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Hierarchical multi-scale modeling was used in the paper to investigate the contact area 
between the nanoparticle component and the surrounding environment. The modeling of 
the nanoparticle component and the interface region was designed using molecular 
dynamics. First, the desired thermal properties were obtained at the nanoscale, and then 
the obtained results were used at a larger longitudinal scale in a numerical solution by 
finite element method. Finally, by numerical homogenization, the optimal thermal 
properties were calculated, and the obtained results were compared with the existing 
experimental results. The effect of other influential parameters such as volume ratio, aspect 
ratio (length to diameter ratio), particle alignment on the interface region and the optimal 
thermal properties of the nanocomposite were also investigated. Three-dimensional CNT-
Nanocomposite epoxy samples were investigated in this study. The overall thermal 
conductivity was evaluated by obtaining the interfacial thermal conductivity between the 
nanoparticle component and the surrounding environment (resin) and then changing the 
influential parameters. Relevant thermal properties and behavior of RVE and analysis of 
the results in all scales have been reviewed. Significant cases of curing and simulation of 
epoxy bonding and related hardener have been considered in the molecular dynamics 
modeling of nanocomposites. 
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Introduction 

Designing and manufacturing advanced materials 
with optimal mechanical, electrical, and thermal 
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properties is one of the continuous needs of 
technology development in the present era. 
One of the main challenges in engineering, 
especially in aerospace, is the management of 
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thermal issues. Due to their high thermal 
conductivity, conventional metals transfer heat 
efficiently. However, they are not efficient in parts 
where the lightness of the structure is considered due 
to their high density and price. On the other hand, 
polymeric materials have a lower density and price, 
but their mechanical and thermal properties are low. 
Carbon nanostructures such as graphene and carbon 
nanotubes have the most mechanical and thermal 
properties and are therefore very suitable materials 
to be added to polymeric materials to enhance these 
properties. The effects of the atomic scale must be 
considered to simulate the coefficient of thermal 
conductivity of epoxy-CNT and to study the 
potential of CNT nanofiller to increase the 
coefficient of thermal conductivity of polymer 
composites. This is because phonons transmit a 
significant portion of the thermal energy through the 
vibrations of the atomic lattice in the contact area 
between the nanofiller and the surrounding matrix. 
Weak interactions of van der Waals bonds between 
nanoparticles and the surrounding polymer can 
reduce the coefficient of thermal conductivity. This 
indicates the importance of studying the interface 
using molecular dynamics. Other influential factors 
such as diameter, aspect ratio (length to diameter 
ratio), the volume ratio of CNTs, and the alignment 
and dispersion of CNTs within the matrix substrate 
should also be considered in the development of 
CNT composites. This study aims to identify and 
discuss the parameters mentioned above that affect 
the thermal properties of CNT polymer composites 
to simulate the coefficient of thermal conductivity of 
epoxy-CNT and to study the potential of CNT 
nanofillers to increase the coefficient of thermal 
conductivity of polymer composites. Therefore, heat 
transfer between CNT and epoxy is modeled using 
molecular dynamics simulation. Then a continuous 
model of polymer nanocomposite was fabricated 
using the finite element to evaluate the optimal 
coefficient of thermal conductivity. Finally, the 
effect of diameter, length, aspect ratio and volume 
ratio, alignment, and dispersion of CNTs inside the 
matrix substrate is systematically studied on the 
optimal coefficient of thermal conductivity of epoxy 
nanocomposites. This study aims to identify and 
discuss the parameters mentioned above that affect 
the thermal properties of CNT polymer composites. 
Multi-scale modeling is developed to simulate 
heat transfer in CNT epoxy nanocomposite in 
this research. For this purpose, epoxy polymer 
and CNT amplifier atomic models were first 

fabricated using reactive molecular dynamics 
simulations. This step also involves bonding 
and curing the relevant epoxy resin and 
hardener. The most crucial goal of this 
advanced atomic model is to achieve interfacial-
interference thermal conductivity between CNT 
and epoxy. In the next step, the optimal 
coefficient of thermal conductivity of the 
nanocomposite is evaluated using the finite 
element method. In the finite element analysis, 
the amount of interfacial-interference thermal 
conductivity determined by atomic simulation 
in the previous step determines the heat transfer 
rate between CNT and epoxy resin.  
In this research, the LAMMPS software 
package [1] has been used to advance molecular 
dynamics simulation. To define atomic 
interactions for the CNT component, the 
optimized Tersoff potential, proposed by 
Lindsay and Broido [2], was used. It is worth 
noting that this version of the optimized Tersoff 
potential is accurate in simulating the thermal 
properties of graphene and reproducing the 
scattering curves of graphite phonon [2]. in the 
following, the construction of epoxy is 
discussed. Epoxy is a thermosetting polymer 
(thermoset) formed from two chemical agents: 
resin and hardener (curing agent). The resin 
consists of short polymer chains with epoxy 
groups at both ends, and the hardener contains 
polyamine monomers. The resin and chemical 
hardeners are mixed to form amine groups 
during the curing and bonding process. The 
epoxy resin contains DGEBA, which is cured 
with DETA in this research. Five DGEBA 
molecules react with two DETA molecules to 
form a 100% bond network structure. The 
CAMPASS potential function [4,3] was used to 
describe the atomic reactions of the 
DETA/DGEBA epoxy system. Optimized 
Tersoff potential was used for CNT modeling. 
Also, Lennard-Jones potential (6-9-LJ) was 
used to introduce van der Waals interactions 
between epoxy and CNT. DETA/DGEBA 
epoxy system (DGEBA as Resin and DETA as 
hardener) were created by repeating the original 
structure with a ratio of 5 to 2 and 37 repetitions 
containing 10925 atoms. The simulation time 
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interval was set to 0.25 femtoseconds. During 
the curing and bonding process, the chemical 
reactions were simulated using stepwise 
methods and the base distance criterion [5–8]. 
In this study, bonding is formed with a 3% 
chance if the atom distance between the 
corresponding groups of amine and epoxide is 
in the range of up to 6 angstroms, checked once 
every ten femtoseconds. In this system, the 
bond formation density reached 68%, and the 
epoxy density reached 1.13 gr/cm3 at a 
temperature of 300 K and a pressure of 1 
atmosphere. It is noteworthy that in fabricated 
epoxy samples, the bond formation density is 
not uniform everywhere in epoxy and that it is 
not possible to measure the bond formation 
density locally and generally in practice [9-11]. 
Epoxy density is a suitable way to estimate the 
degree of bond formation [12]. As known, as the 
degree of bond formation increases, so does the 
epoxy density. For the epoxy mixture, the 
density was 1.128 gr/cm3, and the degree of 
bond formation was 68%, which is a perfect 
match compared to the experimental densities 
of 1.133 gr/cm3 [13] for DETA/DGEBA epoxy. 
 

Multi-scale modeling 
Figure 1 shows the atomic model of a single-layer 
CNT inside DETA/DGEBA cured epoxy after 
quenching by the Nose-Hoover method of constant 
pressure-constant temperature (NPT) at room 
temperature.  

 
Figure 1: Molecular dynamics model developed to 

explain interatomic interactions in CNT-DGEBA/DETA 
epoxy system 

After creating a balanced model of a single-layer 
CNT of cured DETA/DGEBA epoxy system, it is 
possible to calculate the interfacial-interference 
thermal conductivity between CNT and epoxy 
atoms. At this stage, after equilibrating the 
composite structure by the Nose-Hoover constant 
temperature (NVT) at room temperature (300 K), an 
initial temperature difference of 100 K between the 
CNT component and the matrix Epoxy is applied. 
After using this method, the temperature of the 
DETA/DGEBA system and CNT component are 
fixed at 300 and 400 K for 50 picoseconds, 
respectively. The NVT is switched off to simulate 
heat transfer between CNT and epoxy, and the 
composite structure is allowed to calm down by 
simulating NVE constant energy without constant 
temperature mode. CNT temperatures and the 
DETA/DGEBA epoxy system are calculated as a 
function of time during the NVE process. Based on 
the thermal turbulence, the results are for one stage 
of noise calculations, so six independent simulations 
with independent initial atomic velocities are 
performed. At this stage, the CNT and epoxy 
temperature results as a function of time during the 
NVE mode are averaged for all independent 
simulations to have a normal, noise-free curve 
[14,5–17]. As shown in figure 2, the temperature 
difference between CNT and epoxy decreases 
exponentially. Interfacial-interference thermal 
conductivity of λ is obtained using the following 
equation [15,14]: 

 
Where M and Cp are the mass and heat capacity and 
S is the outer surface of the CNT, respectively. In 
this study, the heat capacity of CNT and epoxy is 
1.87 j/gK [18] and 1 J/ [15], respectively. It is 
noteworthy that this method has already been used 
in several theoretical studies to evaluate the 
interfacial-interference thermal conductivity of 
CNT or graphene with other polymer substrates [14, 
5–17]. Figure 2 (a) shows the average temperatures 
obtained from epoxy and CNT. Figure 2 (b) shows 

 function, estimated by an exponential 
function. 
Based on the results and equation (1), the interfacial-
interference thermal conductivity of CNT and epoxy 
was calculated to be 5.4 MW/m2K. In the final step, 
the optimal coefficient of thermal conductivity of 
CNT-epoxy nanocomposite was evaluated using the 
finite element. As is common in the finite element 
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analysis of composite structures, a representative 
volume element (RVE) is considered with few CNT. 
Abacus software and coding in a Python 
environment are used to model CNT epoxy 
nanocomposite to evaluate the coefficient of thermal 
conductivity. A common assumption is to consider 
the geometry of the cylinders for CNTs and to 
consider the length-to-diameter ratio as the aspect 
ratio of CNTs. 

 
Figure 2 (a): Average temperatures from 6 independent 

MD simulations in the contact area (b) Normalized 
diagram for the temperature difference between CNT 

and epoxy as a function of time 

 
Figure 3 (a): Example of a three-dimensional 

representative volume element with a CNT volume 
percentage of 2 and an aspect ratio of 40. (b) Mesh 

sample with DC3D4 element. (c) Three-dimensional 
thermal profile 

 
Figure 4: Effect of aspect ratio on the optimal thermal 
conductivity of CNT epoxy nanocomposites for two 

diameters of 1 nm and 10 nm and volumetric 
percentages of CNT: 2% and 6% 

 
Figure 5: Effect of CNT diameter on the optimal 

thermal conductivity of CNT epoxy nanocomposites for 
10 and 30 aspect ratios and 2 and 6% volumetric 

percentages 

 
Figure 6: Effect of volumetric percentages of CNT on 
the optimal thermal conductivity for two diameters of 1 

nm and 10 nm on the 10 and 30 aspect ratio. 

 
Figure 7: Comparison of laboratory results with multi-

scale simulation results 
Our findings have been compared with a study on 
CNT epoxy nanocomposites carried out by Yang et 
al. in a famous laboratory [73]. As it turns out, the 
simulation results for CNTs with an aspect ratio of 
30 and a diameter of 100 nm are consistent with high 
accuracy with laboratory results. On the other hand, 
CNTs with a diameter of 10 nm have lower 
estimates than the experimental results. Also, figure 
8 (b) compared experimental results related to the 
thermal conductivity of CNT epoxy 
nanocomposites. Some laboratory results are based 
on weight percentage and not volume percentage. 
Therefore, the density of CNT and epoxy is 
considered 1.8 [24] and 1.21 [25] gr/cm3, 
respectively, to convert weight percentage to 
volume percentage. As can be seen, the variations 
and differences in the measured laboratory values of 
the thermal conductivity related to the CNT epoxy 
nanocomposites are significant [29-19, 23, 26]. 
Based on multi-scale modeling, the difference 
between the experimental results can be simply due 
to the difference in diameter and length of CNT 
nanofillers inside epoxy in different laboratory 
samples. Therefore, the strength of interatomic 
interactions in the contact area between the CNT and 
the epoxy matrix, which is related to the chemistry 
of the nanocomposite, can be effective in interfacial 
thermal conductivity and thus in reducing or 
increasing the thermal conductivity of the whole 
nanocomposite. In summary, the results of multi-
scale modeling suggest that CNTs with larger 
diameters and lengths and stronger interfacial 
contact (resulting in lower thermal resistance) can 
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increase the thermal conductivity of polymeric 
materials.  

Conclusion 
In this research, with the development of reactive 
molecular dynamics simulation and finite element 
modeling, the coefficient of CNT-thermal epoxy 
nanocomposite was investigated. For this purpose, 
an atomic model of cured epoxy with a hardener 
with a single layer CNT was designed. This 
simulated the heat transfer process in interfacial 
contact between matrix and CNT, and the 
coefficient of interference thermal conductivity in 
the interfacial contact was obtained. In the final 
stage, several continuous models of representative 
volume element (RVE) were constructed by finite 
element to evaluate the thermal conductivity of 
epoxy nanocomposites on a macro scale. In finite 
element analysis, the interfacial thermal 
conductivity obtained from the atomic model is used 
as the amount of thermal conductivity of the contact 
elements between the filler and the matrix. 
Advanced multidimensional modeling can draw 
essential findings related to heat transfer in CNT 
polymer nanocomposites. The results show that the 
interfacial heat conductivity in the contact phase 
between the epoxy and the nanofiller is crucial in the 
heat transfer of the nanocomposites when the CNT 
diameter is in the nanometer range. It has been 
shown that with increasing the diameter of CNTs, 
the thermal conductivity of the nanocomposite 
increases as a result of suppressing the thermal 
resistance in the contact phase. The results of multi-
scale modeling show that the addition of CNT fillers 
with larger diameters has a high potential for heat 
transfer in polymer composites. It was also 
concluded that increasing the diameter at high 
aspect ratios significantly increased the optimal 
thermal conductivity. As the CNT aspect ratio 
increases, the optimal thermal conductivity also 
increases. In this regard, it is observed that the aspect 
ratio is more effective in increasing the effective 
thermal conductivity of the nanocomposite at higher 
CNT diameters. Finally, the effect of the volume 
percentage of CNT carbon nanotubes on the 
increase of optimal thermal conductivity was 
investigated. A significant effect of larger diameters 
was observed in this increase. This 
multidimensional research provides valuable 
insights into heat transfer in polymer 

nanocomposites to help design polymeric materials 
with high thermal conductivity properties. 
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