Computational Materials Science 201 (2022) 110910

Contents lists available at ScienceDirect
Computational Materials Science

journal homepage: www.elsevier.com/locate/commatsci

Check for

Interphase effects on elastic properties of polymer nanocomposites | updai?
reinforced by carbon nanocones

Seyed Saeid Taheri, Mir Masoud Seyyed Fakhrabadi

School of Mechanical Engineering, College of Engineering, University of Tehran, Tehran, Iran

ARTICLE INFO ABSTRACT

Keywords:

Carbon nanocones
Transversely isotropic behavior
Nanocomposite materials
Interphase regions

In this paper, interfacial and elastic properties of polymer-based nanocomposites reinforced by carbon nanocones
(CNCs) are investigated. The CNCs are transitional structures from graphene to carbon nanotubes and, depending
on their apex angles, show either more graphene or more nanotube behavior. Due to the importance of the
interphase layer and its impact on the elastic properties of nanocomposites, the molecular dynamics method is
used to investigate the behavior of polyethylene polymer in the interface of the CNCs. The MD simulation results
reveal that there are two distinct interphase layers, i. e. the inner interphase region inside the CNCs and the outer
interphase region outside the CNCs. While the outer interphase regions are the same in all cases, the size and
properties of the inner interphase depend on the geometries of CNCs. Using the results of MD simulations, the
finite element method is used to simulate CNC-reinforced polyethylene nanocomposites in larger dimensions. In
finite element modeling, the effects of different orientations of nanofillers, various volume fractions, and

geometrical parameters of the CNCs are studied.

1. Introduction

Due to their outstanding characteristics, carbon-based nano-
materials, e. g. graphene, fullerenes, and carbon nanotubes (CNTs) have
been extensively used in nanocomposite reinforcement technology. The
effect of carbon nanofillers on the electrical and mechanical enhance-
ment of polymers is a well-studied subject in the literature [1-3]. Due to
the morphology differences, fullerenes have different effects on the
enhancement of nanocomposite properties compared to graphene,
where the effect of 2D nanostructures is more notable than spherical
ones [2]. Likewise, as tubular materials, CNTs have specific performance
in the reinforcement of nanocomposites, which have been studied
largely [3-7].

Based upon previous studies, it was proved that nanocomposite
qualities are affected by the interphase layer; the region in which, due to
the atomic and intermolecular interactions between matrix and nano-
fillers, densification of matrix phase leads to the further enhancement of
nanocomposite properties [8]. Zare et al. [9] investigated the interphase
characteristics in polymer-metal nanocomposites. Also, Ciprari et al.
studied the reinforcement of polymer composites containing metal-
oxide nanoparticles of alumina (AlyO3) and magnetite (FesO4) [10].
Eslami et al. investigated the interfacial behavior of polymer
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nanocomposites reinforced by Silica nanofillers using the molecular
dynamic (MD) simulation method [11]. Their dynamic examination
revealed that the results are dependent on the height scale, time scale,
and temperature. Moreover, the effects of other nanoparticles such as
clay [12] and ceramic [13] were also studied to determine their inter-
phase properties.

The morphologies of nanoparticles have fundamental roles in the
effectiveness of the interphase layer [14-16]. As a 2D material, the
interfacial behavior of graphene was investigated using different
methods, e. g. MD simulations [17-19], finite element method (FEM)
[15,20], and experimental procedures [21]. In the case of tubular
structures, the interfacial properties of CNTs have been studied via
various approaches. The results revealed the importance of CNT geom-
etries such as their heights, diameters, and volume fractions (VF) to
reinforce the polymer nanocomposites [22,23]. Herasati et al. [8] per-
formed a combination of MD and FEM simulations to characterize the
interphase region in composites in which CNTs with various geometries
were embedded in Polyvinylchloride (PVC) matrix. Besides, the notable
impact of van der Waals (vdW) interactions on the results, they found
that the number of CNT walls has a negligible effect on interphase
qualities. Theoretically, some other research studies were conducted on
interfacial mechanical and thermal enhancement of polymer
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nanocomposites by coiled CNTs [24] and graphene spirals [25].

Having conical shapes, carbon nanocones (CNCs) can be classified
into five different apex angles (Fig. 1) with variable properties ranging
from graphene to CNTs [26,27]. Based on the exclusive possession of the
mentioned precious qualities, they can be flexibly applied in highly
efficient products [28]. Similar to other nanostructures, it is important
to obtain their interfacial characteristics. Fakhrabadi and Khani [29]
used FEM to study the interphase region in polymer nanocomposites
reinforced by CNCs. In the current work, using the MD simulations,
interphase properties of CNC-polyethylene (PE) nanocomposites are
obtained. Furthermore, using the FEM, mechanical properties of the
same composites were determined in larger dimensions.

2. Molecular dynamics simulations

To investigate interfacial effects on polymer-based nanocomposites,
initial configurations of CNC structures embedded in PE molecules were
made using Packmol [30]. Then, the main MD simulations were per-
formed in the Large-scale Atomic/Molecular Massively Parallel Simu-
lator (LAMMPS), where bonded and non-bonded atomic interactions
were modeled by AIREBO potential function. Fig. 2 shows a model of
representative volume element (RVE) containing PE molecules and CNC
with 19.2° apex angle and 30 A height in the final step of the simulation.
In this case, CNCs with different apex angles as well as various heights
were examined to evaluate the effects of the two mentioned geometrical
parameters on interphase properties.

The RVE models were initially generated in larger simulation boxes
in which the density of PE chains was 25% of normal condition. After
equilibration of the systems, they were densified to reach the real den-
sity of PE (0.88 g/cm®) using the fix deform command [31]. In this
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Fig. 2. Schematic representation of a CNC with 19.2° apex angle and 30 A
height embedded into PE matrix; (a) at the beginning of the simulation, and (b)
upside view, and (c) 3D-view at end of the simulation.

procedure, all boundaries of the simulation box were shrunk until the
final volume where the desired density was achieved. The dimension
reduction rate was 1.25% per 10 ps at the temperature of 500 K and the
pressure of 1 bar under NPT (constant number of particles, constant
pressure, and constant temperature) ensemble. Consequently, the
atomic system was cooled down to 300 K (room temperature) with the
rate of 20 K for every 100 ps under the same ensemble. Finally, the RVE
structure was thermally equilibrated at room temperature for 1 ns under
NVT (constant number of particles, constant volume, and constant
temperature) ensemble.

To determine the properties of the interphase layer, all space of RVE
was divided into smaller chunks. Due to the conical shape of CNCs, the
chunks were considered to be cylindrical regions, therefore the variation
of PE density through the RVE space can be analyzed in both radial and

Fig. 1. Classification of CNCs in five apex angles.
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axial directions.

According to Fig. 3, the simulation of composites reinforced by wider
CNGCs is required to perform very time-consuming calculations. Thus,
interfacial properties of CNCs with 83.6° and 112.9° apex angles were
investigated with only a height of 10 A. However, for other apex angles,
the effects of the height variation were considered.

3. Finite element simulations

In this section, the mechanical properties of polymer nano-
composites are determined using (FEM). Having used the results of the
previous section (MD method) on the density variation of the polymer
and correlating it to the experimentally measured elastic modulus of PE
vs. its density that is available in the literature [32], the effect of
interphase layer on reinforcement of PE-CNC nanocomposites is studied.
The interphase regions are considered as high-density polyethylene
(HDPE). According to [32], as the density of PE increases, it becomes
stiffer and its Young’s modulus increases [32]. Hence, the elastic co-
efficients corresponding to the density of each region (provided in
Table 1) are considered in the FE modeling. This approach was used
before in some studies on the mechanical analysis of polymer nano-
composites [8,33].

The FE-based analysis of RVEs was studied using ABAQUS software
[34] as well as scripting in Python package [35], where it was essential
to investigate various nano-fillers distributions. PE has a density of 0.88
g/cm® [36] and Young’s modulus of 800 MPa [32], while it becomes
stiffer as its density increases. Therefore, using the results available in
the literature, the interphase regions are considered as high-density
polyethylene (HDPE) with higher Young’s modulus [32]. Table 1 pre-
sents the elastic coefficients defined in the FE modeling corresponding to
the density of each region.

In our previous study [26], we proved that CNCs have transversely
isotropic elastic properties with five independent constants. Hence, to
define the elastic properties of CNCs in FE software, we used the elastic
constants (see Table 2) that we obtained before [26]. By considering Y-
axis as the axial direction of CNCs, E; is axial Young’s modulus and, due
to the transversely isotropic behavior of CNCs, the two transverse
components (E;,E3) have the same values. Also, G and v are referred to
the shear modulus and Poisson’s ratio.

Fig. 4 illustrates different orientations of CNCs inside the matrix and
different loading directions. In Fig. 4a all CNCs are oriented along the
tension direction of the RVE while Fig. 4b presents randomly oriented
nanofillers in the RVE. Furthermore, Fig. 4 ¢ and d demonstrate the
transverse loading directions. Due to their geometries and non-isotropic
elastic behavior, it is predicted that CNC orientations and the loading
directions will affect the enhancement of elastic properties of the matrix.

Fig. 3. The number of atoms in simulations vs. geometrical parameters
of CNCs.
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Table 1
Elastic moduli of polymer phases based on their density [32].

Phase Density (g/cm?) Young’s modulus (GPa) Poisson’s ratio
Bulk matrix 0.88 0.8 0.4
Outer interphase 0.94 1 0.4
Inner interphase 1.02 1.1 0.4
1.05 1.2 0.4
1.1 1.3 0.4
1.2 1.4 0.4
Table 2

Transversely isotropic elastic constants of CNCs vs. their apex angles and heights
[26].

Angle-height E1,E3(GPa) E»(GPa) V21,Vo23 113 Ga1,G23(GPa)
19.2° —10 A 444.5 860.5 0.16 0.25 147.8

19.2° — 20 A 414.3 849.7 0.16 0.26 148

19.2° — 30 A 398.5 803.6 0.16 0.25 150.4

38.9° — 10 A 572.9 732.5 0.14 0.22 136.4

38.9° — 20 A 505.3 702.5 0.14 0.18 136.5

38.9° — 30 A 471.6 654.5 0.14 0.19 136.1

60° — 10 A 698.3 549.5 0.11 0.17 131.2

60° — 20 A 623.5 516.4 0.11 0.15 130

60° — 30 A 574.4 485.1 0.11 0.18 129.7

Fig. 4. (a) Loading direction along with CNC orientation, (b) random orien-
tation of CNC inside the matrix, (c) and (d) transverse loadings on the CNCs.
The VF is considered 0.5%.

To mesh the RVEs, tetrahedron elements with free meshing were
applied. Loadings were performed with a strain of 0.001 in all cases.
Fig. 5 shows the displacement contour of RVE in the mentioned strain,
where the RVE dimension is 30 nm. This value is ten times larger than
the largest dimension of CNC (3 nm). Determination of Young’s modulus
is done based on linear Hook’s law:

o = Ee (€8]

where ¢ and ¢ are the volumetric averages of stress and strain of all
elements, formulated in Egs. (2) and (3), respectively.
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Fig. 5. Displacement contour of (a) RVE with (b) oriented, and (c) randomly distributed nanofillers.

1
o= v /V o.dv 2)

e = %///eedv 3)

where V is the RVE volume, and ¢, and ¢, are stress and strain of each
element.

The other elastic constant, Poisson’s ratio, v, was obtained based on
Eq. (4).

v= *% @
where ¢ is the circumferential strain of the RVE.

4. Results and discussion

4.1. MD results

The MD simulation of interfacial behavior of CNC-based polymer
nanocomposites reveals that the density of the polymer phase around
the nanofillers is not constant. The density of PE matrix depends on the
distance from the CNC. At the vicinity of the CNC wall, the density
remarkably increases. Interestingly, the density of the HDPE inside the
CNGCs is higher than the outer side. This leads to having two distinct
interphase regions: inner interphase and outer interphase. Therefore, an
RVE contains four main regions, i.e. CNC, bulk matrix, inner interphase,
and outer interphase (see Fig. 6).

According to the results presented in Fig. 7(a—c), radial variation of
PE density outside of the CNC is effectively independent of the CNC
height. Also, based on the result shown in Fig. 7(d), the matrix density
outside the CNC does not depend on the apex angle, considerably. As a
result, in the thickness and density cases, it can be concluded that the

Fig. 6. Schematic representation of the axial section of a CNC with its inter-
facial regions.

outer interphase’s properties (thickness and density) are not a function
of the CNC height and apex angle. Another noticeable finding is the
fluctuation of density along the radial direction where the density soars
to almost 3 g/cm?, and then, plummets to the lowest point. Finally, after
a few peaks and valleys, it becomes stable around the density of bulk PE.
The thickness of the unstable region (Tp) can be considered as the
thickness of the outer interphase, which is almost 9 A. Also, the average
density of PE in this region can be considered as the interphase density
[8].

Variation of density vs. time is provided in Fig. 8. Very similar trends
are observed for the results during the period of 2 ps and the
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Fig. 7. Variation of the local density of PE along the radial direction of (a)
19.2°, (b) 38.9°, and (c) 60.0° CNCs with different heights (10-30 /f\), @
average density of apex angle groups.

Fig. 8. Convergence of PE density vs time.

convergence of the results with time is clear. The mean squared error
(MSE) between the density of each time-step and the final time-step, i. e.
2 ps shows a monotone reduction (from 0.312 to 0.199 and then to
0.110) which quantitatively proves the convergence.

To prove the accuracy and determine the effects of the unit cell size
on the results, two unit cells with different dimensions are simulated.
The comparison presented in Fig. 9 reveals that from about 8 A to the
end, we reached the bulk polymer density and the larger unit cell size
does not affect the results because the interphase region is already inside
the smaller unit cell.

Fig. 10 indicates that the density of the outer interphase is constant
in all cases equaling 0.94 g/cm®. In the case of inner interphase, the
results of two CNCs with the apex angles of 38.9° and 60° presented in
Fig. 11(a) reveal that the density of PE in this region is considerably
dependent on geometrical parameters of the CNCs, where sharper ones
have higher density but as their heights increase, the density decreases.
In detail, the inner interphase of the 38.9° CNC with 10 A has a density
of almost 1.25 g/cm®. However, as its height increases the density de-
creases so that the same CNC with 30 A has a density around 1.2 g/cm®.
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Fig. 9. Effects of the unit cell size on PE density in two RVE cases of 38.9° CNC.

Fig. 10. The density of outer interphase vs. apex angles and heights of CNCs.

Fig. 11. The density of inner interphase vs. apex angles and heights of CNCs,
(b) Height of inner interphase vs. apex angles and heights of CNCs.

Following the same trend, the interphase density of 60° CNCs varies
from 1.1 g/cm® to 1 g/cm® as their heights grow from 10 A to 30 A.
Obviously, as the heights and apex angles of the CNCs increase, the
heights of their interphase increase (Fig. 11(b)). It is worth noting that,
due to repulsive forces, the PE chains cannot penetrate the short CNCs
with the 19.2° apex angle. In other words, the base diameters of the
CNCs must be large enough to provide a situation in which PE molecules
can overcome the energy barrier to enter the CNC. Therefore, those
shorter than 25 A do not have an inner interphase layer. The obtained
inner interphase densities of 19.2° CNCs with heights of 25 Aand 30 A
are equal to 1.421, 1.374, respectively which are consistent with the
results presented in Fig. 11(a).
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As mentioned before, since the investigation of interfacial behavior
of wider CNCs is very time-consuming due to their very large number of
atoms, we studied only the shortest ones (with 10 A height). The results
are presented in Table 3.

4.2. FEM results

Finite element modeling of RVEs requires verification of the results
in the case of accuracy in the number and size of meshes. Thus, the
refinement of mesh is performed, and the satisfying convergent results
are presented in Fig. 12. There were used four levels of mesh sizes
including coarse (45000 elements), medium (70000 elements), fine
(200000 elements), and very fine (400000 elements). As mentioned
before, the determination of Young’s modulus of RVE is done based
upon linear elastic Hook’s law; an equation in which the stress and strain
of all elements are required. Fig. 13(a-c) illustrates the stress contours in
an arbitrary CNC and its outer and inner interphase regions. Since CNC
has a higher elastic modulus, it sustains higher stresses than the two
other regions (see stress magnitude of each phase). In addition, the stress
and strain contours of the nanocomposite RVE with oriented 38.9° CNCs
are depicted in Fig. 13(d, e).

The enhancement of elastic properties of PE-CNC nanocomposites is
studied in different cases such as the geometrical parameters of CNCs
(height and apex angle), their orientation, and VF of the nanocomposite.
VF is considered as the ratio of CNC volume to the RVE volume:

VCNC
VF = Vs 5)

Finally, with the use of the Query toolset in the Visualization module
of Abaqus [37], the VF of each region was also calculated according to
the volume of corresponding instances, where the results well agreed
with the assigned ratios from Eq. (5). The results illustrated in Fig. 14(a,
b) reveal that RVEs of oriented 19.2° CNCs (0.5% VF) with 30 A height
have the highest Young’s modulus (841 MPa). This means that as the
apex angle increases, Young’s modulus of nanocomposites decreases,
where RVEs of 38.9° and 60° CNCs are less strengthened (about 3.5%).
Interestingly, as the apex angle of CNCs increases, the VF of the inner
interphase increases (see Fig. 14b). This affects the enhancement of the
polymer positively which is against the effect of apex angles.

Moreover, as shown in Fig. 14(c), as their height increases, CNCs are
more effective to reinforce the polymer, while longer ones have lower
Young’s modulus [26]. This phenomenon is due to the increase of the VF
of interphase regions (see Fig. 14c). In other words, although the elastic
properties of CNCs decrease as their heights increase, their corre-
sponding interphase regions become larger in RVE. Thus, a larger space
of the RVE is occupied by HDPE with a higher elastic modulus.

To validate the results, we followed the process explained in [38] and
built both FEM (Fig. 15) and MD unit cells of three different apex angles
and compared the outcomes of elastic modulus. Fig. 15 shows the
loading, strain, and stress of the unit cell obtained from FE modeling.
The same loading was applied on the MD unit cell introduced before in
Fig. 2.

Fig. 16 presents the comparison of the effective elastic modulus of
single-fiber (4% VF) unit cells obtained from MD simulations and FEM.
The results show good agreements with the largest deviation of 4.3%
between the two methods which is acceptable for engineering tasks.

In Fig. 17, the enhancement of the elastic modulus of

Table 3
Interfacial properties of PE at the vicinity of the two widest CNCs with 10 A
height.

Apex Outer interphase Inner interphase Height of inner
angle density (g/cm?) density (g/cm®) interphase (A)
83.6° 0.948 1.076 5

112.9° 0.946 1.024 7
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Fig. 12. Stress-strain curves of different mesh sizes.

Fig. 13. Stress contours of (a) outer interphase, (b) CNC, and (c) inner inter-
phase. (d) Stress and (e) strain contours of RVE with oriented 38.9° CNCs.

Fig. 14. The effects of apex angles of oriented (0.5% volume fraction) CNCs
with 30 A height on (a) enhancement of Young’s modulus ratio of nano-
composite (E.) over pure polymer (E,) in CNCs’ axial directions, and (b) the
volume fraction of interfacial regions. The effects of height of oriented (0.5%
volume fraction) CNCs with 19.2° apex angle on (c) enhancement of elastic
constant of PE, and (d) the volume fraction of interfacial regions.
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Fig. 15. FE modeling of the unit cell with single CNC fiber; (a) boundary
conditions and loading, (b) strain contour, and (c) stress contour.

Fig. 16. Comparison of the effective elastic modulus of single fiber (4%VF) unit
cells obtained from MD and FE methods.

Fig. 17. Comparison of the effective elastic moduli of PE nanocomposites of
different carbon nanoparticles (1% VF) [15].

nanocomposites reinforced with CNC (with 19.2° apex angle and 10 A
length) determined in this study is compared with some other carbon-
based nanoparticles from the literature [15]. In all cases, the VF is 1%.
The results are in the same ranges but due to the lower elastic modulus of
the CNCs than the CNTs, the former has a bit lower modulus ratio than
the latter. Fullerene has the smallest effect.

The effects of VFs and orientations of CNCs are presented in Fig. 18.
As expected, an increase in VF of CNCs leads to higher elastic properties,
where RVEs with 0.5% CNCs have about 805 MPa, while those with 1%
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Fig. 18. The effect of VF of 38.9° CNC with 30 A height on Young’s modulus
components of the RVE.

and 1.5% CNCs have almost 815 MPa and 822 MPa, respectively.
Furthermore, in RVEs of randomly distributed CNCs, it seems that they
tend to have isotropic elastic behavior. In other words, since CNCs are
transversely isotropic materials, the elastic behavior of RVEs is sub-
stantially dependent on the distribution of the nanoparticles. It means
that with randomly distributed nanofillers, the elastic modulus of RVEs
should be constant in all directions. Also, in higher VFs, this similarity
should become more prominent. The results of Fig. 18 prove this
assumption, where elastic constants in the RVE with 1.5% VF CNCs are
the most convergent results (lower than 0.3% diversity).

On the other hand, as shown in Table 4, RVEs with oriented nano-
fibers tend to behave as transversely isotropic materials. This is based on
two reasons; the orientation of nanofibers, and their transversely
isotropic behavior. Aligned CNCs along with the Y-direction led to the
situations in which RVEs have larger elastic constants in this direction,
while in the two other directions, they are almost the same.

As another important elastic coefficient, Poisson’s ratio is also
determined in this work. Similar to the elastic modulus, Poisson’s ratio is
also dependent on the apex angles of CNCs. As shown in Fig. 19, RVEs
with oriented nanofillers have two same Poisson’s ratios in x-y and y-z
planes unequal to the circumferential component (v13).

5. Conclusions

In this paper, based on the MD simulations and FEM, the interfacial
behavior of polyethylene in the vicinity of CNCs and its impact on the
enhancement of CNC-PE nanocomposites were studied. First, the MD
simulation method was used to obtain the properties of the interphase
layer inside and outside of the CNCs used to reinforce polymer nano-
composites. Subsequently, the MD results were fed into the FE software
to investigate the elastic properties of nanocomposite RVEs. The effects
of the geometrical parameters of the CNCs were analyzed in both
methods. Also, the impacts of various VFs and orientations of the nano-
fillers on the elastic properties of the polymer nanocomposites were
studied. The main outcomes are summarized below:

I. Due to the conical shapes of nanoparticles, there are two inner
and outer interphase regions with different polymer condensa-
tion and elastic properties.

Table 4

Young’s modulus of RVEs (0.5% VF) with oriented CNCs along Y-direction.
Apex angles E1 (MPa) E2 (MPa) E3 (MPa)
19.2° 822.2 841.3 822.3
38.9° 822 827.7 822

60° 830.3 827.9 830.3
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Fig. 19. Poisson’s ratios of RVEs vs. the apex angles of CNCs.

II. The properties of the outer interphase are independent of the CNC
apex angles and heights, while the inner interphase is highly
dependent on both geometrical parameters.

III. The density of the inner interphase region increases in shorter

and sharper CNCs.

IV. Although Young’s modulus of CNCs decrease as their height in-

creases, RVEs of longer CNCs have higher elastic constants.

V. RVEs with more embedded CNCs are elastically stronger.
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