-out results predicted by Li et al. [33]. 

Figure 3 depicts this comparison and it is observed that the results predicted herein by using the 

PCFF agree well with those predicted by Li et al. [33] using Condensed-Phase Optimized 

Molecular Potentials for Atomistic Simulation Studies force fields, known as COMPASS. On the 

other hand, significant differences are observed when using CVFF. This is attributed to the 

differences that exist between the different generations of force fields and the associated 

accuracy of representation of the interatomic representation. Therefore, PCFF has been used in 

the MD simulations of nanocomposite systems by several researchers [34-42] and some of their 

results are found to be in good agreement with experimental findings. 

In the existing pull-out studies, mainely two types models are emplyed to investigate the 

interfacial charactersitics of CNT-reinforced polymer composites: the displacement pull-out 

model [13, 14, 18, 21, 33] using the molecular mechanics approach and the velocity pull-out 



  

 
 

model [15–17] using ABC model. In the present work, we adopt MD simulation technique that 

incorporates the effect of temperature to perform the displacement and velocity pull-out tests. 

Subesequentely, a comparision has been made between the results predicted by these two tests. 

The total work done (w) by the pull-out force 
pullF  is equal to the total vdW pairwise 

energychange (
intE ) of a nanocomposite system for the specific distance pull-out displacement 

( x ), such that, 

 
int

0
( )

x

pullE F x dx


     (15) 

Figure 4 illustrates these comparisons and it may be observed that the two sets of results are in 

excellent agreement. Accordingly, all subsequent MD simulations were carried out using the 

velocity pull-out model incorporating the PCFF. Figure 5 shows the pull-out forces and the vdW 

interaction energy during the pull-out process. It can be observed that the slope of vdW energy 

results well matches with that of the maximum value of the corresponding pull-out force 

implying the validation of the adopted approach.  

The present work was further extended to validate the results predicted by the velocity pull-

out model against those of the pull-out study of Zheng et al. [13]. For the comparison purpose, 

the average ISS has been estimated in terms of the change of the total energy [43]; as follows: 

 2

cnt i eE r L     (17) 

where E  denotes the difference in total energy of the CNT-reinforced epoxy nanocomposite 

system during the CNT pull-out process, rcnt denotes the CNT radius, Le is the embedded CNT 

length, and i denotes the ISS. Referring to Fig. 3 and using Eq. (16), the calculated ISS for the 

present two-component epoxy system is 40.68 MPa. In comparison, Zheng et al. [13] predicted 

the non-bonded ISS ~33 MPa for a CNT of 5.9 nm in length embedded in the polyethylene 

matrix via MD simulations. These results are comparable, and any discrepancies can be 

attributed to differences in the CNT diameter, CNT length and polymer systems under 

consideration. 

 

3. Results and Discussion 

In this Section, the effects of various parameters, such as epoxy desity, length and diameter of a 

an embedded CNT, thickness of CNT-epoxy interface, LJ cut-off distance and CNT capping on 



  

 
 

the interfacial mechanical characteristics of the CNT-reinforced epoxy composite are 

investigated.  

 

3.1 Effect of Density of Epoxy 

The density of the surrounding epoxy matrix significantly influences the number of vdW 

interactions between a CNT and the surrounding epoxy matrix. For this purpose, three types of 

epoxies with densities 0.6 g/cm
3
, 1.09 g/cm

3
 and 1.5 g/cm

3
 are considered. For MD simulations, 

a rectangular box of size 5.0 nm × 5.0 nm × 6.641 nm of epoxy matrix is considered in which a 

CNT is embedded at the center. Unless otherwise mentioned, the value of the interfacial 

thickness between a CNT (10, 10) and the epoxy matrix is taken as 0.34 nm [33, 43, 44]. Figure 

6 reveals that the ISS of the CNT-reinforced epoxy composite increases with the increase in the 

value of epoxy density. This is attributed to the fact that the vdW pairwise energy of CNT-epoxy 

interface and the pull-out forces increase with the increase in the epoxy density as illustrated in 

Figs. 7 and 8, respectively. This ultimately leads to the increase in the ISS of the resulting 

composite.  

 

3.2 Effect of CNT Length  

CNT length is a crucial parameter that significantly affects the composite properties. Several 

studies reported that the efficiency of interfacial load transfer in CNT-polymer composites 

significantly depends on the CNT length (see [44] and references therein). Hence, the effect of 

CNT length on the ISS of the CNT-reinforced epoxy composite is of importance to the present 

study. Three discrete values of CNT lengths are considered: 4.4 nm, 6.6 nm and 8.8 nm.  It may 

be observed from Fig. 9 that the pull-out forces are almost the same for all CNT lengths. This is 

due to the fact that the cumulative resultant vdW force is normal to the axis of a CNT and hence 

to the direction of the loading. In comparison, the atoms of a CNT near its end have a component 

of the cumulative force opposing the pull-out force. Therefore, the embedded CNT length has no 

effect on the maximum pull-out force of the nonbonded CNTs interface. 

Therefore, the maximum pull-out forces do not depend upon the length of the CNT. The 

figure also shows some sharp peaks in the pull-out profiles. These peaks are due to the random 

distributions of the atoms in the surrounding epoxy matrix. If the nanocomposite system is 

relaxed for a long time to attain an equilibrated position of the atoms in the epoxy matrix, the 



  

 
 

pull-out profiles would exhibit a smoother and more consistent plateau regime. Furthermore, the 

effects of CNT length on the vdW interaction energy and the ISS of a nanocomposite are 

investigated as depicted in Figs. 10 and 11, respectively. These figures reveal that the vdW 

interaction energy of a nanocomposite system varies linearly with the length of the CNT length, 

while the ISS of the same decays with the increase in the CNT length. 

 
 

3.3 Effect of CNT Diameter                    

In this work, the interfacial properties of the CNT-reinforced epoxy composite have so far been 

restricted to armchair CNT (10, 10) embedded in the epoxy matrix. The variation of the CNT 

diameter for a particular value of an embedded CNT length has been considered in this study. 

For this reason, three types of armchair CNTs are considered: (4, 4), (6, 6) and (10, 10). Keeping 

the length of the CNT constant as being 6.641 nm, the required pull-out forces for CNTs, the 

corresponding vdW interaction energy, and the ISS of the considered nanocomposite have been 

investigated as shown in Figs. 12-14. It may be observed from Fig. 12 that the pull-out forces 

required for a CNT increase with the increase in the CNT diameter. Figure 13 depicts that the 

vdW interaction energy increases linearly with that of the displacement of a CNT. On the other 

hand, the ISS of a nanocomposite decreases with the increase in the CNT diameter. These results 

demonstrate the advantage of using small diameter of CNTs, due to their significantly higher ISS 

values when compared to larger diameter of CNTs. This finding is consistent with the existing 

results reported by Wernik et al. [17]. 

 

3.4 Effect of Interfacial Thickness  

Clearly, the reinforcing effect of the CNTs relies on an adequate load transfer at the CNT–matrix 

interface [21]. In this study, the interface thickness is defined as the separation distance between 

the CNT and the surrounding polymer atoms in the current unbonded (vdW) arrangement. A 

recent study reports that the polymer chains close to the binding interface with CNTs have more 

compact packing, higher orientation, and better mechanical properties compared with the bulk 

polymer [45]. The structure of the epoxy matrix at the vicinity of the CNT surface depends 

largely on the CNT-epoxy interface thickness.  Therefore, an attempt has also been made to 

investigate the effect of the interfacial thickness on the interfacial mechanical characteristics of 

the CNT-reinforced epoxy composite. Different values of interfacial thickness ranging from 0.17 



  

 
 

nm to 0.38 nm have been considered in earlier studies [46-48]. In our work, we varied the 

interfacial thickness from 0.25 nm to 0.45 nm; keeping the CNT length constant (6.64 nm). 

Figures 15 and 16 depict the effect of the interfacial thickness on the pull-out forces and the vdW 

interaction energy of a nanocomposite, respectively. It may be observed from these figures that 

the pull-out forces and the vdW interaction energy increase with the decrease in the interfacial 

thickness. This is attributed to the fact that CNT-epoxy interfacial vdW interactions become 

stronger with the decrease in the interfacial thickness, which eventually increases the cumulative 

resultant vdW force of an interface.  

 

3.4 Effect of Lennard-Jones Cut-Off Distance  

In MD, the LJ interatomic potential has typically been used to simulate vdW interactions, which 

is often truncated to reduce the computational cost. In earlier studies, many researchers 

considered the LJ cut-off distance to be approximately 1.0 nm [13-17, 33]. In order to investigate 

the effect of LJ cut-off distance on the pull-out force, we varied its distance from 0.80 nm to 1.2 

nm for the fixed length of a CNT. Figures 17 and 18 demonstrate the effect of variation of LJ 

cut-off distance on the pull-out forces and the vdW interaction energy, respectively. These 

figures reveal that the LJ cut-off distance has marginal effect on the pull-out forces and the vdW 

interaction energy.  

 

3.5 Effect of CNT Capping  

Our pull-out profiles did not exhibit the initial characteristic peaks which are evident in the 

experimental pull-out profiles. In this Section, we investigate the interfacial mechanical 

characteristics of the CNT-reinforced epoxy composite incorporating the vdW interactions, 

which occur at the base of the embedded CNT caps. For such an investigation, we considered 

armchair (6, 6) CNT of length 6.64 nm embedded in the two-component DGEBA-TETA epoxy 

polymer. The CNT-epoxy interfacial thickness was taken to be 0.34 nm. Four different types of 

capping conditions are considered as shown in Fig. 19. The effect of the different capping 

conditions on the pull-out profiles and the vdW interaction energy during the pull-out process are 

shown in Figs. 20 and 21. These results reveal that capping has a significant effect on the 

interfacial mechanical characteristics of the CNT-reinforced epoxy composite. The most notable 

difference is in the presence of initial peaks in the pull-out profiles for CNTs with polymeric 



  

 
 

end-caps. These peaks arise from the vdW interactions between the CNT and the epoxy at the 

base of the CNT when considering polymeric end-caps. A capped CNT with tight polymeric 

end-cap has a peak pull-out force three times larger than that of the base without the polymeric 

end-cap where neither the CNT cap nor the polymeric end-cap was considered. In addition, a 

capped CNT without polymeric end-cap does not seem to deviate much from the baseline. As 

such, we can conclude that the CNT caps do not significantly affect the magnitude of the pull-out 

forces unless fully surrounded by the matrix such that the additional atoms are given the 

opportunity to participate in these interactions.  Furthermore, it may be observed from Fig. 21 

that the capped CNT has no influence on the vdW interaction energy while the polymeric end-

cap affects such energy. 

 

4. Conclusions 

In the present study, the interfacial mechanical characteristics of the CNT-reinforced epoxy 

composite, such as the ISS, pull-out force of CNT and vdW interaction energy between a CNT 

and the surrounding epoxy matrix, have been investigated using MD simulations. The atomistic 

interactions of the two-phase polymer considered were modeled using the second-generation 

force field - polymer consistent force field (PCFF). The results reveal that the ISS of the CNT-

reinforced epoxy composite increases linearly with the increase in the epoxy density and 

decreases for greater values of length and diameter of CNT. The maximum values of pull-out 

force increases with the increase in the epoxy density, the diameter of CNT and LJ cut-off 

distance, but decreases with the increase in the CNT-epoxy interfacial thickness. On the other 

hand, it is found that the length of CNT does not influence the maximum value of the pull-out 

force. An examination of polymeric and CNT capping conditions revealed that incorporation of 

an end cap in the simulation yields high initial pull-out peaks indicating that capping improves 

the interfacial mechanical properties of CNT-reinforced composites. These findings have a direct 

bearing on the design and fabrication of CNT-reinforced composites.  
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List of Tables 

 

Table 1 Non-bonded LJ parameters 

 kcal/mol Å 
C-C 0.0540000000 4.0100000000 

H-H 0.0200000000 2.9950000000 

O-O 0.2400000000 3.5350000000 

N-N 0.0650000000 4.0700000000 

 

Table 2 Bond parameters 

 r0 (Å) K2 ev/Å
2
 K3 ev/Å

3
 K4 ev/Å

4
 

C-C 1.5300 299.6700 -501.7700 679.8100 

C-H 1.1010 345.0000 -691.8900 844.6000 

C-O 1.4200 400.3954 -835.1951 1313.0142 

C-N 1.4570 365.8052 -699.6368 998.4842 

N-H 1.0060 466.7400 -1073.6018 1251.1056 

 

Table 3 Angle parameters  

 0(degrees) H2 (ev/radian
2
) H3 (ev/radian

3
) H4 (ev/ radian

4
) 

C-C-C 112.6700 39.5160 -7.4430 -9.5583 

C-C-H 110.7700 41.4530 -10.6040 5.1290 

C-C-O 111.2700 54.5381 -8.3642 -13.0838 

C-O-C 104.5000 35.7454 -10.0067 -6.2729 

H-C-H 107.6600 39.6410 -12.9210 -2.4318 

H-C-O 108.7280 58.5446 -10.8088 -12.4006 

O-C-C 111.2700 54.5381 -8.3642 -13.0838 

H-C-N 110.6204 51.3137 -6.7198 -2.6003 

C-C-N 111.9100 60.7147 -13.3366 -13.0785 

C-N-C 112.4436 47.2337 -10.6612 -10.2062 
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Fig. 1 – (a) Molecular model of a single DGEBA-TETA epoxy chain (The hydrogen, carbon, 

oxygen and nitrogen atoms of the epoxy chain are presented by white, grey, red and blue colors, 

respectively.); (b) molecular model of a single-walled CNT; (c) front and (d) lateral views of the 

computational model of the CNT- DGEBA-TETA composite.  
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Fig. 2 - Schematics of the different PCFF terms (a) bond stretching, (b) two-bond angle, (c) a 

dihedral bond-torsion, and (d) a vdW interaction terms. 
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Fig. 3 - Comparisons of predicted results using different force fields.  
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Fig. 4 - Comparison of the results for the pull-out forces required for a CNT predicted by the 

velocity and displacement pull-out models.  
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Fig. 5 - Variation of the pull-out forces and the vdW interaction energy during the pull-out 

process.  
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Fig. 6 - Effect of variation of epoxy density on the ISS of the CNT-reinforced epoxy 

composite.  
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Fig. 7 - Effect of variation of epoxy density on the vdW interaction energy during the pull-out 

process.  
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Fig. 8 - Effect of variation of epoxy density on the pull-out forces during the pull-out process. 
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Fig. 9 - Effect of variation of CNT length on the pull-out forces during the pull-out process.  
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Fig. 10 - Effect of variation of CNT length on the vdW interaction energy during the pull-out 

process.  
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Fig. 11 - Effect of CNT length on the ISS of the CNT-reinforced epoxy composite. 
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Fig. 12 - Effect of variation of CNT diameter on the pull-out forces during the pull-out 

process.  
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Fig. 13 - Effect of variation of CNT diameter on the vdW interaction energy during the pull-

out process.  
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Fig. 14- Effect of variation of CNT diameter on the ISS of the CNT-reinforced epoxy 

composite.  
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Fig. 15 - Effect of variation of CNT-epoxy interfacial thickness on the pull-out forces during 

the pull-out process.  
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Fig. 16 - Effect of variation of CNT-epoxy interfacial thickness on the vdW interaction 

energy during the pull-out process. 

 



  

 
 

0 2 4 6 8

0

5

10

P
u

ll
-o

u
t 

fo
rc

e
 (
k

c
a

l/
m

o
l 

A
n

g
s

tr
o

m
-1

)

Displacement (nm)

 LJ cut-off distance = 0.8 nm

 LJ cut-off distance = 1.0 nm

 LJ cut-off distance = 1.2 nm

 

Fig. 17 - Effect of variation of LJ cut-off distance on the pull-out forces during the pull-out 

process.  
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Fig. 18- Effect of variation of LJ cut-off distance on the vdW interaction energy during the 

pull-out process.  

 



  

 
 

      

       

Fig. 19 - Different capping conditions of CNT- epoxy nanocomposites. 
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Fig. 20- Effect of different capping conditions on the pull-out forces during the pull-out 

process.  
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Fig. 21 - Effect of different capping conditions on vdW interaction energy during the pull-out 

process.  
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Highlights 

 Load transfer in nanocomposites is governed by the interface strength 

 Investigated the interface strength of CNT-epoxy composites using pull-out tests and MD 

 The work reveals that the ISS is governed by the geometry of the CNT 

 The cut-off distance of the L-J has a marginal effect on ISS 

 Incorporation of an end cap in the pull-out test leads to a greater pull-out peaks 


