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In nanocomposites, the interphase thickness may be comparable to the size of nano-particles, and hence,
the effect of interphase layers on the mechanical properties of nanocomposites may be substantial. The
interphase thickness to the nano-particle size ratio and properties variability across the interphase
thickness are the most important affecting parameters on the overall behavior of nanocomposites. In this
study, the effect of properties variability across the interphase thickness on the overall elastic and elasto-
plastic properties of a polymeric clay nanocomposite (PCN) using a functionally graded (FG) interphase is
investigated in detail. The results of the computational homogenization on the mesoscopic level show
that Young’s modulus variation of the interphase has a significant effect on the overall elastic response of
nanocomposites in a higher clay weight ratio (Wt). Moreover, strength variation through the interphase
has a notable effect on the elasto-plastic properties of PCNs. Also, the increase or decrease in stiffness of
interphase from clay to matrix and vice versa have a similar effect in the overall behavior of
nanocomposites.

© 2020 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Polymers are one of the most widely used materials in the
building, aerospace, and transportation industries [1]. Polymer clay
nanocomposites (PCNs) have attracted a lot of attention lately and
have become a subject of numerous research studies because of
their mechanical properties. As a result of the use of high aspect
ratio reinforcement and the extensive surface contact between
clays and matrix, these materials have great thermomechanical
properties such as low permeability and high heat resistance [2,3].
In the case of thermodynamically equilibrium between homoge-
neous phases, the surface boundary between different phases is
called interface [4]. This very thin area connects the solid surfaces
and helps to transfer the load between different phases. Far from
the interface, the properties of the matrix are the same as the bulk
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polymer. However, close to the interface, the properties of the
polymer are different from the bulk polymer, as depicted in Fig. 1.
This surrounding zone is called interphase. Both Interphase and
interface have a significant impact on the thermomechanical
properties of nanocomposites [5e9]. The nanometric thickness of
interphase leads to limited, expensive, and sometimes impossible
experimental measurements.

To overcome the challenges of experimental studies, Molecular
Dynamics (MD) method can be used to predict the mechanical
properties of the interface layer and interphase zone [10]. For
example, Chen et al. [11] used the traction-separation curve of the
interphase layer to calculate the peak strength, fracture energy, and
splitting distance of the interphase zone. They concluded that the
alkyl chain length of surfactants is the key parameter to control the
interfacial strength. Kim et al. [12] started from the MD simulations
and proposed a multiscale framework to investigate the interphase
characteristics of crosslinked epoxy nanocomposites. They showed
that crosslinking reduces the interfacial adhesion. The MD results
then upscaled to a micromechanical model, and Young’s modulus
of epoxy nanocomposites as a function of crosslinking was calcu-
lated. Odegard et al. [13] employed the molecular structures of
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Fig. 1. The schematic illustration of the interface layer and interphase zone in PCNs [9].

M. Bazmara et al. / Defence Technology 17 (2021) 177e184178
three phases nanocomposite using a molecular modeling method
that uses coarse-graining and reverse-mapping techniques. They
also compared their results with Mori-Tanaka for the elastic
properties of a three phases nanocomposite. Fankh€anel et al. [14]
used the MD method to characterize the elastic properties of
interphase layers in boehmite epoxy nanocomposites. They used
the atomic strain concept in their study, which allows capturing
stiffness gradient at the interphase region. Generally, molecular
dynamic simulations are widely used to investigate the adhesion
properties of different composites [10].

Although the MD approach reveals many details about the
interphase zone, however, it is limited by the size of the repre-
sentative volume element (RVE) in MD simulations. In order to
surmount this challenge, researchers have recommended the use of
the finite element method in mesoscale [15e20]. For example,
Needleman et al. [21] used the finite element technique to inves-
tigate the effect of polymer/carbon nanotube interfacial strength
and interphase thickness on the nanocomposite stiffness and
strength. They modeled the interfacial behavior by a cohesive
relation. Montazeri and Naghdabadi [22] used a multiscale
modeling approach to investigate Young’s modulus of carbon
nanotube (CNT) polymeric nanocomposites. They concluded that it
is necessary to consider the interphase zone, and it can’t be ignored
during the simulations. Almasi et al. [9] proposed a stochastic
multiscale framework to analyze the effect of interphase thickness
and stiffness on Young’s modulus of the PCNs. Their results showed
that having a weak interphase zone reduces Young’s modulus of
clay/epoxy nanocomposites, which is more significant in higher
clay contents. Msekh et al. [23] utilized the phase-field technique to
study the effect of the interphase properties (thickness, Young’s
modulus, and strain energy release rate) on the overall tensile
strength and fracture properties of the nanocomposite. Hamida and
Fig. 2. Schematic flowchart of the p
Rabczuk [24], using the framework of the Extended Finite Element
Method (XFEM), determined the most affecting parameters on
fracture toughness of polymer-based nanocomposites. They
concluded that the maximum allowable principal stress and
Young’s modulus of epoxy are the key parameters.

Besides numerical investigations, several analytical models have
been suggested to compute the mechanical properties of nano-
composites in the presence of the interphase region [25]. Pahla-
vanpour et al. [26] employed analytical homogenization to examine
the stiffness of PCNs. They reported that the MorieTanaka [27,28]
model is the most dependable model to predict Young’s modulus of
PCNs. The drawback of analytical studies is that they are mainly
limited to elastic cases.

In this study, the effects of strength variation through the
interphase on the mechanical behavior of PCNs, including elastic
modulus, yield strength, and hardening parameters are investi-
gated. A hierarchical multiscale framework is proposed to deal with
different length scales. Fig. 2 shows the proposed multiscale
framework schematically. A representative volume element (RVE)
composed of clays, interphase, and Nylon 6 was created to study
the overall stress-strain response of the PCNs. Functionally Graded
Interphase (FGI) model is used to examine the effects of strength
variation through the interphase on the stress-strain response of
PCNs. The results of this study investigate the effects of strength
variation through the interphase thickness on the nanocomposite
stress-strain curve. Additionally, the effect of weak, soft, and stiff
interphases on the overall behavior of nanocomposites is studied.

This paper is organized as follows: in section 2, we describe the
detail micromechanical approach to calculate the mechanical
properties of PCNs. In section 3, we present the results as well as
the effect of important parameters. Finally, section 4 concludes the
research manuscript.
roposed multiscale framework.
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2. Micromechanical analysis

Multiscale methods use different ways to transfer information
between different scales. Hierarchical multiscale methods use a
one-way information passing scheme from fine-scale to the coarse-
scale. From the computational point of view, hierarchical methods
are very efficient for intact materials (in the absence of crack and
discontinuity). In contrast to hierarchical methods, semi-
concurrent methods use two-way information passing between
the fine-scale and the coarse-scale. These methods are very flexible
and can easily couple different packages in different scales (e.g., MD
packages to the FE software). They can also easily and straightfor-
wardly parallelized, but it is still not very clear how decreasing
stress due to material instability at the fine-scale should be re-
flected in the coarse-scale model. Direct coupling between fine-
scale and coarse-scale can be used to overcome instability trans-
fer between different scales. Concurrent multiscale methods use
this direct coupling technique and are more suitable for modeling
cracks and discontinuities [29].

In this study, employing the finite element method, the elasto-
plastic properties of nanocomposites are predicted in the pres-
ence of the FG interphase layers. Here, the results are passed from
the finer scale to the coarser scale only. Therefore, the hierarchical
multiscale method is used. The finite element method is utilized as
the approximation method and computational homogenization as
the upscaling technique.
Table 1
Plastic constants of the exponential hardening law for Nylon 6 [30].

Yield Strength /MPa Hardening Modulus /GPa Hardening Exponent

14.5 0.034 14.29
2.1. Material behavior and finite element modeling of PCN

A 2D Representative Volume Element (RVE) is created, which
consists of clays, FG interphase, and the Nylon 6 matrix. The clays’
distribution in the RVE is completely random in terms of their angle
and position. The RVE was discretized with plane-stress elements
of approximately 2 nm size. Fig. 3 shows the mesh inside RVE and
inside the interphase zone. The interphase region is divided into
five layers, and each layer has a single element through the thick-
ness that leads to elements with an aspect ratio of 5 in this region.

Experimental results revealed that the thickness of clay platelets
is roughly about 1 nm, and their aspect ratio is between 100 and
1000 nm [30e32]. Because clay platelets are much stiffer than
Nylon 6, they are considered as linear elastic materials with
221.5 GPa Young’s modulus and 0.25 Poisson’s ratio [33,34]. In this
study, the thickness and the aspect ratio of the platelets are 1 and
100 nm, respectively. Also, clays are distributed fully exfoliated
with random orientations. Nylon 6 is a type of polyamide and has
elastic-plastic behavior with Elastic modulus of 1.5 GPa and Pois-
son’s ratio of 0.42, in the quasi-static analysis [31]. Additionally, J2
Plasticity model is used to mimic the plastic behavior of Nylon 6
[30]. This model is described below:
Fig. 3. Two-dimensional representation of the polyme
seq ¼ sY þ R∞½1� expð �mpÞ � (1)

In this equation seq, sY, R∞, m and p are Cauchy stress, initial
yield stress, hardening modulus, hardening exponent, and accu-
mulated plastic strain, respectively. Table 1 shows the value of each
parameter.

The interphase layer entirely encompasses the nanoparticles. It
is difficult to measure the precise thickness of the interphase layer.
The ratio of the thickness of the interphase layer to the organically
modified montmorillonite clay thickness for some polymers such
as polyamide 6, polypropylene, and polyamide 12 is in the range of
1 and 4.5 [35]. The thickness of the interphase layer was measured
by Zaïri et al. [36] to be approximately 2e3 nm. Xu et al. [37], byMD
simulations, determined the interphase thickness of 3 nm. Zol-
faghri et al. [38] showed that interphase stiffness is the most
influential parameter on the PCNs properties, while thickness has a
negligible effect. For this reason, this study is not focused on the
effect of different interphase thicknesses, and hence, the interphase
thickness was considered as 2 nm.

Msekh et al. [23] reported that there is a bound for interphase
Young’s modulus in polymer/clay nanocomposites. They consid-
ered three cases of weak, soft, and stiff interphases. They used
Young’s modulus of 1 GPa, 2.75 GPa, and 7.45 GPa for weak, soft,
and stiff interphases, respectively. Therefore, the interphase
Young’s modulus bounded between 1 GPa and 7.45 GPa. In this
study, the effect of variation in interphase properties on the me-
chanical properties of PCNs is investigated, and hence, different
distribution functions for strength variation through the interphase
region are considered. Four cases of constant, linear, exponential,
and polynomial distributions are considered. All Young’s modulus
distribution functions inside interphase are expressed as below:

Constant/

8<
:

EIP ¼ Eweak
EIP ¼ Esoft
EIP ¼ Estiff

Linear/EIP ¼ Eweak þ
x� 1
N � 1

�
Estiff � Eweak

�
(2)

Exponential/EIP ¼ Eweake
dðx�1Þ
r nanocomposites with five interphase layer zone.
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Polynomial/EIP ¼ Eweak þ
�
hþ 2z
2h

�n

�
�
Estiff � Eweak

�

Eweak, Esoft, and Estiff are 1 GPa, 2.75 GPa, and 7.45 GPa, respec-
tively, as reported by Msekh et al. [28]. EIP is interphase Young’s
modulus, N is the number of interphase layers (it is five in this
study), x is natural numbers from 1 to N, n is polynomial exponent,

h is half of the interphase thickness and z ¼ h
�

x�1
N�1 � 1

2) and d ¼

1
N�1 ln

�
Estiff
Eweak

�
. Each interphase layer behaves as an elasto-plastic

material with a scaled stress-strain curve from Nylon 6. This Scale
Factor (SF) is the ratio of Young’s modulus of each layer to Young’s
modulus of Nylon 6.

SF ¼ Ei
Em

(3)

Where Ei and Em are Young’s modulus of interphase layer number i
and Young’s modulus of the matrix (Nylon 6). Table 2 shows all the
material properties used in this article.
Fig. 4. Python script flow-chart for the PCN including interphase zone generation.
2.2. Representative volume element generation

Fig. 4 shows the algorithmwhich was used to generate the RVE.
First, parameters, including clay weight ratio (Wt), size of the RVE,
particle dimensions, and mesh size, were calculated. Then, a
random sequential addition algorithm (RSA), was used to distribute
the nanoclays in the matrix. The intersection between the new
particles and all the previous ones was prevented by checking each
new particle before creation. If the new particle intersected with
one of the existing particles, it was deleted, and another one was
created, otherwise, added to the RVE. The code assesses the suffi-
cient number of nanoparticles, which leads to a desirable weight
ratio. When the weight ratio of nanoparticles meets the required
value, the RVE was meshed. Otherwise, the new particles should be
added to the RVE until the desired weight ratio is satisfied. To
simplify this algorithm, nanoclays and interphase layers were
created simultaneously. At this stage, Young’s modulus of each
interphase layer must be assigned.

Zolfaghari et al. [38] have shown that the minimum acceptable
size of RVE with 1% convergence tolerance is about 500� 500 nm2

in which the randomness doesn’t affect the final results. In our
study, the size of RVE is chosen to be 1500� 1500 nm2.
2.3. Boundary condition and homogenization algorithm

For a finite-size RVE, three types of Boundary Conditions (BCs)
are widely used. These include the Uniform Traction boundary
condition (UT), Linear Displacement boundary condition (LD), and
mixed boundary condition [39]. Mixed type boundary conditions
include periodic boundary conditions [40]. The order relationship
of homogenized results motivated us to use PR boundary condi-
tions with the uniaxial strain loading [41].

Volume averaged stresses and strains throughout RVE can be
derived by:
Table 2
Elastic properties of epoxy, clay and interphase zone [23,30]

Nylon 6 Clay W

E /GPa 1.5 221.5 1
Poisson’s ratio (y) 0.42 0.25 0.
s ¼ 1
Um

ð
Um

smdU (4)

ε ¼ 1
Um

ð
Um

εmdU (5)

Where s and ε are average (macroscopic) stress and strain, sm and
εm are the local (microscopic) stress and strain vectors and Um is
the volume of the microscopic sample. The stress-strain curve of
the material can be upscaled using these homogenized values.
eak interphase Soft interphase Stiff interphase

2.75 7.45
35 0.35 0.35



Table 3
Hardening parameters of polymer/clay nanocomposites for different weight ratios.

Hardening parameters Wt ¼ 0% Wt ¼ 1% Wt ¼ 2% Wt ¼ 3% Wt ¼ 3.5%

C /MPa 13.05 15.76 16.75 17.95 18.38
n 0.3617 0.3405 0.3291 0.3065 0.3025

Fig. 6. Average stressestrain curves for representative volume elements with random
distribution and orientation of clays (1% weight ratio).

Fig. 7. Average stress-strain curves for representative volume elements with random
distribution and orientation of clays (2% weight ratio).
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3. Results and discussion

3.1. Effects of clay weight ratio and the strength variation through
the interphase

RVEs of nanocomposites with four different weight ratios (1%,
2%, 3% and 3.5%) were created. To study the effect of weight ratio,
the strength through the interphasewas kept constant. The Young’s
modulus of interphase was set to 7.45 GPa, and the plastic behavior
of the interphase was scaled from the Nylon 6 with a scale factor of
7.45/1.5¼ 4.97. As shown in Fig. 5, PCN’s stiffness increased with an
increase in the weight ratio. This is in consonance with the rule of
mixtures [42,43].

To evaluate the effect of interphase on the elasto-plastic prop-
erties of PCNs, the following power-law curve was fitted to the
curves of Fig. 5

s¼Cεn (6)

where C is the hardening coefficient, and n is the strain hardening
exponent. The strain hardening exponent usually lies between zero
and 0.5. The higher value of n shows the more pronounced strain
hardening character of the material.

After curve fitting, the parameters of the fitted curve are shown
in Table 3 which displays that the hardening coefficient (C) of PCNs
increased noticeably (as high as 40%) as the weight ratio increased
and the strain hardening exponent (n) decreased by 5.8%, 9%, 15.3%,
and 16.4% in for weight ratio of 1%, 2%, 3%, and 3.5% respectively,
compared to pure Nylon 6. This is in agreement with the results
published by Yang et al. [44] in which the secant moduli method
was adopted to investigate the effects of interfacial defects on the
mechanical properties of nanocomposites via MD simulations and
continuum micromechanics. They concluded that the slope of the
stress-strain curve increases as the corresponding interfacial
compliance increases.

To analyze the effects of strength variation through the inter-
phase, RVEs with different distribution functions were created. The
weight ratio of the particles was kept constant for all cases as; a)
Wt ¼ 1%, b) Wt ¼ 2%, c) Wt ¼ 3%, d) Wt ¼ 3.5%. As shown in
Figs. 6e9, the results illustrated that the nanocomposite’s Young’s
modulus increased with an increase in interphase Young’s
modulus. This is in agreement with the results obtained by Zolfa-
ghari et al. [38]. They compared Young’s modulus of three-phase
random composites with different interphase stiffness and thick-
ness using finite element and stochastic methods. They reported
Fig. 5. Averaged stress-strain curves for RVEs with random distribution and orienta-
tion of clays; particle weight ratios Wt ¼ 1%, 2%, 3%, and 3.5%. EIP ¼ 7.45 GPa for all
cases.

Fig. 8. Average stress-strain curves for representative volume elements with random
distribution and orientation of clays (3% weight ratio).
that Young’s modulus of nanocomposites expanded by increasing
the interphase stiffness. In all cases, interphase stiffness decreased
from clay tomatrix. Due to the same trend for different interphase’s
properties, only the results of three different Young’s modulus



Fig. 9. Average stress-strain curves for representative volume elements with random
distribution and orientation of clays (3.5% weight ratio).

Fig. 10. Comparing Young’s modulus for numerical and experimental [31] for different
weight ratios.
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variation of the interphase (constant with EIP ¼ 7.45 GPa, constant
with EIP ¼ 1 GPa, and linear) are shown in the following Figs. 6e9,
but Table 4 shows the results for all cases. Table 4 summarizes all
the results obtained from Figs. 6e9 for PCNs Young’s modulus.
Based on the results of Table 4, using different functions to create
Young’s modulus variation of the interphase can affect Young’s
modulus of PCNs up to 14% for the case in which weight ratio is
3.5%.

As shown in Fig. 10, the mean value of Young’s modulus for
different weight ratios is illustrated. The results are extracted from
20 realizations for each weight ratio. For each realization, yield
strength is calculated for a 0.2% offset based on homogenized
outputs (ASTM D638). Numerical predictions cover experimental
results within their standard deviation region. The results of Fig. 10
are in agreement with available experimental results in the litera-
ture [31]. It should be noted that in all cases, interphase Young’s
modulus is kept constant, EIP ¼ 7.45 GPa.

Also, to explore the effect of strength variation through the
interphase on PCNs’ stress-strain curve, hardening constants of
PCNs were calculated in Table 5. The results explain that the
strength coefficient (C) of PCNs increased, and the strain-hardening
exponent (n) decreased as the weight ratio increased. This is in
consensus with the results reported by Zare and Garmabi [35]. The
authors of that paper worked on the quantification of the me-
chanical properties of interphase in the polymer clay nano-
composites. Using Ji and Pukanszky micromechanical models,
thickness and strength of interphase were measured. They showed
that the PCNs became stronger as the clays’ weight ratio and
interphase thickness increased.

As shown in Fig.11, themean value of yield strength for different
weight ratios is illustrated. The same process as what was adopted
to plot Fig. 7 is used for plotting data in Fig. 11. The results are
extracted from 20 realizations for each weight ratio. For each
realization, yield strength is calculated for a 0.2% offset based on
homogenized outputs (ASTM D638). Numerical predictions cover
experimental results within their standard deviation region. The
results of Fig. 11 are in consensus with available experimental
Table 4
Young’s modulus (GPa) of polymer/clay nanocomposites according to different weight ra

Distribution function / weight ratioY E ¼ 1 GPa E ¼ 2.75 GPa

Wt ¼ 1% 1.533 1.564
Wt ¼ 2% 1.594 1.657
Wt ¼ 3% 1.675 1.774
Wt ¼ 3.5% 1.694 1.810
results published by He et al. [31]. It should be noted that in all
cases, interphase Young’s modulus is kept constant, EIP ¼ 7.45 GPa.
3.2. Effect of increase and decrease of interphase stiffness from clay
to matrix

Here, we compared our predicted results for inverse strength
variation through the interphase. Moreover, we compared the re-
sults of the average amount of interphase stiffness for each distri-
bution. The weight ratio of the particles was kept constant for all
cases to Wt ¼ 3.5%. As shown in Table 6, the results displayed that
an increase or decrease in interphase stiffness for all distributions
had no effect on Young’s modulus of PCN. In addition, according to
Table 6, it is obvious that Young’s modulus of PCN for each distri-
bution was lower than the state in which Young’s modulus of all
interphase layers was uniformly equal to the average of that
distribution.
4. Conclusion

In this study, the effects of strength variation through the
interphase on the mechanical behavior of clay/epoxy nano-
composites, including elastic modulus, yield strength, and hard-
ening parameters were investigated, employing the
micromechanical analysis and computational homogenization
technique. The finite element models of the representative volume
elements (RVEs) were created according to a procedure which
guaranteed the randomness of the RVEs. Stress-strain curves were
computed using a computational homogenization method. The
results of this study showed that the effects of the interphase layer
on elastic modulus and yield strength of PCNs are more significant
at higher weight ratios while an increase or decrease in stiffness of
the interphase from clay to the matrix and vice versa have a similar
effect on the mechanical behavior of nanocomposites. In that case,
Young’s modulus of PCN for each distribution was lower than the
tio and strength variation through the interphase.

E ¼ 7.45 GPa Exp Linear polynomial N ¼ 0.1

1.599 1.560 1.564 1.569
1.788 1.648 1.657 1.667
1.924 1.709 1.714 1.790
2.009 1.729 1.736 1.824



Table 5
Hardening parameters of PCNs for different strength variations through the interphase.

Clay weight ratio Hardening parameters E ¼ 1 GPa E ¼ 2.75 GPa E ¼ 7.45 GPa Exponential Linear polynomial N ¼ 0.1

Wt ¼ 1% C /MPa 15.08 15.35 15.76 15.52 15.58 15.63
n 0.3601 0.3584 0.3405 0.3421 0.3424 0.3515

Wt ¼ 2% C /MPa 15.20 15.82 16.75 16.19 16.34 16.46
n 0.3597 0.3502 0.3291 0.3325 0.3331 0.3389

Wt ¼ 3% C /MPa 15.34 16.39 17.95 17.02 17.27 17.46
n 0.3585 0.3415 0.3065 0.3220 0.3169 0.3201

Wt ¼ 3.5% C /MPa 15.35 16.49 18.38 17.17 17.48 17.68
n 0.3584 0.3398 0.3025 0.3211 0.3149 0.3195

Fig. 11. Comparing the yield strength for numerical and experimental [31] for different
weight ratios.

Table 6
Young’s modulus (GPa) of polymer/clay nanocomposites according to different
weight ratio and strength variation through the interphase for 3.5% weight ratio.

Distribution Function EPCN /GPa Eavg interphase /GPa

Constant with E ¼ 1 1.694 1
Constant with E ¼ 2.75 1.81 2.75
Constant with E ¼ 7.45 2.01 7.45
Exponential 1.729 3.4676
Inv. Exponential 1.730
Constant E ¼ 3.4676 1.822
Linear 1.736 4.225
Inv. Linear 1.736
Constant E ¼ 4.225 1.835
Polynomial n ¼ 0.1 1.824 5.87
Inv. Polynomial n ¼ 0.1 1.823
Constant E ¼ 5.87 1.962
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state in which Young’s modulus of all interphase layers equals to
the average value of that distribution. This simplification can lead to
an error as high as 8% for the prediction of PCNs elastic modulus.
The mean values of yield strength and elastic modulus for different
weight ratios were calculated by using the extracted results from20
realizations for each weight ratio. For both mean yield strength and
mean elastic modulus, the experimental results are within the
standard deviation of the numerical predictions.
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