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An urgent need has arisen for new materials to advance industrial technology. Polymer composite materials (PCM) containing 
organic and inorganic fillers have attracted considerable interest because they possess a unique combination of properties. 
Significantly, the characteristics of PCM are a function not only of the properties of the polymer matrix but also of the nature of 
the filler, its shape and size, the properties of the phase separation surface, and the dispersion. The supramolecular structure of 
the polymer is altered upon the introduction of the filler, which leads to change in the physicochemical, mechanical, and working 
properties of the PCM [1].

Carbon nanotubes (CNT) and derived carbon materials have found use in the manufacture of PCM for strong ultralight parts 
with improved mechanical characteristics such as enhanced tensile strength as well as resistance to tearing and abrasion [2]. Thus, 
the Young’s modulus of CNT is about 1 GPa [3], while the strength is about 30 GPa [4], which is much greater than the values 
of these parameters for steel, for which the corresponding value is only about 1 GPa.

Single‑walled carbon nanotubes (SWCNT) are bands of graphene sheets (graphite monolayers) twisted into cylinders with 
tube diameter 5‑20 Å [5]. Multi‑walled carbon nanotubes (MWCNT) consist of several graphite sheets with tubular shape, which 
are arranged one on top of another with distance between two carbon layers in the side wall equal to 0.34 nm [6]. The Young’s 
modulus, resistance to destruction under stress, and impact strength for SWCNT are 0.32‑1.47 GPa, 10‑52 GPa, and 770 J/g, 
respectively. The values of these parameters for MWCNT are 0.27‑0.95 GPa, 11‑63 GPa, and 1240 J/g, respectively. SWCNT 
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have good potential for improving the mechanical properties of composites due to a large specific molecular surface and lack of 
inactive internal layers. On the other hand, two‑walled nanotubes, despite a smaller specific surface, do not readily agglomerate 
such that a smaller amount of the filler is needed in the production of PCM [7]. At present, the advantages and disadvantages of 
each type of nanotube can be evaluated only by studying the properties of specific derived PCM. 

The electrical conductivity of CNT, which characterizes their electrical properties, is approximately one thousand times greater 
than for copper wire and the energy stability of CNT is higher than for fullerenes and graphene films [8]. 

However, the industrial production of PCM containing nanotubes is limited by the need to achieve homogeneous distribution 
of the nanotubes without undesirable agglomeration in the polymer matrix [9]. Agglomeration leads to low solubility and adhesion 
as well as to significant porosity and viscosity of PCM [10]. In addition, studies are underway on the functionalization of CNT 
to provide for chemical bonding of CNT with the base, for example, made of a plastic material, in order to optimize structural 
ordering in the resultant materials. Ultrasonic treatment or the addition of a deflocculant can be used for reducing the amount of 
CNT agglomeration by overcoming of the strong van der Waals interaction between the individual CNT molecules [11].

Polyethylene terephthalate (PET) is a well‑known commercially produced polymer and has found use throughout the world 
in the chemical, food, and medical industries, as well as in machine building and the manufacture of household appliances. On 
the other hand, the use of this material is limited since its mechanical properties and thermal stability do not always meet the 
necessary requirements [12].

One way to improve the properties of PET is its modification by introducing various fillers [13]. For example, Chowreddy et 
al. [14] have shown that the introduction of 0.25 mass % multilayered CNT into PET leads to a significant increase in viscosity, 
crystallinity, crystallization temperature, thermal stability, glassy‑point temperature, and ultimate tensile strength. 

There are now three types of methods to produce CNT/polymer PCM: bulk polymerization, compounding in solution, and 
melt compounding. The latter method is the simplest and most efficient, especially for the industrial manufacture of the less 
expensive types of thermoplastics [15].

The preparation of PCM is a multistep process and the optimal procedure is often found by empirical testing [16]. An improved 
approach could involve modelling of the composite material using a modern programming package. The modelling of the structure 
of PCM would, as a rule, require the use of molecular mechanics (MM) [17], quantum chemistry [18], molecular dynamics (MD) 
[19], Monte Carlo (MC) [20], or finite element (FEM) methods [21]. Methods MM, MC, and MD allow us to model materials on 
the atomic level, which permits the design of new composites. The finite element method (FEM) is based on the approximation of 
a continuous medium, in which the object is considered as a continuum. Empirical constants are used to calculate the properties. 
In this case, modelling of materials from new substances whose parameters are not in the data base does not appear possible. 
Nevertheless, FEM is one of the major numerical methods used to calculate the parameters of composite materials. This method 
permits not only the design of new PCM but also prediction of the onset of delamination, cracks, and deformation [22]. 

The unique properties of CNT have sparked considerable interest in the experimental determination of the characteristics 
of PCM when they are added as fillers. The mechanical properties of such composite materials have been studied for polymer 
matrices, namely, polyethylene [23], polypropylene [24], polystyrene [25], polycarbonate [26], and epoxy resins [27]. Theoretical 
and computational methods have been concurrently developed for predicting the characteristics of PCM, including mechanical 
properties. Thus, Yazdani et al. [28] have studied the mechanical properties of low‑ and high‑density polyethylene using MD 
methods. The effect of the polymer chain length, type and concentration of CNT, and deformation rate on the predicted mechanical 
properties was studied at different temperatures. Huang et al. [29] used FEM to calculate the viscoelastic properties of SWCNT/
polypropylene nanocomposites depending on the temperature and SWCNT concentration. The effect of different SWCNT filler 
concentrations (0.1, 0.3, and 0.5 mass %) was analyzed experimentally and theoretically to evaluate the effect of the SWCNT 
parameters on the elasticity modulus of an SWCNT/epoxy resin PCM [30]. The elasticity modulus was found to increase with 
increasing SWCNT concentration up to 0.3% and then drop due to the formation of local agglomerates in the PCM. Modelling 
using the Digimat‑FE program package showed the need to take account of the interphase interaction in the SWCNT‑epoxy resin 
system as well as of the curvature and agglomeration of the SWCNT. The difference between the calculated and experimental data 
is reduced by taking account of the interphase interaction and agglomeration of the SWCNT. The relative discrepancy between 
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the experimental and calculated values of the elasticity modulus was 6.8% for the sample containing 0.1 mass % SWCNT. 
Furthermore, better results were obtained for this sample when modelling the SWCNT as curved elements taking account of 
agglomeration such that the relative error of the calculation was reduced to only 4.1%.

Liao and Li [31] used MM methods to show that the characteristics of polystyrene composite materials are largely a function of 
interphase intermolecular interactions of the CNT filler and the polystyrene matrix, while stress‑strain arises due to discrepancies 
of the thermal expansion coefficients of the components of the composite.

Kumar et al. [19] used MD methods to study the effect of the volumetric fraction of the filler on the mechanic properties 
such as Young’s modulus, shear modulus, and bulk modulus of nylon 6 reinforced with SWCNT. These results show that upon 
an increase in the SWCNT content from 2 to 4%, the longitudinal Young’s modulus increases by 47.48%, while an increase in 
the SWCNT content from 4 to 8% leads to an increase in the longitudinal Young’s modulus by 120%. These modelling results 
are in accord with the rule of mixtures.

Analysis of the effect of fillers such as CNT, carbon black, graphene, and clay on the characteristics of PET showed that 
CNT specifically can considerably improve the mechanical properties of the resultant material [15, 32‑35]. Gómez‑del Rio et 
al. [36] established that the Young’s modulus for SWCNT‑reinforced PET increases steadily with increasing bulk fraction of 
SWCNT along with a concurrent decrease in the Poisson coefficient, while the flow limit increases only slightly. On the other 
hand, the addition of SWCNT sharply reduces the fracture strain. Due to better dispersion of the carbon fillers in the PET matrix 
in comparison with other polymers, improvement of the mechanical, transport, electrical, and other operational properties can be 
achieved with lower filler content in comparison with traditional PCM, which would permit reducing the costs of their production 
[37].  However, along with the improved elastic modulus and strength, the addition of CNT filler to the PET matrix often leads 
to a reduction in flexibility thereby limiting the industrial uses of the PCM. 

Bitenieks et al. [38] found that CNT/PET nanocomposites containing up to 5 mass % CNT form CNT bundles homogeneously 
distributed within the polymer matrix along with a bonded network structure, which significantly affects the properties of the 
material and increases its crystallinity. The addition of CNT leads to an increase in viscosity and modulus of elasticity. The 
rheological percolation threshold is 0.83 mass % CNT.

Alexiou et al. [13] came to the conclusion that the properties of reinforced PET are partially controlled by the morphology and 
molecular orientation of the polymer matrix. Readily dispersed MWCNT samples functionalized with 0.7% CO2H groups, length 
10‑20 mm, and external diameter 30‑50 nm are used as fillers. The addition of such MWCNT to such systems leads to additional 
nucleation, increasing the crystallization of the PET matrix, lowering the anisotropy of the properties, and differentiating the 
orientation of the MWCNT relative to the macromolecular chains.

Analysis of the experimental studies showed that the change in the properties of the PCM with increasing filler fraction in the 
matrix, as a rule, proceeds nonlinearly. Hence, the systems cannot be described using standard models such as the rule of mixtures 
and the Maxwell model. On the other hand, this problem can be overcome by using percolation theory relating the sharp change 
in the system to formation of a percolation cluster consisting of nanoparticles. Shao et al. [39] also found that the Cox‑Krenchel, 
Halpin‑Tsai, and Mori‑Tanaka micromechanical models are not suitable for accurate calculation of the mechanical characteristics 
of SWCNT/PET materials. The rule of mixtures is also not obeyed. However, the use of a hybrid method combining FEM and the 
Mori‑Tanaka micromechanical model leads to good agreement of the calculated and experimental values of the Young’s modulus 
by the introduction of an additional parameter for curvature of the SWCNT.

Ding et al. [40] noted that SWCNT are considered promising candidates as fillers for the mechanical reinforcement of polymers 
but their use is limited by their poor dispersion. In order to overcome this disadvantage, a film of SWCNT is deposited onto the 
PET surface by hot pressing. This procedure leads to a significant improvement in the mechanical and electrical properties as 
well as thermal stability of the PCM film even in the case of a very low mass fraction of SWCNT (0.066 mass %) due to the 
homogeneousness of the network structure of the SWCNT formed and a strong interphase interaction. The Young’s modulus and 
tensile strength of the SWCNT/PET film reached 4.6 GPa and 148 MPa, respectively, which is 31.3% and 24.4% higher than 
for a film of pure PET.
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Thus, the introduction of CNT into PET has been shown to improve the mechanical characteristics of PCM, leading to a 
worldwide increase in its use, primarily when a combination of high strength and light weight is required for manufactured items 
as in the case of pipes, structural elements, aviation and automobile parts, as well as in alternative energy installations. On the 
other hand, the potential of CNT for industrial use as fillers has not been fully realized. Thus, the production of PCM using CNT 
is considered a key technology for creating advanced next‑generation composites [12]. However, there have been only a limited 
number of scientific publications devoted to the study of the effect of SWCNT on the properties of PCM, possibly due to the 
higher cost of this material in comparison to MWCNT and various technological problems. In contrast, computer modelling 
is a promising tool for studying the characteristics of such expensive PCM and finding the reasons causing the change in these 
properties. Hence, MD modelling has been carried out in an attempt to predict some mechanical properties of the SWCNT/
PET system and we analyzed the effect of the geometrical parameters of SWCNT (diameter and length), which determine the 
dispersion properties, as well as the energy parameters of the interaction of the polymer matrix and filler, which, on the whole, 
govern the PCM properties. 

A study of the mechanical properties of PET and SWCNT/PET was carried out using the MD method according to the procedures 
of Clark [41], Al Hasan [42], and Liu [43]. We used the Forcite and Amorphous Cell moduli to give the initial configuration of the 
PET and SWCNT atoms in order to form an amorphous PCM cell. Forcite, Forcite Geometry Optimization, and Forcite Dynamic 
modulus functions were used to find the equilibrium PCM geometry, while the Forcite Mechanical Properties program was used 
to calculate some mechanical properties.  

Since carbon nanotubes can be seen as twisted graphene sheets, the chirality vector, which gives the direction of rotation, 
determines the geometrical configuration of a specific nanotube. The chirality vector is characterized by two chiral whole‑number 
indices, n and m, which, in turn, give the chiral angle q and the CNT diameter [44].

Optimization of the geometrical parameters of PET and modelling of the cell structure for T = 298K using the COMPASS II 
force field was carried out for five types of material; polymer PET (1, Fig. 1a), SWCNT(4_0)/PET PCM (2, Fig. 1b), SWCNT(4 _4)/
PET (3, Fig. 1c), SWCNT(6_0)/PET PCM (4, Fig. 1d), and SWCNT(6  _6)/PET PCM (5, Fig. 1e). The numbers and designations 
of the SWCNT correspond to the values of indices n and m, respectively.

Fig. 1. Periodic crystallographic cells used as calculation models
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Depending on the values of indices n and m, the SWCNT are classified as the achiral chair type for n = m (models SWCNT 
4_4 and SWCNT 6_6) or the achiral zigzag type for m = 0 (models SWCNT4_0 and SWCNT6_0) [45]. 

The NVT ensemble was selected to determine the pressure and density of the system under isochoric‑isothermal conditions and 
the following parameters were used for the MD calculation: COMPASS II force field, Andersen thermostat, T = 298K, 1 fs time 
step, 50 ps total modelling time, fine precision. The pressure should be selected such that the calculated density of the material 
corresponds to the handbook value for PET (1.3‑1.4 g/cm3) [46]. 

After selection of the pressure, the modelling was carried out assuming isobaric‑isothermal conditions and the following 
PCM mechanical properties were determined: NPT ensemble, COMPASS II force field, Andersen thermostat, T = 298K, 
Berendsen barostat, time step 1.0 fs, total modelling time 50.0 ps, accuracy fine.

The constant strain rate method with eight steps for each strain and maximum stress amplitude 0.004 was used to calculate 
the elastic properties of PET. 

Calculation of the mechanical properties of the SWCNT/PET PCM gave the Young’s modulus characterizing the ability of 
the material to resist stretching and compression upon elastic deformation, Poisson coefficient giving the ratio of the relative 
transverse compression to relative longitudinal compression, shear modulus characterizing the ability of a material to resist 
shear strain, bulk modulus characterizing the ability of a material to resist all‑around compression establishing the relationship 
between the relative change in the volume of a body and the pressure applied, and the Lamé coefficients characterizing elastic 
deformations of isotropic solid bodies belonging to the set of elasticity moduli. These calculations were carried out according to 
reported procedures [47‑50].

The equilibrium geometrical characteristics of the nanotubes (Table 1) and energy parameters of the SWCNT/PET PCM (2‑5) 
(Table 2) were obtained by optimization of the geometrical structure.

The energy contributions were calculated in accord with the formulas of Jaillet [52] and Gasteiger [53]:

Etotal = Ebonded + Enon‑bonded,

Ebonded = Eval + Ecross,

Eval = Ebond+Eangle+ Etorsion+ Einversion,

Eunbonded = Eelectrostatic + E Van der Vaals,

where Etotal  is the total energy of the system, kcal/mole; Ebonded is the intramolecular bond energy, kcal/mole; Enon‑bonded is 
the intramolecular interaction energy, kcal/mole; Eval is the valence energy of the atoms, kcal/mole; Ecross is the energy of 

Parameter
Nanotube type

SWNT4_0 SWNT4_4 SWNT6_0 SWNT6_6
Diameter, Å 3.13 5.42 4.70 8.14
Length, Å 21.30 21.30 21.30 24.6

Parameter,  
kcal/mole

Type of PCM
2 3 4 5

Etotal 4278.4 7903.9 5914.1 10830.7
Eval 3664.6 7060.7 5273.9 10130.4
Ebond 105.2 200.5 100.3 182.2
Eangle 371.1 432.2 274.4 367.0
Etorsion 2948.6 6254.2 4729.4 9458.5
Einversion 239.7 173.8 169.8 122.7
Ecross –181.9 –354.6 –185.8 –345.8
EVan der Vaals –283.0 –435.0 –274.0 –318.0
Eelectrostatic 1099.5 1665.8 1121.3 1393.2
Enon‑bonded 795.7 1197.8 826.0 1046.0

Table 2

Table 1
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cross‑interactions (for example, simultaneous bond stretching and change in the bond angle), kcal/mole; Ebond is the bond stretching 
energy, kcal/mole; Eangle is the energy for change of bond angles, kcal/mole; Etorsion is the energy for change of torsion angles, kcal/
mole; Einversion is the electrostatic energy, kcal/mole; EVan der Waals is the van der Waals energy, kcal/mole.

The calculated parameters for PET and SWCNT/PET are for the pressure calculated using the NVT ensemble and mechanical 
characteristics (Young’s modulus along X, Y, Z axis (Ex, Ey, Ez), shear modulus G and bulk modulus B averaged over Voigt, Roiss 
и Hill equations (GV, GR, GH, BV, BR, BH respectively), Lamé coefficients (λ, μ), compressibility, Poisson coefficients (ν12, ν21), and 
density) obtained upon modelling in the NVT ensemble given in Table 3.

The relationships of the values of elasticity moduli of PET without fillers and of CNT‑reinforced PET given in Table 3 show 
much greater values of the Young’s modulus and bulk modulus for the reinforced samples, suggesting improved mechanical 
properties for SWCNT/PET PCM relative to PET. Table 4 gives the relative value of these elasticity parameters, which show 
how much greater these indices are for SWCNT/PET PCM in comparison with PET without filler. The greater values of Young’s 
modulus are observed basically in the longitudinal direction (coefficient EZ). This behavior is apparently related to the structure 
of the PCM, in which the modelling presupposes that the nanotube molecules line up along the Z‑axis.

Best results for greater elasticity modulus relative to PET by itself are found for PCM 3 featuring single‑walled nanotubes 
with diameter 5.42 Å and length 24.6 Å. The Young’s modulus for this composite in the longitudinal direction is 18.5 times 

Parameter
Type of PCM

1 2 3 4 5
Pressure, GPa 1.103 0.953 1.103 1.000 0.971
Ex, GPa 2.6 7.8 15.6 11.3 5.1
Ey, GPa 4.2 6.9 23.2 6.3 5.3
Ez, GPa 3.0 24.7 56.1 22.9 32.9
GR, GPa 1.6 2.6 8.2 1.9 1.9
GV, GPa 2.2 3.6 9.9 3.2 3.7
GH, GPa 1.9 3.1 9.1 2.5 2.8
BR, GPa 7.0 13.1 17.6 11.4 9.2
BV, GPa 10.5 14.1 20.9 15.1 11.8
BH, GPa 8.7 13.6 19.2 13.3 10.5

l, GPa 7.8 16.7 23.5 19.8 17.2

m, GPa 2.5 2.4 7.6 1.5 1.7
Compressibility, TPa-1 142.1 76.4 56.9 87.6 108.5
Density, g/cm3 1.4 1.5 1.4 1.4 1.4

n12
0.29 0.3 0.4 0.2 0.2

n21
0.39 0.4 0.4 0.2 0.04

Table 3

Parameter
Type of PCM

2 3 4 5
Ex, GPa 3.0 6.0 4.3 1.9
Ey, GPa 1.6 5.5 1.5 1.3
Ez, GPa 8.1 18.5 7.6 10.8
GR, GPa 1.6 5.2 1.2 1.2
GV, GPa 1.6 4.4 1.4 1.6
GH, GPa 1.6 4.7 1.3 1.5
BR, GPa 1.9 2.5 1.6 1.3
BV, GPa 1.4 2.0 1.5 1.1
BH, GPa 1.6 2.2 1.5 1.2
Compressibility, TPa-1 1.86 2.50 1.62 1.31

Table 4
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greater than for pure PET. This finding most likely is related to higher intermolecular interaction energy (Table 2) than for the 
other PCM. On the other hand, the compressibility for PCM 3 is the lowest among the samples studied and 2.5 times lower 
than for PET without filler, indicating the greatest resistance of PCM 3 to bulk compression and, correspondingly, PCM 5 with 
diameter 8.14 Å and length 24.6 Å is characterized by lower resistance to bulk compression. The maximum discrepancy for the 
calculated density relative to the experimental value was found for PET without filler 0.28% (D = 004 g/cm3), while the calculated 
values for the Young’s modulus in the X and Z directions were found to agree with the experimental results within the range of 
statistical error [54].

Regression analysis of the effect of various interaction energy contributions to the Young’s modulus shows that a satisfactory 
level of correlation is found for  increasing Young’s modulus values with increasing van der Waals interactions:

Eval .........................................................................................................0.35
Ebond .......................................................................................................0.72
Eangle .......................................................................................................0.71
Etorsion ......................................................................................................0.32
Einversion .....................................................................................................0.3
Ecross .......................................................................................................0.66
EVan der Vaals ...............................................................................................0.96
Eelectrostatic .................................................................................................0.84
Enon‑bonded ...................................................................................................0.8

Thus, computer modelling of the amorphous cell containing CNT with different geometric parameters and of PET itself 
revealed that the geometrical arrangement of the nanotubes determines the intermolecular interaction in this system. The density 
of PET without filler obtained by modelling is close to the experimental result (0.28% discrepancy), which shows that our 
model is satisfactory. The calculations for the density of composite materials with low filler content can also be expected to have 
comparable satisfactory results.

In turn, the van der Waals interactions give rise to mechanical properties (Young’s modulus, bulk modulus, and Poisson 
coefficient) with the R2 coefficient of determination 0.96, which would permit prediction of mechanical properties on the basis 
of the intermolecular interactions. 
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