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 In this study, the main purpose has been to investigate the behavior of 
the nanoparticles with different structures and similar based materials 
in polymer nanocomposites. To this end, different samples, containing 
PS as the matrix, and layered graphene oxide (GO) and/or hollow 
graphene oxide nanoparticles (HGO), were prepared via the melt 
mixing process and were subjected to heat conduction and tensile tests. 
To evaluate all features of the interaction between the polymer phase 
and the nanoparticles, a thermal/mechanical analytical model was 
proposed and the results were used to simulate the behavior of specific 
geometrical structures, corresponding to the real samples, under 
different thermal/mechanical conditions. The results showed good 
agreement between the obtained experimental data and 
simulation/analytical model interpretations. In addition, it was found 
that the HGO nanoparticle had such a good performance in enhancing 
the thermal and mechanical properties of the nanocomposite, due to its 
unique structure. 
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1. Introduction 
The addition of different types of 
nanoparticles to a polymer matrix has always 
been considered as a good choice to enhance 
the physical/mechanical properties of the 
system [1-3]. This strategy is also helpful in 
the case of polymer blends, consisting of two 

or more polymer phases, in which the 
performance and localization of the 
nanoparticles are considered as very effective 
parameters to control the final characteristics 
of the products [4-8]. Unlike that of single-
phase polymer systems, the polymer/polymer 
interface plays a determinative role in 
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defining the response mechanism of the 
system against the exerted driving forces (e. 
g. stress, thermal, etc.) [6, 8-10]. It is proved 
that nanoparticles can drastically improve the 
mechanical/physical characteristics of 
polymers and polymer blends however, it is 
essential to have the nanoparticles compatible 
with the polymer phase(s) [2, 11]. Properties 
such as the tensile modulus, tensile strength, 
thermal conductivity and viscosity are the 
most investigated subjects in recent decades 
since they provide valuable information about 
the processibility and the final performance of 
the products [12, 13]. 
   There are many approaches of which the 
purpose is to introduce a practical method to 
better comprehend polymer nanocomposites 
using the advantages of both experimental 
and modeling methods [14, 15]. Indeed, the 
experimental methods cannot always provide 
comprehensive information about all aspects 
of the interaction between nanoparticles and 
the polymer phase since many parameters are 
not experimentally measurable [3, 9, 11, 16]. 
The physical/mechanical properties of the 
polymer/particle interphase region (e. g. the 
thickness, tensile strength and modulus, 
thermal conductivity, etc.), 
aggregation/agglomeration factor, the effect 
of the type, shape and structure of the 
nanoparticle on their performance in the 
system, etc. are of the most important 
parameters, which can be interpreted by 
coupling efficient mathematical models with 
related experimental results [5, 11, 17]. 
Meanwhile, simulation is also another 
practical method to design a nanocomposite 
system according to the available data set and 
compare it with the actual system [1]. This 
helps to define the details about the 
differences and similarities between the 
analytical based and actual systems, and 

better improve the evaluation strategies. 
   As mentioned, the type and surface 
chemistry of the nanoparticles and their 
compatibility with the system significantly 
affect the polymer nanocomposites [18, 19]. 
For instance, adding apolar nanoparticles to a 
polar polymer phase leads to a major 
aggregation/agglomeration and the decrement 
of the physical/mechanical properties of the 
nanocomposite [19]. On the contrary, 
enhancing the compatibility of the 
nanoparticle with the polymer matrix 
facilitates their dispersion/distribution and 
increases their corporation with the system 
against the exerted driving force. Generally, 
the compatible nanoparticles attract polymer 
chains onto their surface, which, according to 
the self-similar carpet and selective 
physisorption theories, cause the formation of 
the polymer/particle interphase region [1, 11]. 
The characteristics of this region depend on 
the properties of the polymer phase, surface 
chemistry of the nanoparticles, processing 
parameters, etc. among which, the type of 
superficial groups has been introduced as the 
most effective parameter [20]. This has 
persuaded the investigators to propose 
different surface modification processes, 
using different agents, to produce the 
nanoparticles compatible with the symmetric 
or asymmetric surface chemistry [21, 22]. 
Janus nanoparticles, known as asymmetric 
nanoparticles, are capable to be 
simultaneously compatible with two phases 
which make these types of nanoparticles a 
remarkable choice to improve the 
physical/mechanical properties of the blend-
based polymer nanocomposites [23-25]. 
There are many methods to produce such 
nanoparticles among which the 
desymmetrization process provides the 
highest qualitative/quantitative efficiencies 
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[26-28]. Moreover, it is proved that Janus 
nanoparticles are capable of controlling the 
polymer/polymer interface in immiscible 
blends, which substantially alters the 
properties of the system [4, 5, 16]. 
   Also, the structure and the type of 
nanoparticles have a substantial effect on the 
characteristics of the nanocomposites. For 
example, carbon-based nanoparticles 
(graphene, graphene oxide (GO), carbon 
nanotube, etc.) can improve both thermal and 
mechanical properties of the polymer 
phase(s), while silica nanoparticles are not 
good heat conductors [1, 16]. Also, the 
random orientation is meaningless in the case 
of spherical nanoparticles, while it is very 
important to evaluate the orientation factor for 
cylindrical and plate shape nanoparticles [30]. 
It has been proved that hollow structured 
nanoparticles have very interesting 
characteristics, which become more unique 
while being applied to polymers [23]. We 
have previously proposed a developed 
hydrothermal method to synthesize micro and 
nano-sized hollow graphene oxide 
nanoparticles, which were used as simple and 
Janus particles in single and double phase 
polymer systems [16, 23]. 
   Accordingly, in this study an efficient 
analytical model has been designed 
considering the effects of the characteristics 
of the polymer/particle interphase and the 
aggregation/agglomeration factor to evaluate 
the physical/mechanical properties of the 
polymer nanocomposites containing hollow 
graphene oxide (HGO) nanoparticles. The 
main purpose was to reveal the differences 
between the performance of the layered and 
hollow graphene oxide nanoparticles in 
polymer nanocomposites, due to their 
different structures. The results of the model 
were compared with the data obtained from 

the performed tensile and heat conduction 
tests on the prepared Polystyrene (PS) 
samples, via melt mixing, containing different 
amounts of synthesized HGO or graphene 
oxide (GO) nanoparticles (1-4 Vol. %). Also, 
the systems were simulated using the 
ABAQUS software to investigate the 
mechanism of the impact of HGO 
nanoparticles on the thermal/mechanical 
characteristics of the nanocomposites. 
According to the experimental and theoretical 
results, the HGO nanoparticles better 
enhanced the thermal/mechanical properties 
of the nanocomposite samples which, 
considering the same base materials of HGO 
and GO nanoparticles, was attributed to their 
effective structures. 

2. Modeling background 
2.1. Analytical modeling based on the 
equivalent box model method 
As mentioned, there are many components in 
a polymer nanocomposite and each has a 
specific role in the response mechanism of the 
system against the exerted driving force. 
Accordingly, it was important to design a 
geometrical structure, corresponding to the 
real system and by which it was possible to 
discriminate each component and investigate 
its performance solely. We have previously 
proposed different geometrical structures in 
the case of polymer nanocomposites 
containing spherical nanoparticles [2, 7, 11]. 
However, in the case of the hollow graphene 
oxide (HGO) nanoparticles, there was a 
significant difference due to their unique 
structure [16, 23]. Figure 1(a) demonstrates 
the geometrical structure, in 3D and 2D, 
corresponding to the nanocomposite systems 
containing HGO nanoparticles. As it is clear, 
the geometrical structure consists of a hollow 
component and its surrounding polymer 
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matrix, is indeed a hypothetical pattern of the 
system. It was also considered that the hollow 
space of the nanoparticles was occupied by 
air and the characteristics of the walls were 
similar to those of the graphene layers. 
Consequently, it was possible to define ro, ri 
and z using Equations (1), (2) and (3) 
respectively (Figure 1(b)): 

( )n3o
n

3w 1
r

4
−µ

=
ρ π

                                            (1) 

( )
1

3
i ar N r t= −                                                 (2) 

( )( )3 3 33
a a oz N r r r= + τ − +                            (3) 

where wn and ρn denoted the weights of HGO 
nanoparticles in the sample and their apparent 
densities, N was the number of the HGO 
nanoparticles ( 3

n n aN 3w 4 r= πρ ), μ was the 

aggregation/agglomeration factor, t was the 
thickness of the wall of HGO nanoparticles, τ 
denoted the thickness of the polymer/particle 
interphase, and ra represented the actual 
radius of an individual nanoparticle obtained 
from the FE-SEM test. It should be noted that 
Equation 2 was derived based on neglecting 
the weight of the air inside the nanoparticles. 

 

 
Figure 1. (a) 3D geometrical structure corresponding to the nanocomposite system containing HGO 

nanoparticles and (b) its series and parallel components. 
 

   According to Figure 1(b), the structure of 
nanocomposites was consisted of the hollow 
space, graphene oxide wall, polymer/particle 
interphase region and the polymer matrix, 
aligned as series and parallel components, 
according to the equivalent box model (EBM) 
[2, 4, 31] (Figure 2). In our previous works, 
we have proposed simple models to define the 
thermal conductivity of nanocomposite 

systems, using the advantages of EBM [11], 
according to which it was possible to 
formulate the thermal conductivity of the 
system (KM) based on Figure 2: 

M I I II II III III IV IVK K K K K= ϕ +ϕ +ϕ +ϕ           (4) 

where, 22 3
I i tr Vϕ = π , ( ) 22 2 3

II o i tr r Vϕ = π − , 

( ) 22 2 3
III o tz r Vϕ = π − , ( )IV I II III1ϕ = − ϕ + ϕ + ϕ . 
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Vt is the total volume of the sample, and    
KIV = Km. Also, KI, KII and KIII were 
calculated as follows: 

1

wIAir iI mI
I

Air g i m

K
K K K K

−
 ϕϕ ϕ ϕ

= + + +  
 

                    (5) 

1

wII iII mII
II

g i m

K
K K K

−
 ϕ ϕ ϕ

= + +  
 

                             (6) 

1

iIII mIII
III

i m

K
K K

−
 ϕ ϕ

= + 
 

                                      (7) 

where, KAir, Kg, Ki, and Km were the thermal 
conduction coefficients of air, graphene, the 
polymer/particle interphase region, and 
polymer matrix respectively. Also, KIV = Km. 

 

 
Figure 2. EBM model defining the interaction between the components of the nanocomposites system 

based on its representative geometrical structure, (Figure 1(b)). 
 
   Parameter φ, in each case, denoted the 
volume fraction of the components of EBM 
and was calculated as follows: 
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where, V denoted the volume of each 
component, and I Air wI iI mIV V V V V= + + + , 

II wII iII mIIV V V V= + + , and III iIII mIIIV V V= + . 

   We have previously proved that the EBM 
can be considered as an efficient method for 
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evaluating the mechanical properties of 
polymer nanocomposites (e. g. the tensile 
modulus, tensile strength, yield strength, etc.) 
[2, 4]. Accordingly, substituting different 
thermal conduction coefficient parameters (K) 
of Equation (4) with their corresponding 
tensile modulus parameters (E) made it 
possible to develop the model in order to 
evaluate the tensile modulus of the 
nanocomposite system: 

M I I II II III III IV IVE E E E E= ϕ +ϕ +ϕ +ϕ           (17) 

   It should be noted that all components of 
Equation (17) were the same as those 
introduced for Equation (4) except for the 

parameter K, which was substituted with E in 
the case of each component and Air AirE 0ϕ =

. 

2.2. Simulation 
The results obtained from the analytical 
model were used to compare the behavior of 
the nanocomposite samples containing HGO 
and GO nanoparticles via simulation. Figure 3 
demonstrates the hypothetical thermal and 
mechanical conditions used in the process. It 
should be noted that both designed 
geometrical structures contained 2 Vol. % of 
the nanoparticles. 

 

 
Figure 3. Hypothetical thermal and mechanical conditions used to simulate the behavior of the 

geometrical structures corresponding to the nanocomposite samples containing 2 Vol. % of (a) HGO and 
(b) GO nanoparticles. 

 
3. Experimental 
3.1. Materials 
Graphene oxide (GO) and H2SO4 (> 99 %) 
were provided by Sigma Aldrich and Merck 
corporations respectively, and Polystyrene 

(PS) (Grade 1160 GPPS, 1.04 (g.mL-1) ) was 
used as received. 

3.2. Sample preparation 
The HGO nanoparticles were synthesized 
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according to our previously proposed 
hydrothermal method [16, 23]. The 
nanocomposite samples, containing 1-4    
Vol. % of GO or HGO nanoparticles, were 
prepared via the melt mixing process in an 
internal mixer (Brabender Plasticorder 
W50EHT, Germany) at 200 oC and 60 rpm. 
The samples were then molded into suitable 
pieces using a hot-press device, at 200 oC and 
30 bar, for tensile and heat conduction tests. It 
should be noted that the sample shape for the 
tensile test was in accordance with ISO-527 
and the samples for the heat conduction test 
had a platelet shape with a diameter of 20 
(mm) and a thickness of 2 (mm). 

3.3. Characterization 
A Zwick/Roell tensile testing machine (Z 
010, Germany) was used to perform the 
tensile test, according to ISO-527, and the 
thermal conductivity of the nanocomposite 
samples was indicated using a heat 
conduction test unit (H940, P.A. Hilton, UK) 
with a heat flux of 4 W.m-2. The apparent 

density of HGO nanoparticles (ρn) was 
defined based on ISO 3923/1 (0.251 gr.mL-1) 
and applied in Equation (18) to define the 
thickness of their wall (t) [23]: 

( )
1 33

a a3
a a

g

3 2r
t r r

4

  ρ = − −  
  πρ  

                     (18) 

where ρg represented the density of the GO 
nanoparticles. The thickness of the wall of 
HGO nanoparticles was defined to be 2.47 
(nm) based on Equation (18). 

4. Results and discussion 
Table 1 represents the experimental results for 
the PS nanocomposite samples containing GO 
or HGO nanoparticles. As it is clear, there has 
been a significant difference between the 
thermal conductivity and tensile strength of 
the samples containing the same amounts of 
GO and HGO nanoparticles. This is attributed 
to the advantages of the unique hollow 
structure of the HGO nanoparticles compared 
to the layered GO nanoparticles. 

 

Table 1 
Results of thermal conduction and tensile tests for the PS nanocomposite samples containing GO or 
HGO nanoparticles. 

Nanoparticle 
content (Vol. %) 

PS containing GO nanoparticles PS containing HGO nanoparticles 
K (W.m-1.K-1) ± 

STD 
E (Gpa) ± STD 

K (W.m-1.K-1) ± 
STD 

E (Gpa) ± STD 

0 0.1637±0.054 2.7318±0.06 0.1637±0.054 2.7318±0.06 
1 0.6212±0.021 3.0372±0.05 0.7426±0.028 3.1811±0.02 
2 0.6936±0.093 3.2454±0.09 0.8061±0.023 3.4569±0.06 
3 0.7455±0.076 3.4148±0.03 0.8312±0.031 3.6835±0.04 
4 0.7912±0.058 3.5223±0.06 0.8457±0.051 3.8192±0.07 

 
   As it is represented by Equations (4) and 
(17), the analytical model include the 
thickness of the polymer/particle interphase 
and the aggregation/agglomeration factor, 
which can have substantial effects on its final 
results. We have previously proved that the 

thickness of the polymer/particle interphase is 
dependent on the amount of the nanoparticles 
and the type of the driving force [11]. 
Accordingly, it is important to define this 
parameter in accordance with the results of 
both thermal conduction and tensile tests for 
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PS nanocomposites comprising HGO 
nanoparticles. Tables 2 and 3 represent the 
results of the analytical model in thermal 
(Equation (4)) and mechanical (Equation 

(17)) modes respectively. It should be noted 
that the tensile modulus of the wall of HGO 
nanoparticle was considered to be 207 GPa 
[32]. 

 

Table 2 
Model results for the thermal conductivity of PS/HGO nanocomposite samples based on Equation (4). 

Nanoparticle 
Content (Vol. %) 

Experimental results, 
Ke (W.K-1.m-1) 

Model results, KM 

(W.K-1.m-1) 
τ (nm) μ (%) Ki (W.K-1.m-1) 

1 0.7426 0.7484 2.8 0.12 0.132 
2 0.8061 0.7901 1.2 0.18 0.144 
3 0.8312 0.8255 0.5 0.29 0.155 
4 0.8557 0.8327 0.08 0.92 0.158 

 
 

Table 3 
Model results for the tensile modulus of PS/HGO nanocomposite samples based on Equation (17). 

Nanoparticle 
Content (Vol.%) 

Experimental 
results, Ee (GPa) 

Model results, 
EM (GPa) 

τ (nm) μ (%) Ei (GPa) 

1 3.1811 3.1897 127.6 0.15 2.753 
2 3.4569 3.4542 97.2 0.18 2.751 
3 3.6835 3.6341 82.5 0.31 2.749 
4 3.8192 3.8158 73.1 0.87 2.744 

 
   As it is clear, the thickness of the 
polymer/particle interphase region decreased 
with increasing the content of the nanoparticle 
according to both thermal and mechanical 
model results. Though, the reason for this 
phenomenon has been comprehensively 
discussed in references No. [1], [11] and [33]. 
Also, there was a significant difference 
between the obtained results for the thickness 
of the interphase via thermal and mechanical 
modes of the analytical model, which was 
attributed to the nature of the system response 
against the exerted thermal/mechanical 
deriving force (for more information refer to 
reference No. [11]). 
   Based on the results of Table 1, the effects 
of the HGO nanoparticles on the thermal and 
mechanical properties of the PS matrix was 
significantly higher than that of layered GO 
nanoparticles. On the other hand, according to 
the results of Tables 2 and 3, the proposed 

analytical model was completely capable of 
characterizing the mechanical and thermal 
properties of PS/HGO nanocomposites. 
Therefore, it was possible to use the proposed 
geometrical structure (Figure 1) to simulate 
the system in order to better understand the 
differences between the mechanism of the 
impact of the HGO and layered GO 
nanoparticles on a polymer matrix. 
   As it is demonstrated in Figure 4, the heat 
transfer mechanism in the nanocomposite 
sample, containing GO and HGO 
nanoparticles, is substantially different. It 
should be noted that, according to the 
simulation results, the heat conduction 
coefficient in the sample containing GO 
nanoparticle was 0.6866 (W.K-1.m-1) (the 
average temperature of the right and the left 
sides were 36.37 and 109.19 oC respectively), 
while that value was 0.8022 (W.K-1.m-1) for 
the sample containing HGO nanoparticles 
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(the average temperature of the right and the 
left sides were 23.86 and 86.19 oC 
respectively). Those values were very close to 
the experimentally defined K for the 
nanocomposite samples containing 2 Vol. % 
of GO and HGO nanoparticles respectively 
(Table 1). On the other hand, almost similar 
results were obtained from the simulation 
process, analytical modeling, and 
experimental test (Tables 1 and 2) for the 
nanocomposite sample containing 2 Vol. % of 
HGO nanoparticles, which indicated good 
compatibility between the analytical model 

and the actual structure of the nanocomposite 
sample. Also, according to the simulation 
results, it is clear that the HGO nanoparticles 
have specific thermal behavior, a uniform 
temperature at all points of the hollow 
structure, which we have previously proved, 
in the case of the cured unsaturated polyester 
resins containing HGO nanoparticles, they 
showed their capability as thermal capacitors 
[16]. Though, this unique capability of these 
nanoparticles has been introduced as their 
major advantage compared to GO 
nanoparticles. 

 

 
Figure 4. Thermal simulation results for the nanocomposite structures containing (a) GO and (b) HGO 

nanoparticles. 
 
   The results for the mechanical behavior of 
the simulated nanocomposite samples are 
represented in Figure 5. The results showed a 
drastic difference in the mechanical behavior 
of the samples. As it is clear, the HGO 
nanoparticles can deal better with the exerted 

stress since the deformation of the 
nanocomposite structure containing GO 
particles is significantly more (Figures 5 (a) 
and (c)). Furthermore, the results of the stress 
distribution in the tested structures (Figures 5 
(b) and (d)) showed that the HGO 
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nanoparticles were more involved against the 
exerted stress, which was also proved via the 
tensile test results (Table 1). It was also 
revealed that the hollow structure of HGO 

nanoparticles enhanced their mechanical 
properties as well as their capability to better 
control environmental conditions. 

 

 
Figure 5. Mechanical simulation results for the nanocomposite structures containing (a)-(b) GO and (c)-

(d) HGO nanoparticles. 
 
5. Conclusions 
To study the effects of the structure of the 
nanoparticles on the thermal/mechanical 
behavior of the nanocomposites, several 

samples, containing different amounts of GO 
and HGO nanoparticles, were prepared for 
experimental tests. Since some parameters, 
such as the thickness of the wall, the physical 
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characteristics of the internal hollow space 
and the size of the nanoparticles, couldn’t be 
measured experimentally, an analytical model 
was proposed, based on the EBM and having 
considered the effects of the characteristics of 
the polymer/particles and the 
aggregation/agglomeration factor. The results 
were used to design the geometrical 
structures, corresponding to the real system 
and through a simulation process, using the 
ABACUS software. Comparing the 
thermal/mechanical results (the thermal 
conductivity and tensile strength) of the 
samples containing the same amounts of GO 
and HGO nanoparticles, a significant 
difference was detected, which was ascribed 
to the unique behavior of the hollow structure 
of the HGO nanoparticles. Also, the results of 
the simulation method, analytical modeling, 
and experimental tests showed that the 
proposed analytical model was capable of 
characterizing the mechanical and thermal 
properties of the nanocomposite samples, 
through which the positive effect of the HGO 
nanoparticles on the thermal properties of the 
nanocomposites was proved. In addition, the 
HGO nanoparticles performed better in 
managing the exerted stress than the layered 
GO nanoparticles, which showed the 
capability of the HGO nanoparticles in 
enhancing the mechanical properties. 
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