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In this study, a comprehensive model has been proposed in order to
predict the tensile strength of nanocomposites considering the effects
of the random orientation of nanoparticles, the properties of the
polymer/particle interphase region and also the inevitable
aggregation/agglomeration phenomenon. The model was structured
based on the nanoparticle shape (e. g. platelet, cylindrical and
spherical) so it could perfectly demonstrate the random orientation. It
was revealed that neglecting the aggregation/agglomeration of the
nanoparticles (y = 0) increased the prediction error to about 12 %
while the y = 0.07 % decreased the error to about 7-9 % for samples
with low contents of nanoparticles (< 0.5 Vol.). The model was also
applicable to the case of nanocomposites containing high contents of
nanoparticles (> 1 % Vol.) which demonstrated its advantage,
compared to other similar models, to predict the tensile strength in a
wide range of nanoparticle contents (prediction error < 10 %).
Moreover, the model was completely capable of characterizing the
polymer/particle interphase regardless of the polymer type and the
shape of the nanoparticles. The model verification was accomplished
by comparing its predictions with the tensile test results for the
prepared nanocomposite samples of different compositions
(Polystyrene/Silica, Polystyrene/Graphene Oxide and
Polystyrene/Carbon nano-tubes) and data from the literature. Also, the
samples were subjected to TEM in order to qualitatively evaluate the
behavior of the Nanoparticles with different shapes in the polystyrene
matrix.

1. Introduction

The application of nanoparticles in the
been always an

polymer matrices has

micro/macro particles arises from their high
specific surface area which lets them have a
significant impact on the performance of the

interesting topic for researchers as a practical
method for enhancing the mechanical
properties of polymers [1-9]. The superiority
of the nanoparticles in comparison with the

nanocomposite against the exerted stress [10-
16]. However, the bonding of the polymer
chains to the surface of the nanoparticles, due
to the presence of different functional groups,
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is known to be responsible for the changes of
many characteristics of the base polymer
matrix [17-19]. The bonding causes the
formation of polymer/particle interphase
region of which the thickness does not exceed
the radius of gyration of the polymer chains
[20-23]. Therefore, compared to that of the
size of the nanoparticle, the effect of the
region on the mechanical properties of the
system is definitely not negligible.

There are many studies that have evaluated
the effect of the polymer/particle interphase
on the mechanical properties of the
nanocomposites  however, the  actual
characteristics of the interphase are still
unknown [19, 24-29]. The nanoparticle shape
is also an effective parameter in defining the
mechanical properties of the polymer
nanocomposites [9, 24, 30]. For instance, the
random orientation of the platelet and
cylindrical nanoparticles should be definitely
considered while it can be neglected in the
case of spherical nanoparticles. On the other
hand, the structure of the polymer/particle
interphase around the nanoparticles is
completely dependent on its shape and the
superficial functional groups. The other
affecting parameter on the mechanical
properties of the nanoparticles is the
aggregation/agglomeration phenomenon of
the nanoparticles which has been always tried
to be avoided because it turns the clusters of
the so-called reinforcing particles into weak
spots [12, 21, 31]. Considering the
inevitability of the aggregation/agglomeration
of the nanoparticles at any amount, it has
been always tried to characterize the formed
clusters via interpreting the properties of the
actual systems using specific models [21, 32,

33].
As mentioned before, nanoparticles are very
effective in enhancing the

physical/mechanical properties of the polymer
bases and therefore, many studies have been
performed in order to investigate these
systems using both experimental/analytical
methods [19, 34-38]. The mechanical
properties of this group of materials (e. g.
tensile modulus, tensile strength, etc.) are
some of the main and important subjects in
the modeling field for predicting the
mechanical properties of the system [19, 24,
33, 38-40].

As a result, in this study it has been tried to
design a comprehensive model that could
predict the tensile strength of polymer
nanocomposites considering some very
effective parameters such as the shape of
nanoparticles, the random orientation, the
effects of the polymer/particle interphase and
aggregation/agglomeration. Consequently, the
presented model was capable of predicting the
tensile strength of polymer nanocomposites in
a wide range of nanoparticles content which
is indeed a significant advantage in
comparison with other similar models
(Prediction error < 10 %). On the other hand,
as a very important achievement, it was also
possible to define the characteristics of
polymer/particle  interphase region by
coupling the model equations with the actual
tensile test results which helped to better
understand the response mechanism of the
nanocomposites against the exerted stress.
The model prediction results were verified by
comparing them with the tensile test results of
some prepared nanocomposite samples,
(Polystyrene/Silica, Polystyrene/Graphene
Oxide and Polystyrene/Carbon nano-tubes)
and some other data from the literature.
Furthermore, the  behavior of the
nanoparticles in the polymer matrix was
qualitatively evaluated using TEM in order to
ensure the random orientation of platelet and
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cylindrical nanoparticles.

2. Experimental

2.1. Materials

Polystyrene (PS) (density = 1.047 g/mL, CAS
No.: 182427) and carbon nanotubes (CNT)
(DxL: 2-10 nm x 0.5-2 um, CAS No. 652482)
were purchased from Sigma Aldrich.
Graphene oxide (GO) (thickness: 1-10 nm,
size: 2-10 um) was purchased from Nanowerk
Co. and Aerosil fumed silica (SI) (OX-50)
was kindly provided by Degussa.

2.2. Sample preparation

CNT nanoparticles were first ball-milled for 1
h in order to reduce their length and then used
as nanofillers. All PS/CNT, PS/GO, PS/SI
nanocomposites samples were prepared in an
internal  mixer (Brabender Plasticorder
W50EHT) at suitable temperatures and then
formed into suitable pieces, via compression
molding at 10 Mpa, for the tensile tests. The
amounts of the different nanoparticles in the
samples were 1, 2, 3 or 4 vol. %.

2.3. Characterization methods

The prepared samples were subjected to the
tensile test (Zwick/Roell tensile testing
machine) according to 1SO 527. The results
were reported based on testing at least 4
samples of each composition. The behavior of
the different nanoparticles in the prepared
samples was qualitatively investigated using
the TEM device (Leo 906, Zeiss, Germany).

3. Modeling method

As mentioned before, there are some effective
parameters which are essential to be
considered in the modeling of the
nanocomposites (e. g. random orientation,
aggregation/agglomeration, polymer/particle
interphase effect, etc.). Though, the random
orientation of nanoparticles can be neglected

in the ~case of particulate polymer
nanocomposites containing spherical
nanoparticles which significantly simplifies
the modeling procedure [21]. As it is
illustrated in Figure 1, the platelet and
cylindrical nanoparticles tend to be oriented
towards different directions which drastically
affect the tensile strength in the direction of
the applied force of the exerted force.
Besides, the shape of the nanoparticles should
be also considered for -categorizing the
modeling procedure and better addressing the
details.

3.1. Nanocomposites containing platelet
nanoparticles
The schematic of the model structure is
presented in Figure 2. As it is clear, the model
consists of nanoparticle, interphase regions
and also a unity cube which represents the
polymer matrix. Also, the angle & defines the
random orientation of the nanoparticles
toward the direction of the exerted stress.

All model parameters are to be defined
based on the actual quantitative values of the
systems as follows:

9y =k’z
kik, = @5 (1- ) 2tA, 1)
1_(k1k22) =@,

where, ¢, and ¢, are the actual volume

fractions of the nanoparticles and the polymer
phase respectively, y denotes the aggregation
percentage, Ar is the total surface area of the
nanoparticles and t is the thickness of the
interphase region.

According to the Zare’s model, it is possible
to calculate the tensile strength of the polymer

nanocomposites at & =0" as follows [21]:

OqA =0, Ay tor A (2
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where, o.1, om1, and oijr are the tensile A= ky? and Ant = 1-A are the cross-section
strength of nanocomposite, polymer matrix area of the nanocomposite, the interphase and
and the polymer/particle interphase in the the polymer matrix respectively.

transverse state (6= 0 °) respectively. A = 1,

Figure 1. TEM images of (a) PS/CNT, (b) PS/SI, (¢ and d) PS/GO nanocomposites samples.

Upper view

Side view

Front view

=
2
=
w
=
(7]

Figure 2. The structure of the model for nanocomposites containing platelet nanoparticles.

Though, at @=90°it is essential to force:
rearrange Equation (2) |n.order to desc.rlbe.the o A=c A +o,A @)
system performance against the longitudinal
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where, o, , o, and o, are the tensile

mL
strength of nanocomposite, the polymer
matrix and the polymer/particle interphase in

the longitudinal state (0:900) respectively,
and A, =A,. Considering the polymer
matrix as a homogenous material, it is
possible to assume o,; =0, however due to

the very small size of the interphase region
and its role in transferring the shear force to
the nanoparticle, it is impossible to use the
same assumptions. According to the Von
Mises criterion, oj. = 0.577cit if the
polymer/particle interphase is considered
homogeneous which is quite acceptable
considering the very small size of the region.
Though, it should be mentioned that the

properties of the polymer/particle interphase
vary with the distance from the surface of the
nanoparticle in the nanoscale [22, 41, 42].
Using Equations (2) and (3), it is possible to
calculate the tensile strength of polymer

nanocomposites considering the random
orientation of the nanoparticles:

90—« 90

[ 0a(0)do+ [ o,(0)do+0,
o =2 90-a 4)

c

90
jde
0

O,
where, o, =0, +0,°, a=Arctan [—CTJ

O-cL

and the other parameters are presented in
Table 1.

Table 1
The parameters of Equation 4.
Subscript 5
Parameter
o.(6) o,sin(4,)-mo, cos(4,) m,o, sin(4,)—o,cos(4,)
A (a+¢9) (a+9—90)

o,sin(4)—oy sin(z/2—-0)

o, cos(4,)—o, sin(0)

o,c0s(A,)—o. cos(z/2—-06)

-0, sin(4,)—o, cos(6)

3.2. Nanocomposites containing cylindrical
nanoparticles

The schematic of the model structure is
presented in Figure 3. The model parameters
can be determined using the following
equations based on the quantitative values of

the actual system:
7’

4
k? ,
lezz(od +t(l_Z)Ar ©)

%
4

k, = o,

1—

k, =g,

The transversely and longitudinally tensile
strengths of the system can be determined
using Equations (2) and (3) respectively,
considering A, =1, A=kk,,A;=1-A and
A, =1-7k’/4. Consequently, the tensile

strength of the system based on the random
orientation of the nanoparticles is calculable
using Equation (4).
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Back view

Figure 3. The structure of the model for nanocomposites containing cylindrical nanoparticles.

3.3. Nanocomposites containing spherical
nanoparticles

The model structure of the nanocomposites
containing  spherical  nanoparticles s
presented in Figure 4. As it is mentioned
before, the random orientation does not affect
the performance of the spherical nanoparticles
in such systems and therefore, the tensile
strength can be simply determined using
Equation (6):

Figure 4. The structure of the model for nanocomposites containing spherical nanoparticles.

Upper view

Side view

Front view

oA =0,A +0A
where,  A=7k?/2  and

(6)
A =1-A.

Furthermore, the model parameter can be

defined as follows:

Upper view

Side view

(7
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3.4. Consistency analysis

Evaluating the consistency of the model
predictions with the experimental results
requires the following steps to be
accomplished:

(): Interpreting the tensile strength and
thickness of the polymer/particle interphase
by coupling the model Equations and
experimental results (at a low nanoparticle
content). In this step, the interpretation should
be performed at x = 0 which implies that there
IS no nanoparticle aggregation/agglomeration
in the system.

(11): Defining parameter x by coupling the
experimental results of the samples
containing different amounts of nanoparticles
with the model equations. In the case of
nanocomposites with a low nanoparticle
content (< 0.5 vol. %) it was found that
considering y = 0.07 % results in a prediction
error of 7-9 %.

(11): Calculating prediction error using the
relative error formula.

It should be noted that the prediction error

Table 2

values are very important in evaluating the
consistency of the model with the actual
results and therefore, they should be precisely
defined.

4. Results and discussion

The tensile test results for the prepared
nanocomposites  samples  of  different
compositions are presented in Table 2. In our
previous work, it was proved that the
aggregation/agglomeration of nanoparticles
was an inevitable phenomenon even at the
low amounts of nanoparticle and directly
affected the mechanical properties of the
nanocomposite systems [43]. The effect of
this phenomenon is quite observable in Table
2 since the increasing trend of the tensile
strength changes to the decreasing one
according to the amount of the nanoparticles.
It is notable that, the effect of the
aggregation/agglomeration of nanoparticles
on the characteristics of the interphase region
is neglected in the present model in order to
prevent further complexity.

The results of the tensile test for the different prepared samples.

Nanoparticle content (vol. %0)

Tensile strength (Mpa)

PS/SI PS/CNT PS/GO
0.1 35.81+0.36 37.21+0.29 36.12+0.11
0.2 36.46+0.32 38.15+0.22 36.89+0.14
0.3 37.17+0.25 39.01+0.18 37.01+0.21
0.4 37.95+0.33 40.62+0.11 39.72+0.15

Matrix tensile strength = 34.91+2.8 (Mpa)

Considering low values for the parameter x
at very low amounts of nanoparticles (e. g.
0.1 vol. %) [43], the thickness and tensile
strength of the interphase region can be
determined using the experimental data and
the model equations for y = 0 (Table 3). As it
Is mentioned before, the tensile strength of the

interphase region is different in transverse and
longitudinal directions (i = 0.5770;i7) which
implies the importance of the random
orientation of the nanoparticles being
considered in the modeling procedure.
Accordingly, the parameter 6 should be
essentially considered in the range of 0° - 90°.
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Table 3
The thickness and tensile strength of the polymer/particle interphase interpreted from
experimental results of samples containing 0.1 vol. % of nanoparticles.

Thickness (t), (nm)

Tensile strength (o /o, )

PS/SI 1.89+0.13 4.21

PS/CNT 2.12+0.17 5.68

PS/GO 1.74+0.1 4.85
Considering independent and constant systems (Table 4). According to Table 4, the

characteristics of the interphase region (Table
3) the model predictions for fully dispersed
nanocomposites (y = 0) were compared with
the actual experimental data in order to
emphasize the drastic effects of the
aggregation/agglomeration of nanoparticles
on the tensile strength of nanocomposite

Table 4
The model predictions considering y = 0.

prediction error significantly increases with
the volume fraction of nanoparticles which
shows that the varying trend of the tensile
strength, as a function of the amount of the
nanoparticles, is significantly affected by
parameter x [44, 45]. This was also discussed
based on the results of Table 2.

Model predictions (Mpa)

Nanoparticle content (vol. %) PS/SI PS/CNT PS/GOE
o, Error (%) o, Error (%) o, (l(’)/ro(;r
0.1 36.96 3.2 38.28 29 36.98 2.4
0.2 38.21 4.8 39.33 3.09 37.72 2.2
0.3 39.04 5.03 41.24 5.7 39.26 6
0.4 41.22 8.61 45.52 12.06 40.61 10.6
Table 5 represents the that considering y = 0.07 % results in a

aggregation/agglomeration  percentage for
each sample defined by coupling the
experimental data and the model Equations.
As it clear, considering the same sample
preparation conditions, parameter y increases
with the volume fraction of nanoparticles
even in the nanocomposites containing very
low amounts of nanoparticles, as reported in
our previous works [8, 19, 43]. It was found

prediction error of 7-9 % for the
nanocomposites containing low volume
fractions of nanoparticles (< 0.5 vol. %)
which is quite acceptable. Though, the
aggregation/agglomeration percentage and the
resulted prediction errors should be
calculated, as described, for the samples with
the nanoparticle amount out of the studied
range.

Table 5
The value of y for the prepared samples.
: L (%)

Nanoparticle content (vol. %) PS/S| PS/CNT PS/GO
0.1 0.012 0.008 0.006
0.2 0.036 0.031 0.022
0.3 0.059 0.062 0.074
0.4 0.087 0.113 0.091
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Figure 5 illustrates the analysis results based
on Tables 2-5. As it is clear, the model
predictions trend is significantly affected by yx
value since applying the corresponding y of
each sample in the modeling procedure (Table
5) leads to a less prediction error. On the
other hand, considering x as a constant (y =

a1 - (a)

Tensile strength (Mpa)

Nanoparticle content (Vol. 26)

0.07 %) can also provide good predictions
and simplify the modeling procedure.
Accordingly, x = 0.07 % can be considered as
an optimum value for the nanocomposite
systems  containing low amount of
nanoparticles (< 0.05 vol. %).

(b)

L o2 b B
@ b » @

Tensile strength (Mpa)

b )

Tensile strength (Mpa)

+

a6
Os

0.2 0zxs o3
MNanoparticle content (Vol. 26)

Nanoparticle content (Vol. 26)

Figure 5. The model prediction results for (a) PS/SI, (b) PS/CNT and (¢) PS/GO nanocomposites based on
the result of Tables 2-5. (¢) Experimental data, (---) model predictions according to y values presented in
Table 5, (—) model prediction based on x = 0.07 %.

Moreover, in order to investigate the
practicality of the model at the high amounts
of nanoparticles (> 1 % vol.), the model
predictions were also compared to some data
from the literature (Table 6) [46].

According to Table 6, the prediction error
relatively increases at high amounts of
nanoparticles however, in an acceptable range
(< 10 %). It should be noted that the tensile
strength of PP/SiO, nanocomposite decreases

at a specific weight fraction (2 wt %) which

can be attributed to the
aggregation/agglomeration and reinforcing
effects of nanoparticles [47-50]. This

phenomenon can be seen in almost all
nanocomposite which causes the tensile
strength of the system to decrease even
bellow the tensile strength of the polymer
matrix [38, 47, 51, 52]. Accordingly, the
presented model needs to be capable of
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predicting the tensile strength of the
nanocomposite even after the mentioned point
which is perfectly done by the presented
model. Considering x = 0.07 % resulted in a
prediction error of 7-9 % for Epoxy/SWNT
nanocomposite, as reported for the prepared
nanocomposite samples, while this value was

Therefore, in the case of nanocomposites
containing high contents of nanoparticles, it is
better to exclusively evaluate the parameter y
for each sample. Figure 6 illustrates the
modeling  results for  PP/SiO, and
Epoxy/SWNT nanocomposites based on the
presented data in Table 6.

15-18 % for PP/SiO, nanocomposite.
Table 6
The evaluation of PP/SiO, and Epoxy/SWNT nanocomposites. Data are collected from reference No. [46].
Tensile Thickne 'I]:etr;]sn_e :trer%gth Model Error
strength ss (t), orthe |n/ erphase ¥ (%0) predictions (%)
(Mpa)  (nm) (cir/om) (Mpa) °
Nanoparticle .
content (wt. %) PPISIO,
1 375 0.46 40.61 8.3
2 38.1 242 5.17 0.89 41.6 9.2
3 37.9 1.53 40.89 7.9
Nanoparticle
content (wt. %) Epoxy/SWNT
0.05 65.84 0.006 67.94 3.2
0.1 66.34 1.73 3.88 0.013 68.72 3.6
0.3 67.28 0.048 70.03 4.1
— 53 (a) _ - - )
=
E) = e -
é
| ('."(':nlenl of nanoparticles (wt. %)
_ _
S
ook

L L
n0s [N 015

0.2 028 0.3

Content of nanoparticles (wt. %)

Figure 6. The model prediction results for (a) PP/SiO, and (b) Epoxy/SWNT based on the result of Tables
6. (#) Experimental data, (---) model predictions according to y values presented in Table 5, (—) model

prediction base on y = 0.07 %.
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5. Conclusions

A model was proposed for predicting the
tensile strength of the nanoparticles based on
considering the aggregation/agglomeration,
the random orientation of nanoparticles and
also the effects of the polymer/particle
interphase. It was proved that the
aggregation/agglomeration of the
nanoparticles is an inevitable phenomenon
and should be definitely considered in the
modeling  procedure.  Furthermore, as
illustrated in Figure 1, the random orientation
of platelet and cylindrical nanoparticles was
considered a determinative factor in the
model. Furthermore, the presented model
made it possible to define the characteristics
of the polymer/particle region (the thickness
and tensile strength) which can be mentioned
as one of its advantages compared to other
similar models. The comparison between the
model predictions and the tensile test results
revealed that considering x = 0.07 % at low
amounts of nanoparticles (< 0.5 vol. %)
results in an acceptable prediction error (7-9
%) for different shapes of nanoparticles. It
was also proved that the model was capable
of predicting the tensile strength of
nanocomposites containing high amount of
nanoparticles with predicting error of less
than 10 %.
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