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� The interfacial vacuum layer of the
CNT/epoxy composite is regarded as a
transversely isotropic continuum.

� Systematic methods are provided for
measuring the elastic constants of the
interfacial vacuum layer between
carbon nanotubes and epoxy in
molecular dynamics simulation.

� It is found that the out-of-plane shear
modulus of the interfacial vacuum
layer of the CNT/epoxy composite is
very small compared with the
modulus in other directions.

� Three-dimensional finite element
models of randomly distributed
representative volume element
containing transverse isotropic
interphases are developed.
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A multiscale framework was developed to predict the elastic properties of carbon nanotube (CNT)–epoxy
composites. The interfacial vacuum layer between the CNTs and epoxy was equivalent to transversely
isotropic elastomer. The elastic constants were calibrated based on the interaction energy density in
the molecular dynamics simulations; the results exhibited significant differences between these
constants. The out-of-plane shear modulus (46.64 MPa) is four orders of magnitude smaller than the
in-plane Young’s modulus (362.68 GPa). Subsequently, representative volume elements containing trans-
versely isotropic interphases were developed using the finite element method and analysed
comparatively to models without interphases. The results indicated that their difference in the Young’s
modulus enhancement ratio was sensitive to the CNT aspect ratio. The enhancement ratio of the model
containing the interphase was lower when the CNT aspect ratio exceeded a certain value. This difference
increased with increasing CNT aspect ratio and was significant at high CNT aspect ratios (7.35 % when the
aspect ratio reached 30). In addition, shear-lag analysis indicated that the interphase increased the inter-
facial load transfer length. This framework provides efficient interfacial simulations, giving a more
accurate prediction of bulk elastic properties and can be extended to a wider range of nanocomposites.
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1. Introduction

Nanofillers such as nanoparticles, nanotubes, and nanosheets
have broad application prospects in polymer composites. These
composites exhibit multifunctional characteristics, including
mechanical, piezoelectric, and conductive properties [1–4]. Among
these nanofillers, carbon nanotubes (CNTs) are extensively used
because of their high specific surface area, light weight, and out-
standing mechanical, electronic, and thermal properties [5]. When
the CNTs fraction is small, a substantial improvement in multifunc-
tional properties is observed in polymer nanocomposites, known
as the percolation threshold [6,7]. Effective and precise prediction
of the bulk properties of nanocomposites based on CNT fillers is
vital for the development of their design and engineering technol-
ogy. In addition, nanofillers have a higher specific surface area than
macroscale fillers, forcing the interface to play a significant role in
the bulk mechanical properties and electrical conductivity of
nanocomposites [8,9]. By considering the interphase and interface,
the prediction of nanocomposites is significantly more precise than
when the interphase and interface are absent [10]. Furthermore,
the bulk properties of nanocomposites are significantly affected
by their interfacial load-transfer efficiency [11]. Thus, the measure-
ment of interface properties is a significant concern.

Experimental methods for the direct measurement of inter-
phase and interface properties are limited owing to technical diffi-
culties in the manipulation of nano-scales. Theoretical approaches
have been applied to study the interphases and interfaces. Simple
theoretical models for mechanical properties have been developed
to measure the properties of the interphase in nanocomposites. In
these studies, several models for Young’s modulus and tensile
strength were used to characterise the thickness, modulus, and
strength of the interphase using experimental data [12–14]. Sev-
eral studies have also considered multi-layered interphases in
polymer nanocomposites, in which each layer has unique proper-
ties. The strength of each interphase layer was expressed as linear,
exponential, and power functions of the distance between the
nanoparticles and polymer matrix. Zare et al. [15–17] determined
that a power function performs best and predictions of nanocom-
posites significantly depend on an exponent as a ‘Z’ factor which
demonstrates the level of interphase properties. The surfaces of
CNTs cannot provide strong interfacial adhesion with the polymer
matrix, which restricts effective load transfer from the matrix to
the filler [18]. Zare et al. [19] developed the Hui–Shia model
assuming imperfect stress transfer in clay and polymer nanocom-
posites, the minimum length of platelets required for efficient
stress transfer, and interfacial shear strength.

Molecular dynamics (MD) simulations are extensively
employed owing to their advantages of precise and transparent
reporting of microscale information. Xiong and Meguid [20] inves-
tigated the interfacial mechanical characteristics of CNT-reinforced
epoxy composites via MD simulations. An interfacial shear
strength (ISS) of 40.68 MPa was determined using pull-out tests.
Lv et al. [21] investigated the effect of single adatom (SA) and
Stone-Wales (SW) defects on the interfacial properties of CNT/
polypropylene (PP) composites using MD simulations. The ISS of
the SA- and SW-defected CNT/PP composites decreased and
increased, respectively, with increasing defect degree. Song et al.
[22] further investigated the interfacial properties of amino-
functionalised CNT/epoxy composites using pull-out tests and
MD simulations. They considered the crosslinks between the
amino groups on the CNT and epoxy matrix. It was subsequently
determined that by introducing amino groups into the CNTs, the
ISS increased by approximately 57 times. In addition, MD simula-
tions can predict the overall macroscopic mechanical properties
of composites based on the representative volume element (RVE)
concept. At the macroscale, each point of the material sample
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corresponds to the centre of an RVE, which is sufficiently large to
adequately represent the heterogeneities at the microscale, but
also sufficiently small with respect to the dimensions of the body
[23]. Rahimian-Koloor et al. [24] studied the mechanical behaviour
of epoxy-based composites in the presence of single-walled carbon
nanotubes (SWCNTs) containing Thrower-Stone-Wales and
vacancy defects. Continuous SWCNTs, as long nanofibres, have
been considered to constitute nanocomposite RVE. Li et al. [25]
performed tension tests to examine the fracture properties of
CNT/epoxy composites using MD simulations. The results indicated
that the tensile strength and elongation at failure of the CNT/epoxy
composites increased by 24.8 and 34.3 %, respectively, compared to
those of the unreinforced epoxy matrix. In these studies, MD sim-
ulations were useful for investigating the interfacial properties.
However, the prediction of the overall properties of composites is
limited by the simplistic RVE hypothesis, which states that only
one CNT with a low aspect ratio is unidirectionally distributed in
the matrix. RVEs containing numerous CNTs with real dimensions
and random distributions are still challenging to simulate and
analyse. This was ascribed to the longer computing time required
for the larger molecular systems.

It is beneficial to apply multiscale approaches to calculate the
overall properties of nanocomposites in the presence of an inter-
phase, combining multiple methods across all scales [26,27]. For
example, ‘fuzzy fibre’ reinforced composites in which CNTs are
radially grown on the outer circumferential surface of the carbon
fibre can be studied comprehensively using multiscale approaches.
Kundalwal et al. [28] first estimated the effective elastic properties
of a CNT-reinforced polymer matrix nanocomposite (PMNC) using
the three-phase Mori–Tanaka model. The interfacial vacuum layer
between the CNTs and the matrix in the PMNC was treated as an
elastic continuum. The PMNC was then treated as a new interphase
and incorporated into a scale-up three-phase shear-lag model of
the ‘fuzzy fibre’ reinforced composite, considering the staggering
effect. Kundalwal and Meguid [29] studied the thermomechanical
response of ‘fuzzy fibre’ reinforced composites using multiscale
approaches. The Mori–Tanaka model was employed to estimate
the properties of the nanofibre consisting of CNTs and an interfa-
cial vacuum layer. Subsequently, considering the nanofibre as the
reinforcement and the polymer matrix as the matrix phase, the
Mori–Tanaka model was augmented to estimate the properties of
the unwound PMNC. Finally, considering the PMNC as the matrix
and the fibre as the reinforcement, the Mori–Tanaka model on
the largest scale was used to derive the properties of ‘fuzzy fibre’
reinforced composites. Furthermore, the interfacial and mechani-
cal properties of CNT-reinforced epoxy composites can be charac-
terised using multiscale approaches [30]. First, the interfacial and
mechanical properties of small-scale RVE-containing CNTs embed-
ded in epoxy were determined via MD simulations. Then, consider-
ing the small-scale RVE as the reinforcement and the epoxy as the
matrix phase, the bulk elastic properties of the nanocomposite
were determined using the Mori–Tanaka model on a large scale.

In multiscale approaches, the finite element method (FEM) is
typically employed to simulate the RVE on a large scale and
decrease the number of calculations. Doagou-Rad et al. [31] devel-
oped a finite-element RVE embedded in realistic morphology-
based microstructures including CNTs and graphene sheets. The
elastic constitutive relationship of the nanofillers was charac-
terised using MD simulations. Moreover, the interfacial load trans-
fer in CNT-epoxy composites is weak and mainly carried by van der
Waals (vdW) forces. By assuming a perfect interfacial bond, they
overlooked the interfacial load transfer efficiency between the
micro-components and matrix. Zaccardi [32] evaluated the elastic
properties of CNT-epoxy nanocomposites via a 3D multiscale FEM
model of RVE. The vdW interactions were used to establish a cohe-
sive law for the zero-thickness interface, which was implemented
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using the cohesive zone model (CZM). However, introducing a non-
linear CZM requires time-consuming calculations, and conver-
gence may be difficult. This opens up the possibility of
developing simpler and more efficient models. Fankhänel et al.
[33] investigated the interphase properties of boehmite
nanoparticle (BNP)/epoxy composites via MD simulations. Subse-
quently, a 3D FEM model of the RVE was constructed in the pres-
ence of the interphase. Although the local region in the matrix
(where the properties change) was defined as the interphase, the
weak vdW interaction region at the interface was not investigated.
Consequently, it was treated as a perfect bond in the FEM models,
resulting in an overestimation of the interfacial load transfer effi-
ciency. In conclusion, the definitions and constitutive relationship
measurement methods of the interface or interphase, which are
required for FEM simulations, are challenging to determine accu-
rately and remain an unsolved problem.

To effectively and accurately define the interphase and interface
of the nanocomposites, it is necessary to assess them at the atomic
scale. Fankhänel et al. [33] observed fewer stiffness changes in the
matrix near nanoparticles with no interfacial covalent bonding.
The mechanical properties of nanocomposites affected by a region
of property change in the matrix may be insignificant compared to
the interfacial non-bonded region (interfacial vacuum layer).
Moreover, because interfacial load transfer is directly carried by
non-bonded vdW interactions, it is essential to comprehensively
check the interfacial non-bonded region. One effective approach
is to treat this region as a solid continuum, similar to how CNTs
are always treated as solid cylinders, even though there are hollow
vacuum regions in CNTs. Finally, the correct constitutive relations
for these approximations were obtained. Arash et al. [34] equated
the interfacial non-bonded region of CNT/polymer composites with
an elastic continuum of nonzero thickness. The effective Young’s
modulus of the interfacial region in the direction parallel to the
interface was calculated as the second derivative of the interaction
energy between the CNT and the matrix with respect to the applied
strains using MD simulations. However, the assumption of isotro-
pic interfacial properties can be inaccurate. This can be assessed
by referring to the study conducted by Sahraei et al. [35]. They
investigated the interfacial mechanical behaviour of graphene/
epoxy nanocomposites by performing normal and sliding pull-
out tests. Their study exhibited significant differences in trac-
tion–separation curves for the interfacial normal and sliding
modes, including the initial slope of the curve (interfacial stiffness)
and maximum traction. Thus, the interfacial non-bonded region
should be treated as an anisotropic elastic medium that combines
a similar structure between CNTs and graphene sheets. In addition,
it was determined that the chirality of the CNTs had little influence
on the interface interaction during the pull-out test [36,37]. Thus,
Fig. 1. Sketch of the representative elem
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the anisotropy of the elastic properties can be simplified by trans-
verse isotropy, in which the transversely isotropic plane is parallel
to the interface. Based on this understanding of the non-bonded
interfacial region, the volume fraction of all the phases can be cal-
culated consistently by considering the nonzero thickness of the
interphase. However, it is challenging to directly characterise the
constitutive relation of the interface region in tensile and shear
tests because of the complex hollow cylindrical shape of the inter-
face region.

This study aims to provide a multiscale framework by focusing
only on the interfacial non-bonded region, proposing methods for
calibrating the effective transversely isotropic property of the
interfacial non-bonded region (interphase) of CNT/polymer com-
posites via MD simulations, and reveal the effects of the interphase
on the FEM models of the RVE. 3D FEM models of RVE with ran-
domly distributed CNTs in the presence of the interphase were
developed. The effective Young’s moduli of the RVE models con-
taining one interphase were calculated at different concentrations
and aspect ratios of CNTs and compared with the perfect-bond
interface condition. In addition, to explore the load-transfer mech-
anism in the interphase, three-phase shear-lag models were
generated using FEM in the presence of the interphase. The results
were then compared with the perfect-bond interface conditions.
2. Calibrations of CNT-epoxy interphase using MD simulations

Owing to the similar structures of CNTs and graphene, graphene
sheets are considered as CNTs for investigating the interfacial
properties [35,38–41]. In addition, Li and Seidel [40] investigated
the effects of graphene curvature and temperature on the interfa-
cial force-separation response of polyethylene matrix composites.
The results indicated near identical trends and peak values for dif-
ferent curvatures. Thus, it is scientifically correct to consider the
graphene-epoxy interphase as a representative element of the
CNT-epoxy interphase. This concept is illustrated in Fig. 1.

In the MD simulations, a polymer-consistent force field (PCFF)
was selected to describe the interactions between the atoms. This
force field was confirmed to be accurate and has been widely used
to simulate CNT-polymer systems [20,35,42].
2.1. Molecular interphase models

Molecular modelling and crosslinking were performed using
the BIOVIA Materials Studio 8.0. An epoxy containing diglycidyl
ether bisphenol A (DGEBA) resin and diethylenetriamine (DETA)
curing agent, as shown in Fig. 2, was employed as the uncros-
slinked matrix material. Subsequently, boxes were constructed
ent of the CNT-epoxy interphase.



Fig. 2. Molecular structures of: (a) diglycidyl ether bisphenol A (DGEBA) monomer,
and (b) diethylenetriamine (DETA) curing agent.
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with dimensions of 46.02 � 46.14 � 50.4 Å3 containing periodic
multilayer graphene sheets, with six layers at the bottom of the
box. The interlayer spacing of the graphene sheets was 3.4 Å.
Fig. 3. Crosslinking
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Several DGEBA and DETA molecular chains were randomly packed
into boxes at a ratio of 2:1 with a density of 1.13 g/cm3. The num-
ber of atoms was 11506. The constructed model was subjected to
energy minimisation and dynamic relaxation for 500 ps in a con-
stant number, volume, and temperature (NVT) ensemble at
300 K. After equilibration, the model was subjected to annealing
crosslinking [22], as shown in Fig. 3. The chemical reactions that
occur during the crosslinking process are shown in Fig. 4. One
amine group could be crosslinked with two epoxy groups. After
the crosslinking process, the model achieved the final degree of
crosslinking (92.7 %). The molecular model is shown in Fig. 5.

After crosslinking, the crosslinked models were changed to a
large-scale atomic/molecular massively parallel simulator
(LAMMPS). The model was subjected to three annealing cycles to
obtain a full equilibrium state. The temperature was increased
from 300 to 600 K at a heating rate of 1 K/ps in an NVT ensemble.
Subsequently, the model was relaxed in an NVT ensemble at 300 K
for 1 ns. To obtain a reasonable density, the model was relaxed in a
constant number, pressure, and temperature (NPT) ensemble at
flowchart [22].



Fig. 4. Two chemical reactions in crosslinking process: (a) epoxy group with
primary amine and (b) epoxy group with secondary amine.

Fig. 5. Molecular model of the CNT-epoxy composite. The grey, blue, cyan, and red
colours denote carbon, nitrogen, hydrogen, and oxygen, respectively.
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300 K and 1 atm for 1 ns. Finally, the model was subjected to an
NVT ensemble at 300 K for 1 ns. As described above, a separate
equilibrium procedure was required for the two types of models
with different boundary conditions to perform engineering elastic
constant tests. One model had periodic conditions in all directions,
whereas the other changed the periodic boundary condition to a
nonperiodic boundary condition perpendicular to the surface of
the graphene sheet, as shown in Fig. 6.
2.2. Elastic properties of interphase

Arash et al. [34] equated the interfacial non-bonded region of
CNT/polymer composites with an isotropic elastic continuum.
Fig. 6. Sketch of interphase models with (a) periodic boundary condit
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However, the assumption of isotropic interfacial properties may
be inaccurate. This interphase can exhibit anisotropic elastic
properties. In addition, pull-out tests have shown that the chirality
of CNTs has little influence on the interface interactions [36,37].
Thus, the interphase region is treated as a transversely isotropic
elastic continuum. The thickness of the interphase was assumed
to be 3 Å, based on the vdW equilibrium distance in this interfacial
region. The models were illustrated using the Cartesian coordinate
system, xyz. The z-axis represents the axis of elastic symmetry per-
pendicular to the surface of the graphene sheet, whereas the yz-
axis represents the transverse plane. The effective elastic constant
can be calculated as follows:
Cijkl ¼ @2W
@eij@ekl

ð1Þ

where Cijkl and eij denote the effective elastic constant and strain
tensor, respectively. W denotes the strain energy density, which is
a function of the strain components. The strain energy variations in
the interphase and the equivalent solid continuum were assumed
to be the same. Accordingly, continuum-based relations were used
to determine the elastic constants. For the interphase, the variation
in strain energy can be substituted by the variation in the interac-
tion energy in MD simulations [34]. The interaction energy is the
difference between the total potential energy of the composite
and sum of the potential energies of the individual components:
Uinter ¼ Utotal � ðUCNT þ UepoxyÞ ð2Þ

where Utotal is the total potential energy of the composite, UCNT

is the potential energy of the CNT reinforcements, and Uepoxy is the
potential energy of the polymer matrix.

Five individual engineering elastic constants are required to
describe the transversely isotropic elastic constitutive relation.
For ease of calculation, they were chosen as follows: in-plane
Young’s modulus (E2), out-of-plane Young’s modulus (E3), in-
plane shear modulus (G12), out-of-plane shear modulus (G13), and
Poisson’s ratio for tension stress in the y-direction (v23). Because
the vdW equilibrium distance between the CNTs and polymer
matrix remained unchanged during the stretching of the inter-
phase in the x-direction, v23 was assumed to be zero. Therefore,
four loading strategies are used for the remaining four elastic mod-
uli. For specific stress or strain conditions, only one of these moduli
appears in the strain-energy density function. All loading simula-
tions were implemented using an NVT ensemble. The tests were
repeated five times for each loading scenario and the results were
averaged.
ions and (b) nonperiodic boundary conditions in the z-direction.
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2.2.1. Calculation of E2

When calculating E2, the model was in a periodic condition,
resulting in two interphase layers as illustrated in Fig. 7. The box
was stretched in the y-direction at a constant strain rate of
1� 10�8. Because only ey ¼ DW=W exists in the interphase, E2 is
calculated as:

E2 ¼ d2Uinter

2Vinterdey2
ð3Þ

where Vinter denotes the volume of one interphase layer.

2.2.2. Calculation of E3

When calculating E3, the nonperiodic condition was imple-
mented in the z-direction, and only one interphase layer was pre-
sent in the model, as shown in Fig. 8. The motion of the CNTs and
epoxy was limited to a rigid body to exclude the deformation of the
matrix because the deformation of the matrix should not be
included in the interphase response, causing an underestimation
of E3. Subsequently, the CNTs were moved in the z-direction at a
velocity of 1 � 10�6 Å/fs. This resulted in the strain ez ¼ DH=H in
the interphase, and E3 was calculated as:

E3 ¼ d2Uinter

V interdez2
ð4Þ
2.2.3. Calculation of G12

When calculating G12, the periodic condition is implemented in
the z-direction. Simple shear loading was performed on the box in
Fig. 7. Sketch of the loading strategy for the calculation of E2.

Fig. 8. Sketch of the loading strat
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the xy-plane, leading to engineering shear strain cxy ¼ DW=L in the
interphase layers, as illustrated in Fig. 9. The velocity of the gra-
phene sheets in the z-direction was limited to zero to prevent
the graphene sheets from wrinkling during shearing [43]. E3 is cal-
culated using the following equation:

G12 ¼ d2Uinter

2Vinterdcxy2
ð5Þ
2.2.4. Calculation of G13

To calculate G13, a nonperiodic condition was implemented in
the z-direction. As illustrated in Fig. 10, a simple shear deformation
of the interphase was achieved by moving the CNT in the x-
direction. During the moving process, the x-direction velocities of
the atoms in the matrix were limited to zero to exclude shear
deformation of the matrix, whereas those of the CNT were set as
1 � 10�6 Å/fs. Subsequently, the engineering shearing strain,
cxy ¼ DL=H in the interphase was obtained. Finally, G13 is calculated
using the following equation:

G13 ¼ d2Uinter

V interdcxz2
ð6Þ
3. FEM modelling and simulations

In this study, all FEM simulations of the RVE and shear-lag mod-
els were performed using the commercially available ABAQUS soft-
ware. For comparison, models containing an interphase
(interphase model) and those without an interphase (interface
model) were developed. The five individual effective elastic con-
stants of the transversely isotropic interphase used in FEM are dis-
cussed in Section 4. The interphase thickness was 0.3 nm. A type of
CNT with a diameter of 2.71 nm and transversely isotropic elastic
properties was used [44]. Five effective elastic constants are listed
in Table 1. Additionally, by an individual calculation of unrein-
forced epoxy with MD simulations, the Young’s modulus and Pois-
son’s ratio of the isotropic matrix were determined to be 3.17 GPa
and 0.34, respectively.

The elastic constants are based on a local Cartesian coordinate
system, x1x2x3, where the x3-direction is the elastic axis of symme-
try in the CNT’s axial direction.

3.1. FEM models of RVE

FEMmodels of RVE considering perfect interfacial bonding with
zero interfacial thickness have been extensively investigated in
egy for the calculation of E3.



Fig. 9. Sketch of the loading strategy for the calculation of G12.

Table 1
Five individual elastic constants of transversely isotropic CNTs [44].

E2(TPa) E3(TPa) G12(TPa) G13(TPa) v23

0.230 0.905 0.08 0.24 0.254
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previous studies [31,45,46]. This simplified role of the interface
may result in imprecise load transfer. In our multiscale framework,
3D FEM models of the RVE considering a transversely isotropic
interphase were developed in conjunction with the results of MD
simulations. Straight CNTs were randomly distributed in the
matrix using a master algorithm. Single CNTs were randomly
placed in cubic matrix boxes, one by one. Meanwhile, the newly
generated CNT were checked for possible intersections with the
previously placed CNTs. If any intersection existed, the CNT was
deleted and randomly regenerated until no intersection existed.
In the interphase models, the interphase surrounded the sidewall
of the CNT with uniform thickness. Intersections between inter-
phases did not occur. Moreover, the geometry of the CNTs and
interphases was periodic; therefore, parts of the CNTs and inter-
phases protruding beyond the box boundaries reappeared on the
opposite boundary. As reported in a previous study [22], a large
capillary force was observed between the CNT open end and epoxy.
Thus, perfect interfacial bonding between the CNT end and epoxy
was assumed.

The transversely isotropic elastic symmetry axis of the inter-
phase is always in the radial direction of the CNT. That is, the sym-
metry axis varies continuously as the position in the hollow
cylinder-shaped interphase continues to change around the CNT
axis. The stiffness matrix should vary in the global coordinate sys-
tem for different positions in the interphase, surrounding different
randomly distributed CNTs, via coordinate transformation. To solve
this problem, an alternative computation was performed. As illus-
trated in Fig. 11a, the geometry of the interphase is divided into
small elements with the same ideal as that explained in Section 2.
A discrete local Cartesian coordinate system x1x2x3 was defined for
Fig. 10. Sketch of the loading strat

7

each cell such that the x3-axis was the axis of elastic symmetry in
the radial direction of the CNT, as shown in Fig. 11a and b. The
transversely isotropic stiffness matrix, consisting of engineering
constants calibrated from MD simulations, can be directly defined
on the local coordinate systems. All the developments were imple-
mented based on Python codes embedded in ABAQUS.

The elastic moduli of the RVE models were calculated at differ-
ent CNT concentrations (0.5, 1, 1.5, and 2 wt%) and aspect ratios
(10, 20, and 30). At least 40 CNTs were placed in all RVE models
to ensure a sufficient statistical magnitude, thereby leading to
approximately isotropic properties of the RVE models. In addition,
the ratios of the RVE edge length to CNT length (LRVE=LRVE) were at
least 1.5 to ensure convergence of the elastic properties [47]. Thus,
considering the number of CNTs and LRVE=LRVE led to the edge
length of the RVE models (LRVE) varying from 67.99 to 155.28 nm.
For the tension tests, displacement boundary conditions were
imposed to generate a strain of 0.01, by setting uniform displace-
ments in the tension direction on one boundary of the RVE models
and zero displacements in the tension direction on the opposite
boundary. Moreover, for RVE models at low filler concentrations,
the displacement and traction boundary conditions led to close
upper and lower bounds for the elastic constants [33]. Therefore,
the application of periodic boundary conditions was not essential.
The calculated elastic moduli in three different tension directions
were averaged.

Linear tetrahedral elements (C3D4) were used because of the
complex geometry of RVE models. This is beneficial for a significant
increase in computing speed, albeit with a smaller reduction in cal-
culation accuracy compared to quadratic tetrahedral elements
(C3D10). Comparison tests were performed, indicating that the dif-
ferences in the results between them were less than 0.7 %, with
approximately 120,000 elements. This type of element was used
in another study [32]. As illustrated in Fig. 11c, only one element
was present in the CNT radial direction of the interphase. This
meshing strategy was also used in previous studies [33,48]. The
sizes of the elements were near identical for all models, and the
number of elements changed based on the size of the RVE. Thus,
the number of elements varied from 846,792 to 5784732. Prelim-
inary calculations were made to verify the mesh convergence. By
increasing the number of elements by 0.58 times, the results
decreased by a small value of 0.052 %. Thus, the mesh converges.
egy for the calculation of G13.



Fig. 11. (a) Structure of interphase, (b) material orientation of interphase, and (c) FEM model of the RVE containing the interphase.
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3.2. Shear-lag models of FEM

As shown in Fig. 12, the symmetrical shear-lag model exhibits
the shape of a three-phase concentric cylinder. The matrix had a
diameter of 2R and length of 2L. The interphase region had a thin
shell shape with a diameter of 2b and length of 2l. The CNT had
a diameter of 2a and length of 2l. The structure and material defi-
nitions of the interphase are identical to those of the RVE models.
Perfect interfacial bonding between the CNT end and matrix was
assumed. By assuming a ¼ b, the interphase model is reduced to
the interface model.

For both the interphase and interface models, the matrix-to-
CNT diameter ratio (R/a) and matrix-to-CNT length ratio (L=l) were
assumed to be 5 and 2, respectively. The axial displacement of the
surface on the left side of the model was set at zero, which resulted
in symmetrical boundary conditions. A traction boundary condi-
tion with an axial normal stress, r, was applied to the surface on
Fig. 12. Scheme of the shear-lag model.

8

the right side. The aspect ratio of the CNTs was assumed to be
50. Linear triangular prism elements (C3D6) are used in this study.
The sweep-mesh method was employed along the z-direction. The
mesh used in this section is shown in Fig. 13. Both the interphase
and interface models employed the same mesh. Finally, a mesh
was generated for each model with 1,485,960 elements. The mesh
was denser than that of the RVE and converged.
Fig. 13. Mesh on a section perpendicular to the z-direction of the shear-lag for the
interphase model case.



Fig. 14. The variation in the interaction energy density to calculate E2.

Fig. 15. Variation in the interaction energy density to calculate E3.
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4. Results and discussion

4.1. Transversely isotropic elastic properties of CNT-epoxy interphase

In this section, Poisson’s ratio (v23) is assumed to be zero, and
four elastic constants are calculated. The variations in the interac-
tion energy density between the CNT and epoxy matrix with a
strain increment in the four loading scenarios are discussed. For
a linear elastic material, the strain energy density is a quadratic
function of the strain. Therefore, the variation in the interaction
energy density versus strain was fitted using the following
equation:

y ¼ Ax2 þ Bxþ C ð7Þ
where 2A is equal to the corresponding engineering modulus in

the respective loading scenarios. All elastic constants obtained are
summarised in Table 2.

The elastic axis of symmetry is in the z-direction.

4.1.1. e2
Fig. 14 shows the variation in the interaction energy density

versus normal strain, ey, from 0 to 0.01 in the loading scenarios
described in Section 2.2.1. The interaction energy density initially
tended to increase quadratically with increasing ey from 0 to
0.0065. This can be regarded as the linear-elastic stage of the inter-
phase. Subsequently, the energy density varied without any regu-
larity with increasing ey from 0.065 to 0.01, indicating that the
interphase exited elasticity. The quadratic variation stage of the
interaction energy was fitted, and the in-plane Young’s modulus
was determined as E2 ¼ 362.68 GPa.

4.1.2. e3
Fig. 15 shows the variation in the interaction energy density

versus the normal strain, ez, in the loading scenarios described in
Section 2.2.2. With ez ranging from 0 to 0.01, the interaction
energy density increased quadratically, revealing the linear elastic
properties of the interphase. By fitting ez from 0 to 0.065, the out-
of-plane Young’s modulus was determined to be E3 ¼ 12.19 GPa. E3

was higher than the Young’s modulus of the matrix. Sahraei et al.
[35] performed the same interfacial separation test between gra-
phene and epoxy using MD simulations, except for the rigid body
of the matrix. From the snapshots obtained during the test, the
deformation of the interphase was significantly smaller than that
of the matrix. Damage first occurred in the matrix while the inter-
facial bonding was intact. This results from p� p stacking interac-
tions between the benzene rings in the matrix and CNTs. Thus, the
value of E3 in this study was realistic. Moreover, E3 is an order of
magnitude smaller than E2, exhibiting the inaccuracy of assuming
that the interphase is isotropic.

4.1.3. g12

Fig. 16 shows the variation in the interaction energy density
versus engineering shear strain, cxy, from 0 to 0.01, in the loading
scenarios described in Section 2.2.3. The interaction energy den-
sity increases quadratically with increasing cxy from 0 to 0.005, fol-
lowed by an irregular variation from 0.005 to 0.01. The two stages
indicated that the interphase initially exhibited a linear elastic
property and subsequently exited the elastic stage. By fitting the
Table 2
Five individual elastic constants of the transversely isotropic interphase.

E2(GPa) E3(GPa) G12(G

362.68 12.19 175.0

9

quadratic variation stage of the interaction energy, the in-plane
shear modulus was determined to be G12 ¼ 175.08 GPa.
4.1.4. g13

Fig. 17 shows the variation in the interaction energy density
versus engineering shear strain, cxz, from zero to 0.01 in the loading
scenarios described in Section 2.2.4. The interaction energy den-
sity increased quadratically when increasing cxz from zero to 0.1,
thereby revealing a linear elastic behaviour of the interphase. By
fitting the variation in interaction energy, the out-of-plane shear
modulus was obtained as G13 ¼ 46.64 MPa. It can be observed that
the value of G13 is significantly lower than those of the other mod-
Pa) G13(MPa) v23

8 46.64 0



Fig. 16. Variation in the interaction energy density to calculate G12.

Fig. 17. Variation in interaction energy density to calculate G13.

Fig. 18. Variation in the interfacial shear stress sinterface versus strain cxz .
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uli, being four and three orders of magnitude smaller than those of
E2 and E3, respectively. Moreover, CNTs can be pulled out easier
than they can be interfacially separated, which has also been
reported in the literature [35].

In addition, the force in the direction of CNT movement can be
directly obtained. The interfacial shear stress was calculated as
follows:

sinterface ¼ F
S

ð8Þ

where sinterface, F, and S denote the interfacial shear stress, force
on the CNT in the direction of the CNT movement, and cross-
sectional area of the graphene sheet, respectively. The force-
based G23

0 can then be obtained using:

G13
0 ¼ dsinterface

dcxz
ð9Þ

Fig. 18 shows the variation in sinterface versus cxz. The stress
sinterface increased linearly when increasing cxz from 0 to 0.1. In this
region of cxz, the stress sinterface was fitted by a linear equation, and
10
the force-based G13
0 was determined as G13

0 ¼ 43.93 MPa. It can be
observed that the value of G13

0 was only 6.17 % lower than that of
G13. Thus, considering that the energy- and force-based methods
were completely independent, the moduli calculated based on
the interaction energy were confirmed to be precise.

To the best of our knowledge, there has been little research on
the interfacial stiffness of nanocomposites, particularly in experi-
ments. Experimental measurements of the interfacial properties
were severely hindered by the length scale. However, we can
roughly estimate G13 from experimental data and MD simulations,
in which tests of pulling one CNT out of a matrix were performed.
The equation is G13 ¼ sIFFH

d , where sIFF , d, and H denote the interfa-
cial shear strength, pull-out distance when the interfacial shear
stress reaches sIFF , and thickness of the interphase, respectively.
The approximate values of G13, obtained from only one experiment
[49] containing sufficient data and one MD simulation test [50],
were approximately 0.006 and 97 MPa, respectively. However,
because the value of sIFF in this experiment was lower than in
the existing studies and owing to technical limitations and our
rough estimation, the G13 of this experimental study is far from
accurate but can reflect the weak interfacial shear stiffness. In
addition, the value of G13 from our study was in the range of
0.006–97 MPa and at the same magnitude of 97 Mpa. Thus, the
value of G13 obtained in the present study was plausible.

4.2. FEM models of RVE

To understand the properties of the composites, the Young’s
modulus enhancement ratios of the RVE relative to pure epoxy
were calculated. Fig. 19 shows the effects of different CNT concen-
trations and aspect ratios on the enhancement ratios. The enhance-
ment ratios increased with increasing CNT concentrations and
aspect ratios. For a low CNT aspect ratio (10), the enhancement
ratios of the interphase models were higher than those of the inter-
face models at all concentrations. In contrast, for CNT aspect ratios
of 20 and 30, the enhancement ratios of the interphase models
were lower than those of the interface model. Table 3 lists various
experimental results on enhancement ratios of Young’s modulus
for CNT/epoxy composites with CNT contents ranging from 0.5 to
1 wt%. It can be observed that the results of our interphase model
are in the range of the experimental results but are at a low level in
the range. For example, 5.6 % enhancement with CNT aspect ratios
of 30 and 0.5 wt% was in the range of 0.38–32.4 % of the experi-



Table 3
Comparison of increments in Young’s modulus of nanocomposites between various
experiments.

Materials wt.% Gain in Young’s modulus (%) Reference

EP/MWCNT 0.5 32.4 [51]
EP/DWCNT 0.5 7.349 [52]
EP/MWCNT 0.5 0.38 [52]
EP/MWCNT 0.5 <9 [53]
EP/MWCNT 0.5 0.7 [54]
EP/MWCNT 0.5 13.5 [55]
EP/MWCNT 0.55 20.6 [56]
EP/MWCNT 1 17.4 [51]
EP/MWCNT 1 2.87 [54]
EP/SWCNT 1 18 [57]
EP/MWCNT 1 26.4 [55]

EP, MWCNT, DWCNT, and SWCNT denote epoxy resin, multi-walled CNT, double-
wall CNTs, and single-wall CNTs, respectively.

Fig. 20. Differences in enhancement ratio between the interphase and interface
models.

Fig. 19. Enhancement ratios of Young’s modulus for RVE models at different
concentrations (wt.%) and aspect ratios (AR) of CNT for the interface and interphase
models.

Z. Song, Y. Li, A. Carpinteri et al. Materials & Design 221 (2022) 110996
mental results, and 12.47 % with CNT aspect ratios of 30 and 1 wt%
was in the range of 2.87–26.4 %. The low value mainly results from
the higher CNT aspect ratios in the experiment than those in our
simulations. This indicated the applicability of the models used
in this study.

For further in-depth studies, the differences in the enhance-
ment ratios between the interphase and interface models were
extracted from Fig. 19 and are shown in Fig. 20. From Fig. 20, the
differences in the enhancement ratios between the interphase
and interface models are evidently not affected by the CNT concen-
tration but are distinctly affected by the CNT aspect ratio. As the
aspect ratio increased from 10 to 30, the difference changed from
positive to negative. Furthermore, the absolute values of the differ-
ence increased with an increase in the aspect ratio (from 20 to 30)
after the difference became negative. For example, at a concentra-
tion of 2 %, the enhancement ratios of the interphase model were
3.49 % higher and 4.56 and 7.35 % lower than those of the interface
model for aspect ratios of 10, 20, and 30, respectively. These phe-
nomena can be explained as follows. Owing to the higher moduli
(E2; E3; and G12) of the interphase than that of the epoxy matrix,
the interphase can be regarded as an additional reinforcement
phase, such as thickening CNTs. That is, the moduli of the inter-
phase induced an enhancement effect on the composites. However,
it is worth noting that a low value of G13 weakened the load trans-
fer efficiency of the interfacial shear stress. For sufficiently short
11
CNTs, the interfacial load transfer efficiency for interfacial shear
stress was not significantly weakened by G13. Thus, the weakening
effect of G13 is less dominant than that of the other interphase
moduli. Finally, considering sufficiently short CNTs, the interphase
led to a higher enhancement ratio of the RVE for the interphase
model than that for the interface model. Conversely, the interfacial
load transfer efficiency for the interfacial shear stress was signifi-
cantly weakened by G13 for longer CNTs. The weakening effect of
G13 was more evident as the CNT aspect ratio increased, which
could not be compensated by the enhancement effect of the other
moduli. Therefore, for long CNTs, the interphase led to a lower
enhancement ratio of the RVE in the interphase model than in
the interface model. The CNT aspect ratio is typically > 100 [58].
Consequently, the interface model led to overestimations of CNT-
reinforced composites, which confirms the necessity of using the
interphase model proposed in this study.

4.3. Shear-lag models of FEM

The interphase effects on the elastic properties of random CNT-
distributed RVE models are described in Section 4.2; however, the
load transfer mechanism remains unclear. Therefore, the shear-lag
models for the interphase and interface were constructed to anal-
yse the effects of the interphase on the load transfer modes. The
stress distributed in the shear-lag models was normalised by the
axial normal stress, r, of the traction boundary condition.

Fig. 21 shows the axial normal stress distribution in the shear-
lag models. Stress was extracted from the left-end sections of the
models. For the interphase model, the maximum stresses of the
CNTs, interphase, andmatrix are 21.31, 1.04, and 0.07, respectively.
For the interface model, the maximum stresses of the CNTs and the
matrix were 23.13 and 0.08, respectively. It can be observed that
the stress of the CNT is significantly higher than that of the inter-
phase and matrix. In addition, the stress of the interphase was
higher than that of the matrix but lower than that of the CNT.
Owing to the perfect interfacial bonding between the CNT end
and matrix, the stress at the CNT end was not zero. The axial nor-
mal stress of the CNT increased in the z-direction owing to the
accumulated interfacial shear stress under force equilibration.

For ease of analysis, the normalised average axial normal stress
on the CNT is calculated. The normalised interfacial shear stress
can then be obtained from:

sinter ¼ �1
2
a
drCNT

dz
ð10Þ



Fig. 21. Sectional drawing of axial normal stress distribution for (a) interface, and (b) interphase models. In this picture, parts of models containing CNTs are shown.
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where sinter denotes the normalised interfacial shear stress and
rCNT denotes the normalised average axial normal stress of the
CNT.

Fig. 22a shows the average axial normal stress on the CNT. With
an increase in z=2a, the stress was first evenly distributed in the
left region of the CNT and then decreased gradually. The stress of
the interphase model was always smaller than that of the interface
model. The maximum stress value of 17.76 was obtained from the
interphase model, which was 13.64 % lower than the 20.56 of the
interphase model. This stems from the higher in-plane Young’s
modulus (E2) of the interphase than that of the matrix. Because
loads tend to propagate to locations with higher stiffness, the inter-
phase of the interface model bears more axial loads from the
matrix and shares part of the axial loads from the CNT compared
with the interface model case. In addition, as z=2a increased, the
stress of the interphase model decreased slower than that of the
interface model, which can be combined with a slower increase
in the interfacial shear stress of the interphase model, as shown
in Fig. 22b. The greatest concern was that the load transfer length
(length for which the interfacial shear stress was not zero) of the
Fig. 22. (a) Average axial normal stress on CNTs, and

12
interphase model was higher than that of the interface model,
thereby reducing the effective length bearing the axial load. This
was caused by the low out-of-plane shear modulus (G13) of the
interphase.

A study by Zhang and He [59] was employed to further clarify
the effects of G13. They developed a three-phase shear-lag model
with the same geometrical shape. Interestingly, their results exhib-
ited a reverse load-transfer mode. The load transfer length of the
interphase model was lower than that of the interface model,
which differs from our results. Furthermore, the axial normal stress
on the CNT in the interphase model was smaller than that in the
interface model, which is consistent with our results. This differ-
ence is caused by the Young’s modulus of the isotropic interphase
being higher than that of the matrix (the shear modulus is higher
than that of the matrix), according to Zhang’s study, whereas the
out-of-plane shear modulus (G13) is lower than that of the matrix,
according to our study. Thus, it can be concluded that the low out-
of-plane shear modulus (G13) of the interphase increased the load
transfer length, leading to a decrease in the efficiency of the load
transfer from the matrix to the CNT in our study. This also proves
(b) interfacial shear stress surrounding the CNT.
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the mechanism of the reduction in the enhancement ratio in the
FEM models of the RVE by introducing an interphase.

5. Conclusions

In this study, a multiscale framework combined with micro-
scale MD and scaled-up FEM RVE-based simulations was proposed
to predict the elastic properties of CNT-epoxy composites. First, the
interfacial van der Waals interaction region between the CNT and
epoxy was assumed to be a transversely isotropic elastic contin-
uum. Four loading scenarios were proposed to calculate the five
individual engineering elastic constants based on quadratic fitting
of the variation in the interaction energy density versus the specific
strain in the MD simulations. The MD simulations results exhibit
significant differences between the moduli, from the minimum
value of the out-of-plane shear modulus (G13 ¼ 46.64 MPa) to
the maximum value of the in-plane Young’s modulus (E2 ¼
362.68 GPa). Subsequently, 3D FEM models of RVE containing a
transversely isotropic interphase (interphase model) were devel-
oped in conjunction with the results of the MD simulations. The
Young’s modulus of the interphase model at different concentra-
tions and CNT aspect ratios was calculated and compared to that
of the RVE models without an interphase (interface model). The
results indicate that the enhancement ratio of the Young’s modulus
obtained from the interphase model is significantly lower than that
obtained from the interface model at high CNT aspect ratios,
whereas it is slightly higher than that obtained from the interface
model at severely low CNT aspect ratios. Finally, FEM shear-lag
models with an interphase were constructed and compared to
shear-lag models without an interphase to distinguish the load
transfer modes between them. The results indicate that the inter-
phase model has a higher load-transfer distance than the interface
model owing to the low value of the out-of-plane shear modulus,
G13, of the interphase. Thus, the interphase decreases the efficiency
of load transfer from the matrix to the CNT. The framework pro-
vides efficient interfacial simulations and a more accurate predic-
tion of bulk elastic properties and can be extended to a wider
range of nanocomposites.
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