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The tensile properties of multiscale, hybrid, thermoplastic-based nanocomposites reinforced
with nano-CaCO3 particles and micro–short glass fibers (SGF) were predicted by a two-step,
three-dimensionalmodel using ANSYS finite element (FE) software. Cylindrical and cuboid representative volume elements were generated to obtain the effective behavior of the multiscale
hybrid composites. In the first step, the mechanical performance of co-polypropylene/CaCO3
nanocomposite was analyzed. The thickness of the interphase layer around the nanoparticles
was estimated by using differential scanning calorimetry data. In the second step, the nanocomposite (co-polypropylene/CaCO3) was considered as an effective matrix, and then the effect of
micro-SGF inclusion on the corresponding effective matrix was evaluated. The FE and experimental stress-strain curves of multiscale, hybrid composites were compared at different weight
fractions of the nanoparticle. The proposed two-step method can easily predict the tensile properties of multiscale, hybrid, thermoplastic-based nanocomposites.
© 2017 Published by Semnan University Press. All rights reserved.
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1. Introduction

The simultaneous use of different scaled reinforcements in polymer composites introduced novel
polymer composite materials in the field of material
science and technology. Hybrid composite systems
consisting of different kinds of reinforcing materials
have become attractive due to the synergy of their ingredients. This synergy is often called the "hybrid effect" [1, 2]. Consequently, considerable attention has
been given to the performance of these composites.
Liu et al. [3] observed a synergistic effect in simultaneous improvements in the wear and mechanical
properties of high-density polyethylene (HDPE) by
applying graphitic nanoplatelets and graphite nanofibers into a neat polymer. A study by Karsli et al. [4]
revealed that the concurrent addition of glass fibers
and carbon nanotubes into a polypropylene (PP) matrix increases the reinforcing ability of nanotubes in
polymer composites. Pedrazzoli and Pegoretti [5]
found that the interfacial strength of glass fiber/PP
composites was remarkably increased by the hybridization of silica nanoparticles. Thostenson et al. [6]
indicated that the incorporation of carbon nanotubes
into carbon fiber composites stiffened the polymer
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matrix near the fiber/matrix interface, thereby improving interfacial load transfer. Hartikainen et al.
[7] demonstrated that adding CaCO3 nanoparticles
into long glass fiber and PP composites increased
stiffness, although it also decreased strength. The hybridization of short glass fibers (SGF) and inorganic
particles in Pande and Sharma's research showed advantages in tensile strength and stiffness over using
fillers alone in a PP matrix [8]. Hence, it can be concluded that positive and negative effects on the tensile strength of hybrid composites depend on reinforcements and matrix characteristics [9].
Due to the difficulties involved in experimental
characterizations, analytical and numerical simulations are becoming more attractive compared to experimental alternatives. The simplest method for
predicting the strength and modulus of hybrid composites is the Rule of Hybrid Mixtures (RoHM) equation. The RoHM is widely used by researchers. Venkateshwaran et al. [10] tried to evaluate the tensile
properties of randomly oriented, natural fiber–reinforced hybrid composites by applying the RoHM.
They observed that by using the RoHM equation, the
calculated tensile properties of hybrid composites
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were slightly higher than experimental values. A similar method was used by Fu et al. [11] to predict the
elastic modulus of hybrid ABS/particle/SGF polymer
composite. By using the RoHM equation, the effective
elastic properties were calculated as a function of
only elastic properties and reinforcement volume
fractions. Therefore, the influence of many effective
phenomena, such as the interphase layer, was ignored, and the prediction error was increased. Moreover, tough, thermoplastic-based composites show
completely nonlinear elastic behavior. Therefore,
considering the stress-strain curves of composites
instead of calculating the slope of stress-strain
curves as the modulus is preferred for materials.
The laminating analogy approach (LAA), a theoretical platform, was also used to evaluate the mechanical properties of hybrid composites. Lee et al.
[1] applied the LAA to estimate the overall elastic
modulus of multiphase hybrid composites filled with
talc particles and glass fibers. Lee et al. [12] further
proposed a statistical model by adopting the log-normal and generalized extreme value (GEV) functions
to predict the effective elastic moduli of multiphase
hybrid composites. Their theoretical results agreed
with the experimental data. Recently, an analyticalstochastic, multiscale, computational model was suggested by Guan et al. [13] for predicting the tensile
properties of fiber-reinforced concrete. Nonetheless,
in the previous research, the effect of the interphase
layer on the tensile properties of hybrid composites
was neglected. Moreover, rare works have been reported on finite element (FE) modeling of hybrid
thermoplastic nanocomposites.
It is well known that the interphase layer of a
composite controls its mechanical properties, especially in the case of polymers reinforced by nanoparticles. Many considerable studies have been carried
out in the literature to show the importance of the interphase layer in nanocomposites [14, 15]. ZamaniZakaria and Shelesh-Nezhad [16] demonstrated that
interphase properties could influence the tensile
modulus of POM/CaCO3 nanocomposites. The properties of the interphase layer itself depend on many
factors, such as the properties of the matrix and reinforcement, the rate of solidification, filler content,
and the sizing characteristics of filler [17]. Some researchers have used molecular dynamics simulation
[18-20], dynamic mechanical analysis [21], inverse
FEM [22], differential scanning calorimetry data [23],
and the developed form of Leidner-Woodhams and
Pukanszky models [24] to predict the interphase
thickness of nanoparticles.
The objective of this research was to simulate the
tensile behavior of multiscale hybrid nanocomposites using a two-step, FE model. Similar to the preparation process of a hybrid composite, in the first

step, the tensile properties of a nanocomposite system are modeled. In the second step, the nanocomposite-containing polymer matrix and nanoparticles
that were modeled in the first step are considered as
an effective matrix, and then the fiber and its interaction with the effective matrix are simulated. To validate the ability of the proposed method to estimate
the tensile properties of hybrid thermoplastic nanocomposites, FE predictions were compared with
those of micromechanical methods and experiments.

2. Experimental

High-impact polypropylene (Jampilen EP440L)
was employed as the polymer matrix. Nano-CaCO3
particles (NPCC-201) 10 nm in diameter were used
as nano-reinforcement. SGF (144A- Taiwan Glass)
with a nominal diameter of 13 µm and a length of 3.2–
4.8 mm were incorporated into the matrix. PP-gMAH was used as a sizing agent for both CaCO3 nanoparticles and glass fibers. The hybrid nanocomposites contain 10 wt% of SGF and 2, 5, and 8 wt% of
CaCO3 nanoparticles. At the first stage of melt compounding, co-PP/CaCO3 nanocomposites were produced. At the second stage of extrusion, fibers were
added to the aforementioned compound. Tensile test
specimens were prepared according to ISO 527 by an
injection molding machine (H 485 / 140 TP). Tensile
tests were performed with a speed of 50 mm/min
and a gauge length of 50 mm.

3. Finite Element Modeling

In order to examine the influence of both particles
and fibers on the composite’s tensile properties, an
effective hybrid method [1] was adopted using a twostep FE simulation. Figure 1 represents a schematic
illustration of the simulation process. In order to simulate the multiscale hybrid material, first, a system
containing nano-CaCO3 and PP was modeled. At the
second stage, the predicted tensile properties of the
aforementioned nanocomposite were considered as
effective matrix properties, and the corresponding
effective matrix interaction with fiber was simulated,
as shown in Figure 1.
One of the simple numerical models developed in
the literature to compute the tensile properties of
composites is based on the assumption of periodically distributed reinforcements dispersed in a continuous matrix [25]. In order to reflect this assumption, a cubic or cylindrical representative volume element (RVE) may be used [14, 26-28]. Due to the
spherical geometry of nano-CaCO3 particles, a cylindrical, single-particle RVE (RVE1) was used in the
current research to model a nano-CaCO3 particle/polymer system, as shown in Figure 2.
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both reinforcements by employing equation (1) and
(2) [14, 29]:
Nano-composite

Glass fiber

𝑉𝑝 =
Effective hybrid

Effective
polymer

Figure 1. Schematic illustration of the hybrid system modeling.

𝑉𝑓 =

𝑤𝑡𝑝 ⁄𝜌𝑝

𝑤𝑡𝑝 ⁄𝜌𝑝 + (1 − 𝑤𝑡𝑝 )⁄𝜌𝑚
𝑤𝑡𝑓 ⁄𝜌𝑓

,

𝑤𝑡𝑝 ⁄𝜌𝑝 + 𝑤𝑡𝑓 ⁄𝜌𝑓 + (1 − 𝑤𝑡𝑝 − 𝑤𝑡𝑓 )⁄𝜌𝑚

(1)
,

(2)
where ρ is density. Subscript 𝑚, 𝑝, and 𝑓 refer to matrix, particle, and fiber properties, respectively. By
considering the fact that the ratio of particle volume
to RVE1 volume is equal to 𝑉𝑝 , the radius (rRVE1 ) and
length (𝑙𝑅𝑉𝐸1 ) of cylindrical RVE1 can be calculated
using equation (3).
𝑟𝑅𝑉𝐸1 = 3√2𝑟𝑝3 ⁄3𝑉𝑝 𝑎𝑛𝑑 𝑙𝑅𝑉𝐸1 = 2𝑟𝑅𝑉𝐸1 .
(3)
Similar to that of RVE1, the ratio of fiber volume
to RVE2 volume is equal to 𝑉𝑓 , hence, the dimensions
of the effective cuboid RVE2 can be obtained from
equation (4) [30]:
𝑉𝑓 =

𝜋𝑟𝑓2 𝑙𝑓

2
𝑎𝑅𝑉𝐸2
𝑏𝑅𝑉𝐸2

𝑎𝑅𝑉𝐸2 = 2(𝑟𝑓 + 𝑠 )
{
,
𝑏𝑅𝑉𝐸2 = 𝑙𝑓 + 2𝑠

(4)
where 𝑙 , 𝑎, and 𝑏 are length, side, and height, respectively. The variable 𝑠 is the distance between fiber
and RVE2 surfaces. By substituting the aRVE2 and bRVE2
terms in equation (4), a third-order polynomial equation is obtained (equation [5]). By solving equation
(5), three roots are yielded for 𝑠 that only positive
one is acceptable.
𝑠 3 + 𝐴𝑠 2 + 𝐵𝑠 + 𝐶 = 0,
𝐴 = 0.5𝑙𝑓 + 2𝑟𝑓 ,
𝐵 = 𝑟𝑓 𝑙𝑓 + 𝑟𝑓2,
𝐶 = 0.5𝑟𝑓2 𝑙𝑓 (1 − 𝜋/(4𝑉𝑓 )).

Figure 2. Cylindrical and cuboid RVEs.

A cuboid RVE (RVE2) containing a cylindrical SGF
was also adopted for fiber/effective matrix–composite system modeling, also shown in Figure 2. Determining the RVE dimensions required the establishment of the particle volume fraction (𝑉𝑝 ) and fiber
volume fraction (𝑉𝑓 ) using weight fractions (𝑤𝑡) of

(5)
To model the tensile properties of co-PP, the behavior of the polymer matrix material was assumed
to be isotropic and elastic-plastic [26]. The engineering stress-strain curve of tensile test for neat co-PP
was extracted from experiments performed according to ISO 527 and then was converted to the true
stress-strain data using Ling's weighted-average
method [31]. The material properties of the particle,
fiber, and interphases were assumed to be linear,
elastic, and isotropic [32, 33]. Because of the high
shear stress involved in the melt processing as well
as the brittle nature of glass fibers, glass fibers are
broken over the melt compounding. This may lead to
the shortening of the glass fibers to about 0.4 mm
[11]. Table 1 shows the properties of the polymer,
particle, and fiber used in this paper.
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Table 1. Material properties.
Property

E
(GPa)

𝜈

Co-PP

0.435
179a
75b

Nano-CaCO3
Glass fiber
a reference [28]. b reference [34].

Density
(g/cm3)

Dimension

0.45

0.9

-

0.3
0.25

2.7
2.58

rp = 5 nm
rf = 6.5 μm , Aspect ratio=31

Due to the thinness of the interphase layer in nanocomposite, the characterization of the interphase is a
difficult task that cannot be carried out directly from
experiments [35]. Therefore, making assumptions
about the interphase properties may be required
[36]. As a result, due to a lack of interphase properties, most researchers suggest a constant value for
the interphase thickness of nanocomposites (for different weight fractions of particles) in FE simulations
[37].
To establish the interphase thickness in this research, it was assumed that the improvement in crystallinity of the composite, induced by the nucleating
effect of the nanoparticle, led to the formation of an
interphase layer in the vicinity of the nanoparticle.
Based on the aforementioned assumption, the volume fraction of the interphase layer was considered
to be equal to the improvement in crystallinity (∆𝑋)
because of the addition of nanoparticles to the pure
polymer. Therefore, the thickness of nano-interphase, 𝑡𝑅𝑉𝐸1 , was derived by using equation (6).
∆𝑋 = 𝑉𝑖 =

(𝑟𝑝 + 𝑡𝑅𝑉𝐸1 )3 − 𝑟𝑝3

,
3
1.5 𝑟𝑅𝑉𝐸1
− 𝑟𝑝3
∆𝑋 = 𝑋𝑐𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 − 𝑋𝑐𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ,

(6)
where 𝑋𝑐𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 and 𝑋𝑐𝑝𝑜𝑙𝑦𝑚𝑒𝑟 are the crystallinity
degrees of nanocomposites and neat co-PP, respectively. The values of 𝑋𝑐𝑝𝑜𝑙𝑦𝑚𝑒𝑟 and 𝑋𝑐𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒𝑠 for different weight fractions of nano-CaCO3 were obtained
by differential scanning calorimetry (DSC) with the
thermo-analytical tester model TOLEDO (METTLER
German). The crystallinity improvements and the interphase thicknesses of RVE1, calculated using equation (6), are presented in Table 2 (where 𝑋𝑐𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =
31%).
In order to calculate the interphase thickness of
microfiber, the volume fraction of the interphase
layer in RVE2 was assumed to be 2% [38].
Table 2. Crystallinity improvements and interphase
thicknesses of nanocomposites.

Nanoparticles
(wt%)
2
5
8

∆𝑿 (%)

𝒕𝑹𝑽𝑬𝟏 (nm)

6.09
1.87
4.26

5.75
1.3
1.75

The elastic modulus (E) and the Poisson’s ratio (𝜈)
of the interphase layer for both RVE1 and RVE2 were
assumed to vary continuously along the thickness
where their boundary values were considered to be
equal to those of the matrix and reinforcements
(equation [7]) [16, 36].
𝐻𝑖 (𝑟)⁄𝐻𝑚
𝐻𝑝 𝑜𝑟 𝑓
= 1+(
𝐻𝑚
1 − (𝑟/𝑟𝑖 )𝑒𝑥𝑝(1 − (𝑟/𝑟𝑖 ))
− 1)
,
1 − (𝑟𝑝 𝑜𝑟 𝑓 /𝑟𝑖 )𝑒𝑥𝑝(1 − (𝑟𝑝 𝑜𝑟 𝑓 /𝑟𝑖 ))

(7)
where H is either E or ν. Subscript i refers to the interphase properties. The average value of 𝐻𝑖 , used to
homogenize the properties of the interphase layer,
can be obtained by integrating equation (7), ranging
from the radius of reinforcements to the radius of the
interphase (equation [8]).
𝐻𝑖 =

𝑟𝑖
1
∫ 𝐻𝑖 (𝑟) 𝑑𝑟 .
𝑟𝑖 − 𝑟𝑓 𝑟𝑓

(8)
Perfect bonds between polymer and inclusions
were assumed as reported by Zuberi and Esat [39].
Therefore, the predicted tensile strength was only related to the matrix yielding. Since the unit cells were
symmetrical, an eighth of the RVEs were analyzed.
The model was then meshed using SOLID187 for matrix and interphase and SOLID186 for fiber and particle. TARGE170 and CONTA174 were simultaneously applied to define the connections in the interfaces. Typical FE mesh was used, which was strongly
refined near the interface region and particle. For
both RVE1 and RVE2, displacement boundary conditions were applied as shown in Figure 3.

4. Results and Discussion
Experimental tensile tests were repeated five
times, and median stress-strain curves and the corresponding moduli were depicted and compared with
FE simulations. FE models with different weight fractions of reinforcements were created and analyzed
using the commercial ANSYS FE analysis software. In
FE simulation, the amount of deformation divided by
the initial length of RVE gave strain.
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Figure 3. Illustrations of the 1/8 RVEs, refined meshes
and displacement boundary conditions.

Figure 4 presents the engineering stress-strain
curves of nanocomposites that resulted from the experimental tests and FE simulations. For all nanocomposites, it can be seen that the FE data within the
elastic region, as compared to the plastic region,
closely matched the experimental results. This is due
to the complexity of plastic deformation in comparison with elastic deformation in polymers. According
to Figure 4(a), at large strain values (strains higher
than about 0.2) the FE simulation of the elastic-plastic model was unable to accurately predict the tensile
behavior of large-deformable neat co-PP, where localized necking in the cross section of RVE appeared
and developed rapidly at large plastic strains. However, the incorporation of nano-CaCO3 into co-PP and
the presence of the interphase layer in the RVE delayed necking, and this delay allowed the composite
to bear higher stress prior to failure. In general, the
comparison between experimental and FE engineering stress-strain curves revealed that the nanocomposites containing 5 and 8 wt% of CaCO3 showed less
deviation than the composite filled with 2 wt% of
CaCO3. Most probably, in the nanocomposite containing 2 wt% of CaCO3, interphase percolation occurred,
which may have led to the improved tensile properties of the composite. Interphase percolation is defined as overlapping particle interphases, and it
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forms when the interphase volume fraction or thickness is relatively high [40, 41]. According to Table 2,
the thickest interphase belonged to the nanocomposite with 2 wt% of CaCO3. This may increase the tendency of particles’ interphase percolation. In this
work, the FE simulation of nanocomposites was done
using single-particle RVE and, hence, the interphase
percolation was ignored.
Figure 5 compares the experimental and two-step
FEM engineering stress-strain curves along and
across the fiber directions of hybrid nanocomposites.
The results of two-step modeling show that the tensile strength along the transverse direction was
higher than along the longitudinal direction. Moreover, the RVE of hybrid nanocomposites along the
transverse direction exhibited tough behavior. The
comparison of different experimental and FE simulation stress-strain curves revealed that strength values that resulted from experiments were more than
those obtained by FEM. This deviation for co-PP/10
wt% and SGF/5 wt% CaCO3 was relatively higher
than others, as shown in Figure 5(c). The tough behavior of the polymer matrix, i.e., co-PP, may be a
source of prediction error in FE11 modeling. Another
source of prediction error can be attributed to neglecting the direct interaction of nano-CaCO3 particles with SGFs. Although the two-step FEM presents
the benefits of FEM in simulating multiscale hybrid
nanocomposites, it disregards the direct interactions
between particles and fibers. By comparing the results of FE simulations with those of experiments for
both naonocomposites and hybrid nanocomposites
(see Figures 4 and 5), it can be concluded that the
main part of the discrepancy that occurred relates to
the simulation of the fiber/matrix RVE.
Figure 6 compares the elastic moduli (the slopes of
the stress-strain curves in the region of 0 to 0.003
strain) of different hybrid nanocomposites (containing 10 wt% of fibers) as a result of FEM and modified
RoHM theory when the particle reinforcing factor =
0.1 and the fiber reinforcing factor = 0.1 in the transverse direction and 0.5 in the longitudinal direction
[42]. The reinforcing factor or efficiency factor of reinforcement, depending on the reinforcement’s orientation and length or geometry factors, has a value
between 0 and 1 [11, 42]. From Figure 6, the predicted modulus values using two-step FEM is relatively close to the RoHM values. It is worth noting
that the transverse modulus (E22) of the hybrid composite is obviously lower than the longitudinal modulus (E11) for both approaches. So, hybrid nanocomposites display stiffer behavior along the fiber direction as compared to that of the transverse direction
[30].
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Figure 4. Engineering stress-strain curves of nanocomposite at: (a) 0, (b) 2, (c) 5, (d) 8 wt% of the particle (Exp. and FE refer to experimental and FE results, respectively).

Figure 5. Engineering stress-strain curves predicted by FEM against experimental testes for hybrid nanocomposites reinforced by 10 wt%
of SGF containing: (a) 0, (b) 2, (c) 5, (d) 8 wt% of particle. FE11: longitudinal direction, FE22: transverse direction.
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Figure 6. Comparison of hybrid FE simulation moduli with RoHM, 10 wt% of fibers.

5. Conclusion

In the present study, multiscale reinforcements
filled co-PP consisting of CaCO3 nanoparticles, and
micron SGF was simulated via a two–step FE model
using a 3D RVE. Similar to the preparation process of
a hybrid composite, in the first step, the tensile properties of the nanocomposite system were modeled. In
the second step, the nanocomposite modeled in the
first step was considered as an effective matrix, and
then the fiber and its interaction with the effective
matrix were simulated. The interphase characteristics were brought into account in FE modeling. Crystallinity data obtained by DSC thermo-analytical tests
was employed to acquire the interphase thickness of
nanocomposites. The FE simulations demonstrated
that glass fibers in the longitudinal direction make
hybrid composites stiffer. Higher tensile strength as
well as toughness was achieved in the transverse direction of glass fibers. The FE and the experimental
stress-strain curves of hybrid composites were compared at different weight fractions of nanoparticle.
The stress- strain data obtained by FEM showed less
deviation from experiments in the elastic region as
compared to that of plastic region. The FE simulation
of the nanocomposite in comparison to the hybrid
composite showed better agreement with experiments. However, the proposed two-step approach is
comparatively simple and more accurate than traditional micromechanical methods in evaluating the
tensile behavior of especially tough, thermoplasticbased hybrid nanocomposites. The two-step FE mod
of hybrid composites has the potential to be further
improved by deepening the FE modeling of fiber/matrix.
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