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ABSTRACT: This article reports a comparative study of
polypropylene (PP) nanocomposites synthesized with nano-
silica (NS) and diglycidyl ether of bisphenol A, an epoxy-
resin-grafted nanosilica (ENS), as nanofillers. These nano-
composites were prepared with the melt-mixing method at a
constant loading level of 2.5 wt %; this loading level was
much lower than that used for fillers in conventional compo-
sites. The effects of pure NS and ENS on the thermal, struc-
tural, mechanical, and dynamic mechanical properties of PP
were analyzed with wide-angle X-ray diffraction, transmis-
sion electron microscopy, thermogravimetric analysis, differ-
ential scanning calorimetry, dynamic mechanical analysis,
and scanning electron microscopy. The transmission electron

microscopy studies showed a better dispersion of ENS in the
PP matrix, that is, in the polypropylene-epoxy-resin-grafted
nanosilica (PP-ENS) nanocomposite, in comparison with NS
in the PP matrix, that is, in the polypropylene-nanosilica
(PP-NS) nanocomposite. Also, the thermogravimetric analy-
sis results showed a higher thermal stability for PP-ENS than
PP-NS. Furthermore, the dynamic mechanical analysis stud-
ies showed an increase in the elastic modulus and glass-tran-
sition temperature for PP-ENS with respect to PP-NS. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 102: 2117-2124, 2006
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INTRODUCTION

Polypropylene (PP) is a widely accepted choice in
industries such as the packaging, automotive, and
aviation industries and also finds substantial applica-
tions in household and other accessories. The reason
that PP is such an obvious choice is the flexibility that
it provides in terms of the modification of its struc-
ture and properties for various applications. One
way of tailoring the properties of PP is the addition
of appropriate fillers. In recent years, composites
comprising PP and inorganic particulate fillers have
achieved remarkable improvements in their mechani-
cal and thermal properties with respect to pure PP.
Also, nanometer-sized reinforcing particles have
attracted considerable attention from polymer scien-
tists. In particular, when compounding is performed
to incorporate nanoparticles into a pure polymer ma-
trix in such a way that the nanoscale particles are re-
stricted to their ultrafine phase dimensions, the
strong interfacial interactions of the polymer with
these ultrafine nanoscale particles result in a signifi-
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cant improvement in the rigidity and strength of the
final nanocomposite. In addition, the filler contents
required for these nanoscale fillers are much lower
in comparison with mineral- or glass-reinforced
composites.

Nanosilica (NS), with a large surface area, is widely
used in polyolefin composites. Presently, the re-
search on NS-based products is mainly focused on
improving the mechanical and optical properties of
polyolefins.>°

The preparation of composite materials by the melt
blending of polymers and fillers is a straightforward
procedure, but it is less efficient when the reinforcing
filler is in nanoscale. This is due to an agglomeration
of nanoparticles along with the high melt viscosity of
the polymers. To overcome these limitations in com-
posite preparation, a first strategy based on filler
encapsulation by polymer coating has been pro-
posed.'’ Another approach relies on the chemical
modification of the filler surface by functional silanes
and titanate esters, which are able to promote adhe-
sion to the polymer matrix.'">"” However, the high
cost of functional silane compounds also limits their
usage for mass production.

As far as NS particles are concerned, three kinds of
reactive hydroxyl groups—isolated, hydrogen-bonded,
and geminated double-hydroxyl groups [sketched in
Scheme 1(a)]—have been recently identified with IR
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Scheme 1 (a) Types of surface silanol groups and (b) NS structure.

and NMR spectroscopy.'® As shown in Scheme 1(b),
synthetic NS is composed of four distinct layers. The
firstlayer or inner core comprises random three-dimen-
sional polymer SiO, units and is completely covered
with silanol groups as the second layer. The third layer
consists of water molecules, which are strongly bonded
to the silanol groups. In the fourth layer, there is physi-
cally adsorbed water, also known as free water or free
moisture.'

To improve the interfacial compatibility between
the NS particles and PP, the hydrophilic surface of
the NS particles was modified with epoxy resin with
the reactive silanol groups of the NS particles. The
melt-mixing technique was used to prepare the com-
posite samples because it is an industrially viable
method for mass production.

This work evaluates the various structural, ther-
mal, and dynamic mechanical properties along with
an analysis of the fracture nature of PP filled with
NS and epoxy-resin-grafted nanosilica (ENS).

EXPERIMENTAL

Materials

Thermoplastic PP was obtained from IPCL (Vododara,
India). NS was obtained from the Department of Chem-
istry of the Indian Institute of Technology (Kharagpur,
India). The particle size was in the range of 50-60 nm,
and the surface area was 360 m*/g. It was prepared
from an aqueous metal-silicate solution with the pre-
cipitation method."® The epoxy resin was liquid digly-
cidyl ether of bisphenol A (DGEBA; Araldite LY 556,
Ciba-Geigy, India), which had an equivalent weight
per epoxide group of 195 + 5 and was used as received.
Tin(Il) chloride and methyl isobutyl ketone were
obtained from Merck India, Ltd., and used as received.

Epoxy-resin grafting on NS
The reaction of silica particles with epoxy resin
(DGEBA), a grafting agent, was carried out as follows.
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Scheme 2 Reaction mechanism of epoxy resin (DGEBA) grafting on NS.
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TABLE 1
Compounding Formulation of PP Nanocomposites

Composition (wt %)

Sample

configuration PP NS ENS
PP 100 0 0
PP-NS 100 2.5 0
PP-ENS 100 0 2.5

NS particles were first suspended in the solvent methyl
isobutyl ketone. The epoxy resin was then added to the
resulting NS particle suspension. The weight ratio of
NS to the epoxy resin was taken to be 40: 60. After the
addition 1000 ppm SnCl, as a catalyst to the suspen-
sion, it was introduced into a three-necked, round-bot-
tom flask equipped with a mechanical stirrer, a reflux
condenser, and a thermometer. The reaction was car-
ried out at 140°C for 2 h. After this, the solvent was
removed with a rotary evaporator, and the product
thus obtained was dried in vacuo for 1 h.

The reaction between the NS particles and oxirane
groups of the epoxy resin has already been reported
in our earlier work'® (Scheme 2).

Preparation of the nanocomposites

Compounding PP with nanofillers was performed in
the melt state in a corotating, twin-screw, sigma in-
ternal mixer at 200°C at a rotor speed of 100 rpm
for 15 min. The formulations for the compounding
are given in Table I. The blended composites thus
obtained were drawn into sheets via compression
molding at 200°C and a pressure of 15 MPa for
10 min. After this, the molded sheets were allowed
to cool to room temperature under the same pres-
sure at a rate of 2°C/min.

Methods and measurements
Wide-angle X-ray diffraction (WAXD)

This study was performed with a Philips PW 1840
X-ray diffractometer (Holland) with a copper target
(Cu Ka) at a scanning rate of 0.050 20/s, at a chart
speed of 10 mm /260, with a range of 5000 c/s, with a
slit aperture of 0.2 mm, and with an operational
voltage and current of 40 kV and 20 mA, respec-
tively. This was done to assess the structural changes
in PP in the presence of nanofillers.

Transmission electron microscopy (TEM)

A TEM study was performed with a Philips C 12 trans-
mission electron microscope on very thin films of the
composites cast directly over 300-mesh copper grids.
The acceleration voltage was 120 kV, and the magnifi-
cations used for the images are given in the captions.
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Mechanical properties

Dumbbell-shaped test samples were cut from molded
sheets and were used for tensile testing at least 24 h af-
ter molding. Tensile tests were carried out with a
Hounsfield HS 10 KS universal testing machine
(Hounsfield Test Equipment Ltd., London) at room
temperature with an extension speed of 5 mm/min
and an initial gaze length of 35 mm. The reported
results are the averages of four samples for each com-
posite; each result had an experimental error of +2%.

Thermogravimetry and differential scanning
calorimetry (DSC) studies

The thermal stabilities of the composites were studied
with a Dupont 2100 TGA V 50 1A thermogravimetric
analyzer in the presence of air from 50 to 700°C, at a
heating rate of 10°C/min. A DSC study was carried out
in an inert atmosphere of nitrogen with a TA DSC
Q1000 V7.0 differential scanning calorimeter. The data
are reported for the second heating and first cooling
runs from 60 to 200°C at 10°C /min.

Dynamic mechanical analysis (DMA)

DMA was carried out with a TA Instruments DMA-
2980 dynamic mechanical analyzer (New Castle,
Delaware, USA). The instrument was used in the
single-cantilever bending mode. The samples were
subjected to a sinusoidal displacement of 0.1% strain
at a fixed frequency of 1 Hz from —30 to +150°C at
a heating rate of 10°C/min. The storage modulus
(E') and loss tangent (tan 8) were measured for each
sample in this temperature range.

Scanning electron microscopy (SEM)

An SEM analysis was done with a JEOL JSM-5800
scanning electron microscope (Tokyo, Japan). This was
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Figure 1 X-ray diffractograms of PP and its nanocomposites.
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TABLE II
Results of the WAXD Study
Sample 60 d(A) L (A)
conﬁguration 61 92 93 94 dl dz d3 d4 L] L2 L3 L4
PP 14 16.8 18.5 21.7 6.33 528 4.80 4.10 185 235 186 72
PP-NS 14 16.8 18.4 21.6 6.33 528 4.81 4.12 187 243 191 72
PP-ENS 14.3 17.05 18.7 22.1 6.19 5.20 473 4.03 196 240 239 51

0 = peak angle; d = interplanar distance; L = crystallite size.

done to analyze the fracture nature of PP and the syn-
thesized nanocomposites. For this, the fracture surfa-
ces of the samples were first coated with gold by
autosputtering.

RESULTS AND DISCUSSION
WAXD study

Figure 1 shows the X-ray diffractograms of PP, poly-
propylene-nanosilica (PP-NS), and polypropylene-
epoxy-resin-grafted nanosilica (PP-ENS). Pure PP
shows four prominent peaks at 26 values of approxi-
mately 14, 16.8, 18.5, and 21.7°, each corresponding
to the monoclinic a-crystalline phase of PP. New
peaks do not appear with the addition of nanofillers

5
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Figure 2 TEM micrographs of PP nanocomposites: (a)
NS-filled PP (80,000x) and (b) ENS-filled PP (80,000x).

to PP. However, the peaks at 20 values of approxi-
mately 14 and 16.8° are slightly shifted to the higher
angle side. These correspond to the 110pp and 040,
reflections of the o-crystalline phase, respectively.
All the four earlier peaks are affected by the addi-
tion of nanofillers. However, this effect is more pre-
dominant in the case of PP filled with NS. The inten-
sities of the four earlier peaks are reduced in the
case of PP-NS. This is due to the absorption of X-ray
radiation by the NS particles.”” However, in the case
of PP-ENS, the intensities of the four earlier peaks
are further reduced. This decrease in the intensity
suggests that PP-ENS attains lower crystallinity than
PP-NS. The apparent crystallite size of the compo-
sites can be calculated with the Scherrer equation
(L = 1/(B cos 0), where L is the apparent crystal size,
A is the X-ray wavelength, and f is the full width at
half-maximum of the peak. The diffraction angle,
interplanar distance of the X-ray reflections, and
crystallite size of PP and the synthesized nanocom-
posites are given in Table II. In the case of PP-ENS,
the interplanar distance is reduced, and the crystal-
lite size is increased. This decrease in the interplanar
distance results in the development of a more com-
pact structure in PP-ENS. Moreover, in the case of
PP-ENS, there is a very genuine probability of the
grafted epoxy-resin macromolecular chains occupy-
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Figure 3 TGA thermograms of PP and its nanocomposites.
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ing the chain-folded lamellar regions of PP. This
may lead further to an expansion in the lamellar
(crystallite) size of PP. This can be cited as a reason
for the increase in the crystallite size of PP-ENS.

Morphological investigation

Figure 2(a,b) displays the respective TEM micro-
graphs for PP-NS and PP-ENS. The micrograph for
PP-NS shows the existence of black, spherical silica
particles dispersed in the PP matrix in the form of
chainlike structures consisting of NS agglomerates,
which can be easily visualized from the micrograph.
The micrograph for PP-ENS shows the individual
silica particles; these are larger in size in comparison
with NS. This is further supported by the fact that in
the case of PP-ENS, there is a good dispersion of
ENS in the PP matrix.

Thermal properties

Thermogravimetric analysis (TGA) was carried out for
both nanocomposites and pure PP. The TGA curves are
shown in Figure 3, and the corresponding parameters
are listed in Table III. The decomposition temperature
(temperature at 5% weight loss) is around 16°C higher
for PP-NS (270°C) than that for PP (254°C). For PP-
ENS, the decomposition temperature (282°C) is
increased by 28°C with respect to that of pure PP. This
suggests an improvement in the thermal stability for
PP-ENS. This extent of the increase in the thermal sta-
bility may be due to the physical entanglements of the
PP and epoxy-resin macromolecular chains of ENS.
This could be the reason for the reduced rate of degra-
dation for PP-ENS. These entanglements restrict the
thermal motion of the PP chains. In fact, the degrada-
tion temperature for PP-ENS occurs at a higher temper-
ature side with respect to PP-NS and pure PP. This
implies that ENS significantly enhances the thermal sta-
bility of PP. Gilman®' suggested that the high thermal
stability of polymers in the presence of fillers is due to
the hindered thermal motion of polymer molecular
chains.

DSC curves of the nanocomposites and pure PP
are shown in Figure 4(a,b), and the corresponding
parameters are given in Table IV. The degree of crys-

TABLE III
Results of the TGA Study

Temperature = Temperature = Temperature

Sample of 5% weight of 10% weight of 50% weight
configuration loss (°C) loss (°C) loss (°C)

PP 254 261 288
PP-NS 270 279 324
PP-ENS 282 286 327
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Figure 4 DSC thermograms of PP and its nanocompo-
sites: (a) heating and (b) cooling.

tallinity of the composites has been quantitatively
measured with the following formula:

AH,
=—""_— %100
x Ox%x

where x is the crystallinity percentage of the com-
posite, AH,, is the melting enthalpy of PP, AHj is the
melting enthalpy (209 J/g) of 100% crystalline PP,**
m, is the mass of PP, and m, is the mass of the
composite.

The melting temperature [Fig. 4 (a)] of PP remains
the same in the presence of both kinds of nanofillers.
The crystallization thermograms of the pure PP and
the synthesized nanocomposites are shown in Figure
4(b). PP shows an exothermic crystallization peak at
115°C. A crystallinity of 42% has been calculated
from the measurements of the melting enthalpy. PP-
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TABLE IV
Results of the DSC Studies
Melting Crystallization =~ Supercooling ~ Melting  Crystallization
Sample temperature temperature temperature  enthalpy enthalpy
configuration (°Q) °C) ("0 J/g) J/g)
PP 163 115 48 89 87
PP-NS 164 117 47 74 77
PP-ENS 163 118 45 64 80

NS shows a crystallization peak at 117°C with a cor-
responding crystallinity of 36%. In the case of PP-
ENS, the crystallization point is increased to 118°C,
with a corresponding crystallinity of 31%. The
observed decrease in the crystallinity of the synthe-
sized nanocomposites from the DSC measurements
can be explained as follows. The adsorption of PP
macromolecular chains on the surface of NS suggests
polymer uncoiling and transformation from struc-
tures of higher energy to those of lower energy.
However, this effect is more predominant for PP-
ENS because of the formation of physical crosslinks
between PP macromolecular chains and epoxy-resin
macromolecular chains (from the surface of NS). The
shift of the crystallization temperature toward the
higher temperature side may be due to the nucleat-
ing capability of NS and ENS.

Tensile properties of the nanocomposites

The inclusion of fillers in the PP matrix leads to a signif-
icant increase in the modulus. Svehlova et al.>> men-
tioned that a better filler dispersion leads to a higher
modulus. This development can be explained by the
percolation theory described by He and Jiang.**
According to He and Jiang, there is a matrix zone
around each particle, which is affected by the stress
concentration. If the distance between particles is small
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Figure 5 Stress—strain curves of the PP nanocomposites.

enough, these zones join together and form a percola-
tion network, which increases the modulus. For con-
stant filler loadings, if the particles are fine and well
dispersed, the total volume affect will be high, and the
distance between the particles will be short. The perco-
lation network, therefore, develops more easily, and
the modulus increases. The stress—strain curves of
PP and the synthesized nanocomposites are given in
Figure 5, and the results are given in Table V.

In our composite system, the modulus of PP-NS is
higher than that of PP, whereas PP-ENS has an inter-
mediate modulus between those of PP and PP-NS.
Also, the tensile strength and elongation at break
decrease for PP-NS. This decrease in the tensile
strength and elongation at break is due to the presence
of NS agglomerates in the matrix as well as a lack of
interfacial adhesion between the matrix and the filler
(TEM images). However, in the case of PP-ENS, an
increase in the tensile strength and elongation at break
can be observed in comparison with those of PP and
PP-NS. This may be because the epoxy-resin macro-
molecular chains grafted onto the NS surface have a
tendency to obstruct the formation of agglomerates of
the NS particles, thus allowing the NS particles to dis-
perse in the matrix in the range of nanometer-scale
clusters, which are smaller in size than NS clusters.
The toughness of PP and the synthesized nanocompo-
sites has been calculated by the measurement of the

TABLE V
Results of the Tensile Test
Tensile Elongation  Elastic
Sample strength ~ at break  modulus Toughness
configuration ~ (MPa) (%) (MPa) (MJ/m®)
PP 25.97 10 107.81 2.64
PP-NS 14.96 5 207.83 0.40
PP-ENS 27.28 11 198.62 2.95
TABLE VI
Dynamic Mechanical Properties of PP Nanocomposites
Sample E’" at 25°C
configuration T, (°C) Tan 8max (GPa)
pr 18 0.14 7.23
PP-NS 18 0.11 8.91
PP-ENS 21 0.07 9.63
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Figure 6 E' as a function of temperature of PP and its
nanocomposites.

area under the stress—strain curves. The PP filled with
NS shows a decrease in toughness, whereas PP filled
with ENS shows a higher toughness with respect to
PP. A similar observation was also reported by Rong
et al.® for PP filled with polystyrene-grafted NS.

Dynamic mechanical properties

The dynamic mechanical properties of PP, PP filled
with NS, and PP filled with ENS are presented in
Table VI, and the results are compared with those of
pure PP. The variations of E' and tan & of PP and
the synthesized nanocomposites against temperature
are depicted in Figures 6 and 7. The glass-transition
temperature (T,) at the position of the maximum loss
tangent (tan 6,,x = 0.14) of pure PP is 18°C. The
incorporation of NS causes a drop in tan J,.x to

016
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Tan delta

0.06 -
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=100 -50 0 S0 100 150

Temperature (,, C)

Figure 7 Tan § as a function of temperature of PP and its
nanocomposites.
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0.11, whereas there is no noticeable change in T,.
However, for PP-NS, E' at room temperature is
increased by 23%. A shift in T, by +3°C, a drop in
tan dmax to 0.07, and an increase of E' at 25°C by
33% can be observed for ENS-filled PP.

E’' always increases with the addition of NS fillers
because NS is a stiffer material than PP. In the case
of PP-NS, T, of PP remains the same; this suggests
there is not much interaction between NS and PP
macromolecular chains. In the case of PP-ENS, T, of
PP is shifted toward a higher temperature side, sug-
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Figure 8 SEM tensile fracture surfaces of PP and its nano-
composites.
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gesting the possible existence of interactions between
ENS and PP macromolecular chains.

Fracture morphology

The SEM micrographs of the fractured surfaces
obtained during the tensile testing of the nanocompo-
site specimens are shown in Figure 8. Pure PP has a
smoother surface and exhibits no signs of plastic de-
formation or drawing. A coarser appearance can be
observed for the fracture surface of PP-NS. However,
we can still see a brittle type of failure in PP-NS. In
contrast, PP filled with ENS shows clear evidence of
moderate plastic deformation. This may be because
the epoxy-resin-grafted macromolecular chains may
also contribute to deformation.

CONCLUSIONS

The effects of NS and ENS on the structural, ther-
mal, mechanical, and dynamic mechanical properties
of PP have been studied. A TEM study has shown a
good dispersion of silica particles in the case of PP-
ENS. A DSC study has revealed that ENS has a
greater influence in reducing the crystallinity of PP
than NS. A TGA study has indicated that ENS has
much more influence in increasing the thermal sta-
bility of PP with respect to NS. Tensile test results
show that ENS provides PP with stiffening, strength-
ening, and toughening at a much lower loading level
of 2.5 wt % with respect to NS. Also, a DMA study
shows that T, of PP increases in the presence of
ENS. Finally, an SEM study suggests that PP-ENS
shows moderate plastic deformation in comparison
with pure PP and PP-NS.
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