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Abstract There is limited research on the effect of silica
on the mechanical properties of polystyrene. For this lack
of information, this study has focused on the fracture
mechanism and mechanical properties of Polystyrene/silica
nanocomposite. Transmission electron microscopy showed
proper dispersion of nanoparticles in PS matrix in both low
and high filler loadings. Scanning electron microscopy,
TOM micrography, and non-contact surface profiler were
used to study the fracture surface and fracture mechanism
characteristics of the nanocomposite. It seems that the
debonding mechanism is an important mechanism in
toughening of Polystyrene/silica nanocomposites. In addi-
tion, mechanical behavior of the samples was investigated.
Tensile, flexural, and compressive strength and also impact
and plain-strain fracture toughness of nanocomposite
samples showed different behaviors in low and high
nanoparticle loadings and interestingly, we found an opti-
mum value less than 2% for nanoparticle loading in which
we observed the highest improvement in mechanical
properties of the nanocomposite.
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Introduction

For the last decade, there has been considerable interest in
polymer nanocomposites. Polymer nanocomposites are a
new class of composites which exhibit a great improve-
ment in mechanical and thermal properties compared to
polymers and conventional composite materials [1]. In
traditional composites, addition of high-modulus fillers
increases the modulus and the strength of polymer matrix,
but on the other hand there is a substantial reduction in
ductility, and sometimes in impact strength, because of
stress concentrations caused by the fillers. Because of small
size of nanomaterials, well-dispersed nanofillers do not
create large stress concentrations and so can improve the
modulus and strength and maintain or even improve duc-
tility. Furthermore, the large interfacial area of nanocom-
posites provides an opportunity for creating superior
properties [2]. These superior properties result from the
fact that nanofillers have much larger surface area per unit
volume. Since most of chemical and physical interactions
are influenced by surfaces, with the same amount of filler,
properties of nanocomposite materials can be substantially
different from those conventional composite materials
[3, 4]. The parameters of filler material such as filler aspect
ratio, filler mechanical properties, and the quality of
adhesion may strongly affect the mechanical characteristics
of the nanocomposite [5].

Various polymer matrices such as epoxies [6, 7], elas-
tomers [8, 9], and polyolefines [10, 11] have been rein-
forced with nanofillers, and a large number of studies have
been dealt with various types of nanofillers and preparation
methods [3, 12, 13]. Some inorganic rigid nanoparticles
such as nano-SiO,, Al,O3, Mg(OH),, and CaCOj particles
have been added to process polymer nanocomposites which
normally combine the advantages of their constituent
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phases [14]. These rigid nanoparticles have improved
fracture toughness of epoxy resins [15-19]. Polystyrene is
one of the most widely used thermoplastic materials with
the weakness of rapid formation of crazes at high impact
and deformation rates which lead to the formation of
cracks. The main reason underlying the craze formation is
the restricted movement of the molecular chains owing to
large side groups [14]. Gao et al. [20] reported the result of
addition of nano-CaCO; to polystyrene matrix. They
observed that the strength and toughness of polystyrene
were decreased after the addition of nano-CaCOj particles.
In the other hand, the rigid nanoparticles would still stiffen
the polymer matrix, and resist polymer chain mobility.
They showed that the improved tensile modulus and creep
resistance could be obtained with the increasing contents of
nanoparticles.

One of the nanoparticles which have been used for
improving the mechanical properties of polymers is nano-
silica. Researchers claim that nanosilica particles impact
higher stiffness, tensile strength, modulus, impact strength,
toughening, crystallinity, viscosity, and creep resistance in
polyethylene, polypropylene, and thermoplastic elasto-
meric nanocomposites, depending on surface properties of
such nano-silica particles [21]. Nanosilica is used to
improve the mechanical properties of neat PMMA poly-
mer. Stojanovic and Orlovic [22] reported 44.6% increase
in hardness and 25.7% increase in elastic modulus of
PMMA by addition of silica nanoparticles. Significant
amounts of fracture toughness improvement have been
reported when mono-dispersed, non-agglomerated nano-
silica particles are mixed into an epoxy resin [23-28]. In
improving the toughness of the epoxy-silica nanocom-
posites, the toughening mechanism involves plastic void
growth around deboned silica nanoparticles [28, 29]. The
enhancement of mechanical properties is often seen at
particular volume fractions at lower particle loadings in
which there is not enough nanomaterial to create great
changes in polymer properties. Some researchers have seen
a sharp decline in the property of interest by increasing the
volume fraction of particles above a specific level [30-33].
For example, Ou et al. [30] have determined a critical
volume fraction of silica in nylon6/silica nanocomposite in
which agglomeration of the particles is taking place and
according to his study agglomeration is responsible for
the drop in ultimate strength and strain-to-failure. This
agglomeration degrades the polymer performance, for
example, through inclusion of voids that can act as pref-
erential sites for crack initiation and failure. They also
decrease the gains in surface area and interphase volume
fraction achieved through use of the nanoparticles [34].

There are a few systematic researches on mechanical
properties of Polystyrene/nanosilica nanocomposites. Some
researches [35, 36] have investigated the effect of nanosilica

on properties of polystyrene in high weight fraction of
nanosilica and they have not considered. Kontou and An-
thoulis showed that nanosilica improves tensile modulus of
polystyrene nanocomposite. They also showed that addition
of nanosilica to an optimum content increased yield stress
and decreased elongation at break of the nanocomposite [35],
but they have not worked on lower content of nanosilica in
which the effect of the nanoparticles can be different. In
this study, authors have focused on investigation of the
mechanical properties of PS/silica nanocomposite from low
to high contents of nanosilica and they tried to understand
the mechanisms which are effective in the fracture of this
composite. The result of this study can aid to display the
mechanical behavior of nanosilica/polystyrene composites
in the wide range of silica addition from lower content to
upper ones.

Experimental
Materials

The polystyrene, En Chuan PS 336, was obtained from En
Chuan Chemical Industries Co, Taiwan. Nanosilica powder
with an average particle size of 16 nm was obtained from
Walker Co. The fumed silica nanoparticles had been trea-
ted by dimethyldichlorosilane by the manufacturer. Tolu-
ene was obtained from Merck.

Nanocomposite preparation

For preparing samples, at first 25 wt% nanosilica in poly-
styrene masterbatch was prepared. To achieve this, a
25 wt% colloidal suspension of silica nanoparticles in
toluene was mixed with a 10 wt% solution of PS in tolu-
ene, and then the mixture was stirred for 24 h with a
mechanical stirrer. The final solution was cast on a Petri
dish and left for 5 days under hood so that the solvent was
evaporated completely. The obtained film was pelletized
and dried at 80 °C under 200 mbar vacuum for 24 h. In this
atmosphere, the evaporation temperature of the solvent is
60 °C. The obtained masterbatch was further diluted with
neat polystyrene in a twin-screw extruder at 200 °C to
make nanocomposite samples with filler contents ranging
from 0.1 to 15 wt%. The compositions of prepared samples
are presented in Table 1.

Table 1 Specifications of the produced samples

Sample PSO PS0.1 PS0.2 PS0.75 PS2 PS5 PS10

Silica content (Wt%) 0 0.1 0.2 0.75 2 5 10
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Characterization

In order to investigate dispersion of nanosilica within the
PS matrix, transmission electron microscopy (TEM) was
utilized. Ultra-thin sections of 100-nm thick were cut with
a diamond knife using an ultracut microtome. Subse-
quently, the ultra-thin sections were observed using an EM
900 Ziess microscope at an accelerating voltage of 80 kV.

The fractured surface of the samples was studied by a
scanning electron microscope (SEM). To avoid plastic
deformation, samples were dipped in liquid nitrogen for
about 15 min and broken. To avoid charge build-up, sur-
face of the samples were coated with a thin layer of gold
before being examined by SEM. The voltage of SEM was
kept at 20 kV at all experiments. After that, surface profile
and surface roughness of the samples were measured by a
Talysurf CCI non-contact surface profiler series 2000
(Optical resolution = 0.4-0.6 um).

Transmitted optical microscopy (TOM) was employed
to examine the damage zone around the crack tip. TOM is a
useful instrument for studying different aspects of crack in
polymer and transparent materials. In TOM analysis, two
edge cracks of equal length were introduced to a bending
sample. The specimen was loaded in a four-point bending
fixture until formation of the damage zones at the crack
tips. Damage zones were observed using a TOM after
thinning via petrographic polishing. Thin specimens
(~150 micron) taken from the mid planes of four-point
bending samples were viewed using a stereo microscope.

Plane-strain fracture toughness test was performed to
determine the fracture toughness in terms of the critical
stress-intensity factor (Kjc) according to ASTM D
5045[37]. The single edge notch bend (SENB) specimen
was used for fracture toughness test. The samples were
extruded to an overall length L, = 55.88 mm, width
w = 3.175 mm, and thickness t = 12.78 mm. A notch was
cut from one side into the thickness of the specimens at
mid-length (L,/2) using a jeweler’s saw. The SENB spec-
imens were set-up for three-point bend loading with the
notched edge at mid-span on the bottom surface to be in
tension due to the lateral applied load P. The lateral load
P was applied at a rate of 10 mm/min until failure.

Charpy impact test was accomplished according to
ASTM D256 [38] using standard notched specimens.
Samples were prepared by extruding to the standard shape
and were impacted by test machine with 1 J impact energy.

Tensile test was performed by an Instron Microtester
5848 at a crosshead speed of 5 mm/min. Samples for ten-
sile tests conformed to ASTM D638 [39]. Compressive test
was performed by a Hounsfield HI10KS conformed to
ASTM D695 [40]. Samples with dimension of 1/2” x 1/
2” x 1” were placed in the compression apparatus. Flex-
ural test was performed by Hounsfield H10KS according to
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ASTM D790 [41]. The sample dimension for this test was
0.125” x 0.5” x 5.0”.

Results and discussion
Microstructure of nanocomposites

Although achieving to a good dispersion of nanoparticles
in nanocomposites is so difficult, as the figures show
(Fig. 1), making of nanocomposite was performed properly
and therefore resulted in proper dispersion. TEM in high
magnification was used to study the morphology of nano-
silica in polystyrene and to visualize the dispersion quality
of nanoparticles in polystyrene. In Fig. 1, although there
are some small agglomerates in the matrix, a homogeneous
distribution of particles is visible. This trend was observed
between high and low silica content samples. In addition,
the inter-particle distances between the agglomerates
decrease with rising filler content. Some agglomeration
was observed in all the samples, and this agglomeration
increased with increasing the content of nanosilica. These
results are in good agreement with those reported by

(a)

i

Fig. 1 Homogeneous distribution of particles in transmission elec-
tron microscopy (TEM) images of nanocomposite samples: a PS0.75
and b PS10
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Kontou and Anthoulis [35] for polystyrene and Wu et al.
[42] for polypropylene.

Figure 2 shows SEM image of fracture surfaces of
nanocomposite specimens. According to this figure, the
fractured surface of unfilled matrix exhibits brittle fracture
feature at room temperature. This is mainly due to that
polystyrene is a brittle material. In neat polymer matrix, the
fracture surface is so smooth and uniform and it can be
seen just a few signs of roughness in SEM micrograph. In
comparison with neat PS, fracture surface of the samples
with 0.75 and 10 wt% nanosilica showed significant
increasing in roughness. In PS—-10%Si0, sample in Fig. 2c,
increasing of surface roughness is observed, and the mor-
phology of fracture surface is not uniform. There are some
hills and holes which were distributed inhomogenously
which may be formed by the agglomeration of nanoparti-
cles by loading more silica. As it can be seen in Fig. 2b, the
fracture surfaces of PS-0.75%SiO, were rougher than
unfilled PS and PS—-10%Si0, specimens, and the roughness
of this sample is almost uniform which indicates that the
PS-0.75%Si0, were more ductile than unfilled PS and PS—
10%Si0, samples. This result is compatible with result of
the roughness test which has been described below.

For investigating surface roughness of the nanocom-
posite samples, profiles of the fracture surface of the
samples were studied (see Fig. 3). As shown in Fig. 3a, the
neat PS has a uniform fracture surface, and the peak
heights in this sample are almost uniform. In case of
PS0.75, there are hills in the middle of the sample and
holes around and between these hills. This shows that
samples become rougher by nanosilica addition, but the
surface is still uniform already. In PS10, in some parts
there are high hills which in comparison with SEM images,
these hills can be sign of agglomeration of nanoparticles.
Increasing in roughness in comparison with neat matrix is
clearly shown in Fig. 3b and c.

Fracture toughness

The addition of rigid particle to a polymer often increases
its strength, but decreases the toughness. This is a signifi-
cant problem for commercial applications of filled poly-
mers. The reason for the decrease in ductility is obvious:
the fillers or agglomerates act as stress concentrators, and
the defects initiated at the filler quickly become larger than
the critical crack size that causes failure. Well-dispersed
nanoparticles are much smaller than the critical crack
size for polymers and need not initiate failure. Thus, they
provide an avenue for simultaneously toughening and
strengthening polymers. Proper dispersion is critical for
achieving this. Many authors report an optimum volume
percent of filler and claim that the decrease in strain-to-
failure ratio above the optimum is due to agglomeration

[33]. The toughness of a material can be defined as the
energy to cause failure. This is related to the deformation in
the material, but also to the volume of material undergoing
deformation. Even brittle amorphous polymers such as
polystyrene and polymethylmethacrylate have the potential
for large deformation, but the volume of material under-
going deformation is small [2]. Kjc is one of the parameters
which are used for describing fracture toughness.

The variation of measured values for Kjc in various
amounts of nanosilica is shown Fig. 4a. As it is shown in
this figure, Kjc shows two different trends. At low content
of nanoparticle loadings, Kjc increases by increasing of
nanosilica contents, but by adding more nanosilica espe-
cially more than 0.75 wt%, Kjc decreases. Increasing of
Kjc shows that the sample can damp more energy at
fracture time, so it has more toughness. This trend con-
tinues up to 0.75 wt%. By addition of more nanosilica, as
mentioned before, it seems that the agglomeration is
formed in the system and agglomeration sites can act as
defects and faults and therefore cause a decrease in the
fracture toughness. This behavior had been reported by
other researchers in alumina/epoxy nanocomposite [18].

Figure 4b shows the variation of impacts tests for vari-
ous silica content in samples. As it is shown in this figure,
there is a trend similar the trend in K¢ for impact test. The
impact test values increase by increasing of nanosilica
content up to 0.75 wt% and by adding more silica, the
impact test value decreases to 5 times where the silica
content is 10 wt%.

In impact test, there was notch in the test samples.
Therefore, the values which are reported below represent
the energy which is used for propagation of cracks and
finally fracture of samples because the initiation energy is
omitted by making notch. It seems this increase—decrease
behavior in impact test is the result of changing in the
fracture mechanism. This phenomenon has been observed
for nylon6/silica [30], PP/CaCOs5 [43], HDPE/CaCO; [44]
by other researchers and has been discussed more below.

Fracture mechanism

High magnification SEM images of fracture surfaces of
specimens are shown in Fig. 5. At these magnifications, the
difference in surface morphology of the two types of
specimen can be clearly seen. Bird et al. [45] showed a
three-dimensional mesh, a sponge-like structure in the
fracture surface of polystyrene. They observed a distinctly
fibrous nature, not only in the upstanding walls of the
sponge where the fibers tend to be somewhat coarser, but
also everywhere over the hollow surfaces of the cavities.
They observed that the foci of cavities are either neatly
rounded or of a ragged multipoint star shape [45]. Fracture
surface of PS0.75 which is shown in Fig. 5a and b. The
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Fig. 2 Scanning electron
microscope (SEM) of
nanocomposite. Brittle fracture
feature of the unfilled matrix in
sample PSO (a), increasing of
surface roughness and the
uneven morphology of fracture
surface PS0.75 (b), and PS10 (¢)

SEMMAG 200x Dot SE Detactor
SEM HV: 15.00 KV WD: B.2974 mm 200 jim
Dateimidsd: 102808 Vac: Hivac

SEM MAG: 200 x Det: SE Detector
SEMHV: 15.00 KV WA T.B6OT mm 200 pm
Dataimidlyi: 100008 Vac: HVac

signs of cavitations in these figures are clear. The cavities
with rounded or star-shaped foci are observed in these
figures which are similar to cavities in Bird et al. study.
These foci of cavities were placed around the nanoparti-
cles. Serious local plastic deformation in matrix around
particles happens during the tension deformation process.
The brittle nature of polystyrene makes it very sensitive to
the defect sites existing in the samples. The local concen-
trated stress neighboring the debonding area around of
nanoparticles was a few times higher than the applied
stress, and then plastic deformation could easily happen for
the polymer. The cavities in PS0.75 sample in Fig. 5a may
be formed due to interactions between the stress fields
ahead of the crack and around the fillers. Figure 5b shows
PS0.75 sample in higher magnification. According to this
figure, it seems that plastic deformation has been placed
around of nanoparticles. The above findings give rise to the
assumption that debonding processes might take place in
nanocomposites samples.
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Debonding

One important process which affects on toughness of
nanocomposites is the deboning process. This process is
the separation of the filler particles from the matrix during
deformation. Local stress developing around heterogene-
ities may initiate various micromechanical deformation
processes in polymers and polymer composites. The basic
mechanisms of neat polymers are shear yielding and
crazing. However, in particulate-filled polymers, the
dominating deformation process is debonding. The stress
necessary to initiate debonding, the number of debonded
particles and the size of the voids formed all influence the
macroscopic properties of composites [46]. Other studies
have shown that debonding is an important mechanism in
promoting toughness of particulate-filled polymers because
it allows the plastic stretch of polymer ligaments between
the deboned particles [14]. Interfacial debonding between
rigid particles and polymer matrix is a prerequisite for
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Fig. 3 Surface profile of the nanocomposite samples. Uniform peak
heights and fracture surface in PSO (a). Increasing in roughness in
comparison with neat matrix with addition of nanosilica in PS0.75
(b) and PS10 (c)

matrix shear yielding which dissipates more energy. After
debonding, the triaxial constraints disappear, and the
matrix behaves as if it was under plane-stress condition.
Shear yielding thus occurs more readily under this biaxial

than triaxial stress state [47]. Although some researchers
have showed that debonding process is generally consid-
ered to absorb little energy compared to the plastic defor-
mation of the matrix, debonding is essential because this
reduces the constraint at the crack tip and hence allows the
matrix to deform plastically via a void growth mechanism
[28].

At higher concentration of nanosilica, especially in
10 wt% silica in Fig. Sc, similar to Fig. 5a signs of deb-
onding would be seen, but the number of cavities has
reduced, their depth has decreased, and their distribution
has been disordered. The agglomerated structure of silica
nanoparticles would act as stress concentration site when
the applied stress induces the interfacial failure between
particles and matrix. It has been well known that the extent
of stress concentration around the inclusion in a matrix is
proportional to the inclusion size. Furthermore, cracks
initiation and propagation depends on the structure of the
nanocomposites. The debonding which envelopes the
agglomeration sites cause generation of larger voids and
therefore larger cracks would be produced. As a conse-
quence, the sample shows more brittle behavior than the
samples with lower content of nanoparticle silica. Kausch
and Michler [48] reported this phenomenon for some
amorphous thermoplastic polymers. Sun et al. mentioned
that when the particle size attains molecular dimensions,
the formation of chemical cross links or supramolecular
bonds between matrix and nanofiller. The smaller the size
of the particles, the higher the critical debonding stress, and
the more difficult the interfacial debonding becomes [49].
So it could be assumed that in larger particles, the inter-
facial bond between matrix and filler becomes weaker.
According to this assumption, in higher loads of particle,
agglomeration sites can be supposed as a single large
particle so there is a weaker interfacial bond between
matrix and filler, and less energy is needed for debonding
and consequently failure of the sample.

Crack deflection

The other mechanism for toughening is crack deflection. At
this process, particles act as obstacles for crack propaga-
tion. It is assumed that a crack can be deflected at an
obstacle and it is forced to move out of the initial propa-
gation plane by tilting and twisting. To propagate crack
under mixed mode conditions requires a higher driving
force than in pure mode, which results in a higher fracture
toughness of the material [50].

Figure 6 shows TOM images of neat polystyrene, 0.75
and 10 wt% PS nanocomposites. It is observed that at neat
PS, craze propagation has a little deviation and has a few
branches. By loading nanosilica to 0.75 wt%, totally dif-
ferent propagation process is observed, and the deviation of
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Fig. 4 a Diagram of the K¢ (a) 09
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craze propagation increases. In addition, more craze paths
in these samples can be seen which can be because of good
dispersion and fine silica particles. At 10 wt% silica, the
morphology is close to the first one, and less craze paths
and little deviation were observed. This may be the result
of increasing particle size and formation of agglomerates
which reduces obstacles and has a weaker effect on craze
propagation path.

For evaluation of the above idea average surface
roughness, R, values were measured. Average surface
roughness, R, of a fracture surface, is an indication for the
change in fracture surface which should increase if
deflection processes are present. The average surface
roughness (R,) values in various silica contents are showed
in Fig. 7. According to this table, R, values increase with
increasing the amount of the particle content, and a max-
imum R, value is attained at 0.75 wt%. With addition of
nanoparticles more than 0.75 wt%, the R, values decrease.
These results are compatible with the results of the SEM in
Fig. 2. Wetzel et al. [50] showed that R, values are
dependent on the nanoparticle content and increase with
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the number of obstacles, and deflection processes are
believed to extend with increasing particle number. With
addition of nanoparticle to polymer matrix to 0.75 wt%,
the surface roughness increases and nanoparticles act as
obstacles in way of the cracks and deflect them. By
increasing nanoparticles more than 0.75 wt%, although R,
value of sample is more than neat polymer and fracture
surface of sample is rougher, agglomeration decreases the
number of obstacles and reduces the deflection.

As mentioned before, the stress-intensity factor (Kic)
can be used to compare the fracture toughness of the
materials. According to the researches, it was found for the
case of low volume fraction of the additives, the surface
roughness values (R,) follow the same trend as the Kjc
which indicates that the fracture surface roughness is a
measure of fracture toughness of the material [S1]. This
can be explain by assuming that roughness in form of
hackle marking creates more surface area and therefore
absorbs more energy which leads to increase in fracture
toughness [52]. According to Fig. 7, above 1% filler the
roughness reaches to a constant value of roughness twice
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Fig. 5 SEM micrographs of
fracture surface of
nanocomposite (a) PS0.75 in
1500kx, (b) PS0.75 in 600kx,
and (¢) PS10 in 1500kx

SEMMAG: G000 kx  Det: SE Detecios
SEMHV: 1500 KV WIK10.0450mm 500 nim
Date(midyk 102008 Vac: Hivac

SEMMAG: 15.00 kx  Dei: SE Detecion
SEM HV: 15,00 kY Wk 11.7780 mm
Datedmidyk 102608 Vac: Hivac

that of the unfilled polystyrene but the fracture toughness in
Fig. 4a does not show this behavior. Investigation of this
dissimilarity in the behaviors need more study.

Tensile, compressive, and flexural strength

In this study, tensile, compressive, and flexural strength
tests were applied on nanocomposite samples and the result
has been shown in the Table 2, and the stress—strain curves
of the samples are shown in the Fig. 8. As it is obvious in
Table 2, in all of these tests, by 0.75% silica the strength
increased and in more silica content the strength decreased.
At low silica contents, dispersion of particles is more
uniform and as a result, the system has fewer defects. At
higher loadings, agglomeration is more probable, therefore,
more defects may be created at the system which influence
on final strength and may cause faster failure. Similar trend
has been seen for PP/CaCOj3 [53], EPDM/Mg(OH), [54],
nylon6/silica [30], and Polyimide/silica nanocomposites

VEGAI T‘:'SCN’I

SEM MAG: 15.00 bk  Det: SE Detector

VEGAL TESCAN
SEM H: 15.00 KV Wk 10.0440 mm Zpm 1
RAZ Date{midy): 102808 Vac: Hivac RAZI

VEGAI YESCN:

RAZI

[55]. Some researchers found similar effect in addition of
MWNT to PS on the tensile modulus, maximum tensile
stress, and maximum tensile strain of PS/MWNT nano-
composite [56, 57]; For example, Mazinani et al. [56]
found tensile modulus increase with addition of MWCNT
up to 3% concentration and decrease tensile modulus with
further increase in MWNT concentration. Another obser-
vation indicates increase in tensile strength of PAG6/PS/
elastomer/montmorillonite with addition of montmorillon-
ite up to 2% content then decrease in the mechanical
behavior with further increase of montmorillonite [58].
Some of the previous study [36] which has been done on
the nanosilica/PS composite showed different trends in
strength from the trends in the current study and with
addition of nanosilica, the strength of the composite was
decreased. It should be considered that in that study, the
nanosilica was added from 5 to 15% and it did not inves-
tigate the effect of the nanosilica addition in lower con-
tents. According to the results of the current study, it seems
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Fig. 6 TOM micrograph of fracture surface and craze propagation of
the nanocomposite samples. Some little deviation in craze propaga-
tion and few branches in the craze in the PSO (a). Increase in the

[
o

(b) e

deviation of craze propagation and more craze paths by loading
nanosilica in the PS0.75 (b) and PS10 (¢)

Fig. 7 Average surface
roughness (R,) values in various
silica contents. R, values
increase with increasing the

¥

amount of the particle content

é

up to 0.75 wt% and more than

VASs

0.75 wt%, the R, values
decrease

e

Surface roughness Ra {(am)

L

O B N W b UV O N B W

that the improving effect of nanosilica on the strength of
the composite is in contents of the silica lower than 2%.

Nanoparticles also affect strain at break of nanocom-
posite. The same trend like tensile strength in the case of
strain at break is observed, i.e., there is an increasing of
strain at break up to 0.75 wt% and then a decreasing of it
by adding more nanosilica. Fracture mechanism affects
stretch of nanocomposite specimens. This has been
described clearly in Sect. Fracture mechanism.
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Nanosilica particles have higher Young modulus than
polymer matrix, therefore, by addition of nanoparticles to
polymer matrix, the nanocomposite modulus increases
significantly. In the case of modulus, there is an increasing
trend which would not change at higher loadings of
nanoparticles. In this case, the maximum Young modulus
was related to 10 wt% silica loading. The presence of silica
results to an impressive increase of the tensile modulus as
is shown also in Table 2. The increasing trend of tensile
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Table 2 Tensile, compressive, and flexural strength and tensile modulus and strain at break (%) values of samples in various silica contents

Sample PS PS0.1 PS0.2 PS0.75 PS2 PS5 PS10
Tensile strength (MPa) 3465+£3 3655 £ 4 372 £5 374 £ 4 344 £ 4 295 £3 28 £ 3
Modulus (MPa) 3120 £ 03 31357+ 03 31503 +£02 3183 +0.2 3454 +£02 3490+ 0.2 3604 £0.3
Strain at break (%) 1.15 1.26 1.27 1.27 1.08 0.9 0.84
Compressive strength (MPa)  38.6 + 2 389 +3 391+£3 397+ 4 37.8 £ 4 353+4 341+£3
Flexural strength (MPa) 40.7 £ 3 412 +3 419 +2 425 +2 398 £ 4 393+4 364 £3
Fig. 8 Stress—strain curves of 40.000000 -
the various samples of the
nanocomposite. The detailed
information has been shown in 30.000000 -
the Table 2 o
a
2
w 20.000000 -
w
]
e
v
10.000000 +
0.000000 4% , : : : T T
0.000000 0.002000 0.004000 0.006000 ©.008000 0.010000 0.012000
Strain
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modulus has been reported by other researchers in various
nanocomposites [30, 55, 59]. Kontou and Anthoulis [35]
showed that by addition of nanosilica to polystyrene tensile
modulus increases in comparison with neat PS. This trend
was seen at high silica content at room temperature.
Modulus of polymer composites is directly related to the
strength of the interfacial interaction between matrix
polymer and additives. A good interface will restrict the
shearing or deformation of the polymer chains around the
additives, leading to a more difficult initial deformation of
materials, therefore, a higher modulus. Assuming the
degree of interfacial interaction between silica and polymer
is the same regardless of silica content, there are more
reinforcing sites at higher silica concentrations than in
lower concentration nanocomposites. Such reinforcing site
interactions will lead to additional improvement in modu-
lus for higher silica content nanocomposites than for lower
silica content materials [36]. In lower loading of nanosilica
in polystyrene, the increase in tensile modulus may be the
result of strong bonds between particles and matrix. As
mentioned above in Sect. Fracture mechanism, if particle
gets smaller, the interface bonding gets stronger. With
increasing the amount of nanoparticles, the agglomeration
increases and, therefore, a weak interface bonding would
be between particles and matrix. With assuming weak
interaction between nanofiller and matrix and also

existence of nanoparticles agglomeration, the sketchy lin-
ear relationship between tensile modulus and filler volume
fraction is observed for composite materials. According to
common rule of the mixture:

E.= FE,xVy+ Efx Vs

where E. is the modulus of the composite, E,,, and E; are
the module of the polymer matrix and filler, respectively;
Vi and V; are the volume fraction of polymer and filler,
respectively. The tensile modulus improves for nanocom-
posites but Gao et al. [20] reported that this improvement is
much higher than experimental values for tensile modulus.
The agglomeration particles as well as the poor interfacial
adhesion are the major reasons.

Conclusion

Silica nanoparticles can have a proper dispersion in poly-
styrene matrix as TEM showed. These particles affect
mechanical properties of polystyrene so that according to
our investigation by SEM and TOM, it seems that deb-
onding mechanism is an important mechanism in tough-
ening of Polystyrene/silica nanocomposites nevertheless
some signs of other mechanisms could be seen. In this
mechanism, the polymer in vicinity of the particles, which

@ Springer
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surrounds them, has plastic deformation and causes more
amount of polymer to participate in plastic deformation,
and consequently nanocomposite shows higher toughness
in comparison with neat polymer. An improvement in
mechanical properties of the nanocomposite takes place in
an optimum content of nanoparticles and more than this
optimum, agglomeration of the particles decreases the
toughness and even becomes less than neat polymer. In
addition, mechanical behavior of the samples was investi-
gated. Tensile, flexural, and compressive strength and also
impact and plain-strain fracture toughness of nanocom-
posite samples showed different behaviors in low and high
nanoparticle loadings and interestingly, we found an opti-
mum value less than 2% for nanoparticle loading in which
we observed the highest improvement in mechanical
properties of the nanocomposite. The tensile modulus
showed a different behavior and increased with increasing
the content of silica nanoparticle.
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