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Article

Micro-structural, thermal, and mechanical
properties of injection-molded glass fiber/
nanoclay/polypropylene composites

Normasmira Abd. Rahman1, Aziz Hassan1, Rosiyah Yahya1,
R.A. Lafia-Araga1 and Peter R. Hornsby2

Abstract

Hybrid composites of PP/NC/GF were prepared by extrusion and injection molding. Molded specimens were analyzed by

XRD, SEM, and TEM, together with characterization of thermal and mechanical properties. XRD results revealed that the

interaction between NC particles and the PP matrix results in intercalation of the polymer chains, which increases the

clay interlayer distance. TEM results revealed NC particle intercalation. TGA results showed that the incorporation

of clay into the GF composite improves the thermal stability of the material. The initial thermal decomposition

temperatures also shifted to higher values. Incorporation of GF into PP lowers the tensile strength of the binary

composite, indicating poor fiber–matrix interfacial adhesion; however, introducing NC increased the strength of the

ternary composites. Tensile modulus was enhanced with the incorporation of GF and further increased with an intro-

duction of NC. Flexural strength and flexural modulus are both enhanced with an increase in fiber loading. The addition

of clay nanoparticles further improved these properties.
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Introduction

Polypropylene (PP) is one of the most industrially suc-
cessful thermoplastic polymers, characterized by its
excellent cost-to-performance ratio. The commercial
significance of PP has resulted in an ever increasing
drive to enhance its properties further, particularly
through reinforcement with various particulates,
fibers, and layered inorganic fillers.1–3 The effectiveness
of inorganic fillers in improving the physical and
mechanical properties of PP strongly depends on the
filler aspect ratio, size, shape, surface characteristics,
interfacial adhesion, and degree of filler dispersion.4 It
has repeatedly been shown that an inorganic filler such
as glass fiber (GF) increases the tensile modulus of such
composites, yet causes the decrease of the strength and
toughness. It could be due to the stress concentration,
poor fiber–matrix adhesion and confinement of the
matrix molecular mobility around the rigid filler phase.

A relatively new development in the field of polymer
composites is the introduction of clay nanoparticles, in
which small quantities of high-modulus nanoclay (NC)

particles have been shown to give significant improve-
ments in mechanical, barrier, and thermal properties.5,6

Although numerous researchers have investigated indi-
vidually PP/GF composites and PP/NC composite sys-
tems, only a few investigations have been reported on
PP/GF/NC composites. Mohan and Kanny,7 in
their work, combined the PP nanocomposite matrix
with chopped GF. A small amount (5% fiber weight
fraction (Wf)) of nanoscale dispersed layered silicate
was shown to enhance the degree of crystallinity as
well as tensile properties. Using nano-reinforcements
in a GF-reinforced vinyl ester matrix, Chandradass
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et al.8 observed that the addition of 3% Wf of NC gave
the highest increment in tensile, flexural, and impact
properties.

In this study, PP/clay nanocomposite systems were
prepared for use as a matrix material for GF compos-
ites. An experimental study was carried out to exploit
the functional advantages and potentially synergistic
effect on GF and NC in order to enhance the overall
properties of PP. As a comparison, the properties of
PP/GF composite and PP/NC nanocomposite were
also evaluated under identical test conditions. The
structures of PP/NC and PP/GF/NC were investigated
by X-ray diffraction (XRD), scanning electron (SEM)
and transmission electron (TEM) microscopies.
Thermal and mechanical properties of the composites
were also investigated by thermogravimetric analysis
(TGA), tensile, and flexural tests, respectively.

Experimental procedures

Materials

PP (Propelinas H022) was supplied by Petronas,
Malaysia. The neat PP was in the form of pellets with
a melt flow index of 11 g�10min�1 and a density of
910 kg�m�3. Chopped E-GF, surface-treated with
silane and having a density 2550 kg�m�3, diameter
14 mm and length 6mm, obtained from KCC
Corporation, Korea, was used as the principal reinforce-
ment. The NC (type PGV) is a natural montmorillonite
clay with a density of 776 kg�m�3 and a particle size of
about 16 mm and manufactured by Nanocor, USA.

Specimen preparation

PP/GF and PP/NC composites were prepared with dif-
ferent ratios of PP/chopped GF and PP/clay powder,

respectively, as presented in Table 1. Compositions
were physically pre-mixed, mixed, and then
compounded using a Brabender (KETSE 20/40) twin
screw extruder. The temperature profile was set to
185–190�C. For the PP/GF composites, the screw
speed was set to 100 rpm, whereas for the PP/NC
composites 800 rpm. The materials extruded from
both formulations were pelletized into length of about
6mm. In order to produce PP/GF/NC composites, the
different ratios of the PP/NC and chopped GF were
physically mixed and re-compounded in a twin screw
extruder using the same temperature profile and screw
speed 100 rpm. Dumbbell-shaped tensile test speci-
mens,9 with geometry defined in the ASTM standard
D638, were then injection molded using a Boy� 55M, a
55 tonne injection molding machine. The processing
temperature was set between 175�C and 185�C and
the mold temperature at 25�C. The list and abbrevia-
tion of specimens prepared are given in Table 1.
Specimens were designated according to their composi-
tion; for example, (PP85/G15)/NC3 was referred as
specimen with 85wt% of PP, 15wt% of GF, and 3
phr of NC.

Microstructural characterization

Neat clay, PP/NC, and PP/GF/NC were analyzed by
XRD using Philips binary diffractometer with Cu-Ka

radiation. Powder clay and nanocomposite tensile spe-
cimens were scanned over the interval of 2�¼ 2��30� at
40 kV and 30 mA. Using XRD, intercalation behavior
of clay particles (in the composites) with different con-
centration was analyzed.

The fracture surface of the various nanocomposites
was examined using a Field Emission Auger
Microprobe model JAMP-9500F under SEM mode to
investigate the effects of clay loading on the adhesion at

Table 1. Designation and compositions of composite specimens

Sample

Matrix weight

fraction, Wm (%)

Fiber weight

fraction, Wf (%)

Fiber volume

fraction, Vf (%)

Clay

content (phr)

NC (clay) – – – –

PP 100 – – –

PP85/G15 85 15 6 –

PP70/G30 70 30 14 –

PP100/NC3 100 – – 3

PP100/NC6 100 – – 6

PP100/NC9 100 – – 9

(PP85/G15)/NC3 85 15 6 3

(PP85/G15)/NC6 85 15 6 6

(PP85/G15)/NC9 85 15 6 9

(PP70/G30)/NC6 70 30 14 6
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the interface between GF and the PP matrix and the
extent of clay dispersion. SEM micrographs were taken
at an acceleration voltage of 10 keV at various magni-
fications. The fractured surface of tensile specimens was
sputter-coated with a thin layer of gold in order to
improve the sample conductivity and to avoid electrical
charging during examination.

The microstructure of the PP/NC and PP/GF/NC
were analyzed with a Hitachi H-600 (Japan) TEM.
The samples were ultra-microtomed with a diamond
knife on a Leica Ultracut UCT (UK) microtome at
room temperature to give sections with a nominal

thickness of 200 nm. Sections were transferred to
400-mesh Cu grids. Bright-field TEM images of the
composites were obtained at 300 kV under low-dose
conditions.

Thermogravimetric analysis

TGA analysis was done using a TGA 6 thermogravi-
metric analyzer (Perkin Elmer) to study the thermal
decomposition behavior of the composites. Tests were
done under nitrogen environment at a scan rate of
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Figure 2. The XRD patterns of PP/NC and PP/GF/NC hybrid composites.
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Figure 1. The XRD patterns of PP/NC nanocomposites.
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10�C�min�1 over a programmed temperature range
50–850�C. A test sample of 5–10mg was used for
each run.

Mechanical property characterization

Tensile tests were carried out using a universal testing
machine, Instron 5569 (50 kN load-cell) at a constant
cross-head speed of 5mm�min�1 at 25�C. The tensile
properties were determined9 according to the ASTM
D638. The composite modulus was recorded at 0.5%
strain.

Flexural tests10 were carried out using the same
machine and following the ASTM D790 method. The
distance between the support spans was 50 cm. All the
specimens were tested at a constant cross-head speed of
1.28mm�min�1.

Results and discussion

Microstructure

XRD showed that intercalation of the polymer between
the layers of the clay had occurred, resulting in an
increased clay interlayer distance. It has been shown
by several researchers11,12 that this method can be
used to observe how layered nanoparticles are distrib-
uted in a polymer and can be employed to characterize
their degree of dispersion. Bragg’s equation is typically
employed to measure the interlayer distance using the
diffraction peak and its position in the XRD patterns.13

It is typically shown as n� ¼ 2d sin �, where �, d, and �
are wavelength (1.54 Å), interlayer spacing, and the dif-
fraction angle, respectively.

In Figures 1 and 2, the data are displayed as the
relative intensity of the reflections vs. the scattering
angle, 2�. Table 2 summarizes the XRD data obtained.
The characteristic diffraction peak of neat clay is
located at around 8.9�, corresponding to a basal inter-
layer spacing of 1.00 nm according to Bragg’s equation.
Figure 1 displays the XRD patterns of PP/NC compos-
ites by direct melt intercalation with varying clay con-
tents. As shown in the figure, the characteristic peak of
clay in the composites was shifted to a lower angle,
which indicates that the interlayer d-spacing of clay
has been increased.

With dispersion of the clay nanoparticles into PP
matrix, the interlayer spacing of the clay in PP/NC
composites increased by up to 28%, when compared
with the neat clay (Table 2). The interlayer distances
of clay are increased from the original 1.00 nm (neat
clay) to 1.27, 1.28, and 1.25 nm for PP/NC3, PP/NC6,
and PP/NC9, respectively. Although intercalation
had occurred, it was evident that some long-range
stacking order still remained, as explained by

Timmerman et al.14 Even though clay layers in com-
posites are expanded to a larger extent when compared
to neat clay, its characteristic diffraction still exists,
which means that some clay layers still retained their
original crystal structure and exist as primary parti-
cles.15 The XRD data show that the characteristic dif-
fraction peak of PP/NC composites is almost similar
for all systems (3, 6, and 9 phr). Further incorporation
of clay into the system only affects the width and inten-
sity of the diffraction peak. However, the diffraction
angles remain almost the same. The peak intensity
increased by 28% and 44% for 6 and 9 phr composites,
respectively, relative to 3 phr composite. This observa-
tion suggests that as the concentration of the clay
increased (from 3 to 9 phr), more ordered structures
were obtained, resulting in a relatively higher fraction
of clay agglomeration. As indicated above, the amount
of matrix in the composites was constant for all com-
positions prepared (PP/NC3-9). As the clay content
increases, the amount of available matrix for clay inter-
calation reduces. This results in a decrease in the inter-
layer d-spacing, as observed from Table 2.

Figure 2 illustrates the XRD diffractograms for NC,
PP/NC, and PP/GF/NC composites. The interlayer
d-spacing of clay reduces from 1.28 nm (PP/NC6) to
1.25 nm (PP/G15)/NC6 and from 1.25 nm (PP/NC9)
to 1.19 nm (PP/G15)/NC9. However, as shown in
Figure 2 and Table 2, in addition to reducing the inter-
layer spacing, introduction of GF in clay nanocompo-
sites broadens the peak as well as decreases its intensity
by 62% and 63% for (PP/G15)/NC6 and (PP/G15)/
NC9, relative to PP/NC6 and PP/NC9, respectively.
This suggests that even though clay still partially
keeps the original crystal structure and exists as pri-
mary particle, at the same time, it, however, could be
partially exfoliated from the stacks of clay layers due to
the existence of GF.

As indicated above, PP/NC6 and PP/NC9 compos-
ites have been used as matrices for hybridization with
15% Wf GF in order to produce (PP/G15)/NC6 and
(PP/G15)/NC9, respectively. From the above

Table 2. XRD data of NC, PP/NC, and PP/GF/NC hybrid

composites

Sample

2�
(degrees)

Interlayer

spacing (nm)

Peak intensity

(counts s�1)

NC (clay) 8.86 1.00 127

PP100/NC3 6.97 1.27 251

PP100/NC6 6.88 1.28 321

PP100/NC9 7.04 1.25 362

(PP85/G15)/NC6 7.09 1.25 121

(PP85/G15)/NC9 7.46 1.19 133
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discussion, it has been noted that the PP/NC9 has a
lower interlayer d-spacing (1.25 nm) when compared
to PP/NC6 (1.28 nm). Correspondingly, the interlayer
spacing of (PP/G15)/NC9 is slightly lower than that of
(PP/G15)/NC6. By contrast, Bozkurt et al.16 suggested
that the characteristic peaks from agglomerated clay
layers may not be detectable due to the presence of
the high fraction of GF in the PP/GF/NC tertiary com-
posite. This would result in the absence or reduction in
the characteristic peak intensity.

To analyze the tendency of clay particles to agglom-
erate, SEM images of the fracture surfaces from tensile
specimen of PP/NC and PP/GF/NC composites were
obtained, as shown in Figure 3. Figure 3(a) and (b)
illustrates the microstructure of the nanocomposites
(6 and 9 phr), where the clay is shown as the bright

spots in the images. At higher clay concentration (9
phr), a relatively larger clay agglomeration (&40 mm)
is observed, when compared with the 6 phr clay nano-
composite (& 35 mm). Agglomeration size was taken
from the average of at least five measurements from
SEM images. The images agreed with the increase in
the peak intensity of the nanocomposite, with higher
clay content as obtained from the XRD analysis
(Figure 1 and Table 2). Images of the fracture surfaces
(Figure 3(c) and (d)) from the PP/GF/NC composites
indicate that clay platelets are better dispersed in the
composite as compared to those of PP/NC composites
(Figure 3(a) and (b)). This implies that the incorpora-
tion of GF in the system and the second compounding
exercise result in a better dispersion of the particles
within the composite. It is obvious that smaller

Figure 3. SEM micrographs of tensile fracture surface of (a) PP100/NC6; (b) PP100/NC9; (c) (PP85/G15)/NC6; and (d) (PP85/G15)/

NC9 hybrid composites.
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agglomerates are formed in the structure of the PP/GF/
NC hybrids composites, i.e., &14 and 25 mm for PP/
GF/NC6 and PP/GF/NC9, respectively, compared
with PP/NC composites.

To gain an insight into the NC particle intercalation,
characterization using TEM was conducted for PP/
NC6 and (PP/G15)/NC6 nanocomposite samples
(Figure 4). Both nanocomposites show heterogeneous
dispersion, presence of aggregates, as well as resin-rich
areas in the matrix without clay. However, there are
regions where completely delaminated sheets are dis-
persed individually, showing dark lines of 1–2 nm, on
an average, thickness. It appears that the clay exists as
expanded aggregates. Hussain et al.,17 in their study,
suggested that the degree of intercalation or exfoliation
depends on type and surface modification of NC, pres-
ence of compatibilizing agent, as well as the processing
condition.

In Figure 4(a) and (b), the average distance between
the clay platelets for PP/NC6 and (PP/G15)/NC6 nano-
composites is 3 and 6 nm, respectively. This observation
is interesting as the interlayer spacing for NC in (PP/
G15)/NC6 hybrid nanocomposite is expanded com-
pared with PP/NC6 nanocomposites. The presence of
the GFs as well as double compounding of the hybrid
nanocomposite may have contributed to this expanded
interlayer spacing.

Thermogravimetric analysis

The thermal stability of the nanocomposites was stud-
ied by the TGA technique. When heating occurs under
an inert N2 gas flow, a non-oxidative degradation

occurs, while the use of air or oxygen allows oxidative
degradation of the samples.18 Figure 5 shows the TGA
scans in the form of weight change vs. temperature for
PP and 15% Wf GF composites containing various
amounts of clay nanoparticles (0–9 phr). This provides
information about the thermal stability of PP/GF/NC
composites, when compared to the corresponding PP/
GF composites. Table 3 presents the quantitative
values of the onset, derivative peak temperature, and
the temperatures at 5%, 10%, and 50% of weight loss,
which are referred to as: Tonset, DTP, T5%, T10%, and
T50%, respectively. The TGA curves (Figure 5) demon-
strate that the incorporation of clay in GF composites
improve the thermal stability of the material.
Degradation takes place at higher temperature in the
presence of clay. The Tonset of PP matrix is recorded at
355�C. Incorporation of 15% Wf of GF increases Tonset

to 422�C. Incorporation of 3, 6, and 9 phr of clay into
the composites further increase Tonset of (PP/G15)NC
to 431�C, 433�C and 436�C, respectively. This behavior
could be explained by a diffusion effect when clay is
present, which limits the emission of the gaseous deg-
radation products, resulting in an increase in the ther-
mal stability of the material.19,20

The initial thermal stability is characterized by the
temperatures at 5% and 10% weight change (T5% and
T10%). It can be seen that these initial thermal decom-
position temperatures are enhanced by the addition of
clay into the GF composite. At 5% weight change, the
T5% increases from 368�C for PP/G15 to 405�C, 420�C
and 424�C for composites containing 3, 6, and 9 phr
NC, respectively. The same trend is observed at 10%
weight change. It is possible that at this initial

Figure 4. TEM images of (a) PP/NC6 and (b) (PP/G15)/NC6 nanocomposites at high magnification (97,000�).
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degradation event, incorporation of NC which invari-
ably enhanced better compatibility between the matrix
and the fiber, resulted in a better thermally stable com-
posite (Figure 5). It is believed that the homogenous
dispersion of clay platelet acts as a barrier, trapping
the volatilizing matrix from escape to atmosphere.

It should be noted from Table 3 and Figure 5 that
degradation of PP is completed at about 466�C. It is
evident in this figure, that there is a cross-over between
degradation curves for PP/G15 and (PP/G15)/NC
occurring at 447�C. For comparison, the amount of
matrix remaining at this temperature has been calcu-
lated for the whole range of specimens, designated as
M447�C. These values are tabulated in Table 3. Below
the cross-over temperature, composites with clay (PP/
GF/NC) are more stable, when compared to the one
without clay (PP/G15). From the degradation curve for
PP, it should be noted that, at temperature of 447�C,
only 1% of PP remained. By contrast, at the same tem-
perature, with incorporation of clay into the system,
after subtracting the GF and clay content, there is
still a large amount of the matrix present, 52% each
for (PP/G15)/NC3 and (PP/G15)/NC6 composites and
53% for (PP/G15)/NC9 composite.

By acting as a heat barrier, these high aspect ratio
fillers, which not only enhance the overall thermal sta-
bility of the system, but also promote char formation,
resulting in a high performance carbonaceous silicate
layer, insulate the underlying matrix material.21

Furthermore, at temperatures higher than 447�C, the
thermal behavior of GF becomes predominant and an
increase in the thermal stability of the GF composite
(PP/G15) is observed. This may explain why the values
of DTp and T50% for PP/G15 are higher than those
values for composites with increasing clay loading
(Table 3).

Tensile properties

Tensile properties of PP/GF/NC composites with dif-
ferent levels of fiber and clay contents are shown in
Figures 6 and 7, which compare with the average tensile
strength, modulus, and strain values. For PP/GF com-
posites, the tensile strength decreased as fiber content
increased. For example, the tensile strength was
reduced from 31MPa for PP to 28MPa for PP/G30
composite. This reduction in strength is an indication

Table 3. TGA data of PP, PP/GF, and PP/GF/NC hybrid composites

Sample

Decomposition

temperature range (�C) Tonset (�C) T5% (�C) T10% (�C) T50% (�C) DTP (�C) M447
�
C (%)

PP 231–466 355 307 328 397 431 1

PP85/G15 250–525 422 368 392 471 481 55

(PP85/G15)/NC3 321–491 431 405 424 458 458 52

(PP85/G15)/NC6 332–492 433 420 430 459 459 52

(PP85/G15)/NC9 354–494 436 424 435 461 460 53

Figure 5. TGA thermograms of PP, PP/GF, and PP/GF/NC hybrid composites.
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of poor fiber–matrix adhesion and lack of stress trans-
fer capability of the fiber.22,23 It is assumed that when
there is a poor adhesion at the interface at high defor-
mations, as it happens in these tensile tests, the presence
of fillers or fibers in a polymer matrix gives rise to
defects at the interface, which are responsible for the
strength reduction.24

However, the addition of 6 phr clay in 15% Wf, (PP/
G15)/NC6 and 30% Wf, (PP/G30)/NC6 resulted in an

increase in tensile strength by 10% and 6%, respec-
tively, relative to PP/GF composite at the same fiber
loading. It is suggested that the presence of clay
increased the interfacial adhesion between GF and
PP, hence improving the tensile strength of the PP/
GF/NC composite. Since GF and PP are, respectively,
inorganic and organic in nature, compatibility between
the two is poor. For this reason, GF used in this
study was silane treated to improve fiber–matrix
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interfacial adhesion. It is believed that, apart from
improving adhesion between the fiber and matrix,
silane treatment also has intensified the synergy
between the GF and NC, therefore further enhancing
the coupling effect. From microscopic study, it can be
seen clearly that the matrix adhere at the GF surface,
indicating a good fiber–matrix bonding (Figure 3(c)).

From Figure 6, it can be seen that tensile moduli of
composites increased from 70% to 105%, for PP/G15
and PP/G30 composites, respectively, relative to the PP
matrix. On the other hand, in the case of (PP/G15)/
NC6 and (PP/G30)/NC6, the increase in modulus is
more distinct in the order of 100% to 112% upon GF
addition, which is in accordance with the trend
reported8 previously. It is revealed from Figure 6 that
tensile modulus of PP/NC6 composite increased by
50% (3.02GPa) when compared to PP matrix
(2.02GPa). It has been reported by other researchers25

that the improvement of modulus in the hybrid com-
posites (PP/GF/NC) is mainly attributed to the
improvement of the matrix modulus from particulate
filler dispersion. Thus, it seems that a synergistic effect
takes place by incorporating particulate filler into the
matrix, leading to higher stiffness than would otherwise
be expected, solely on the basis of the change in the
matrix modulus. At the same fiber content, the incor-
poration of NC into the system further enhances the
tensile modulus. Modulus of (PP/G15)/NC6 composite
increased by about 18%, as clay was added to the
system relative to PP/G15. However, at 30% Wf, the
effect of NC addition on the tensile modulus is no
longer significant. The same behavior has also been

reported by Zhao et al.26 It has been pointed out that
when the fibers exceed a certain loading level, the rein-
forcing efficiency of the fibers will begin to decrease.27,28

This is because of the wetting problem of the reinforce-
ment phase.

On the other hand, tensile strain (Figure 7) is simul-
taneously reduced with the incorporation of GF, which
is attributed to the fact that reinforcing fibers strongly
restrain the deformation of the matrix polymer, as dem-
onstrated in several previous studies.29–31 The trend
remains essentially unchanged as clay nanoparticles
are added to the system, except that tensile strain
decreases further.

Figure 8 shows the tensile properties of 15% Wf GF
composite as a function of NC content. It was observed
that the tensile strength and tensile modulus of the
composites generally increased with increasing clay
content. The tensile strength increased slightly with
filler content of 6 phr, beyond which it decreased
slightly. An insignificant change (1% reduction) in ten-
sile strength was observed with the addition of 3 phr of
clay into PP/GF15 composite. Further addition of 6
phr clay in the matrix, (PP/G15)/NC6 increased the
tensile strength by 10%. However, composite, with 9
phr of clay, (PP/G15)/NC6 shows a slight decline in
tensile strength. For optimum mechanical properties,
there has to be a good dispersion of clay within the
composite. From the XRD results, (PP/G15)/NC9 has
a lower d-spacing, relative to (PP/G15)/NC6 (Figures 2
and 3, and Table 2). Lower interlayer d-spacing may
mean some agglomeration between the NC in the
matrix that causes stress concentration, resulting in
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Figure 8. Tensile strength and tensile modulus of 15% Wf GF composite with different clay loadings.
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premature failure. Other researchers32,33 have also
reported that the presence of agglomeration in epoxy-
GF composites, which obviously caused deterioration
in the mechanical properties of the material. On the
other hand, higher interlayer d-spacing may mean
better dispersion of the NC within the matrix and con-
sequently enhancement of properties. This is reflected
in the enhancement of tensile strength increment in (PP/
G15)/NC6 and a decline of this property in (PP/G15)/
NC9 hybrid composites.

It was observed that tensile modulus of hybrid com-
posites increased with increasing clay content (Figure
8). An improvement in tensile modulus of about 22% is
observed with an addition of 6 phr clay, relative to PP/
G15 composite. The improvement of modulus could be
due to the exfoliation of clay nanoparticles in the
matrix that restricts the mobility of polymer chains
under loading. However, by incorporating 9 phr clay
into the composite, only 18% increment in tensile mod-
ulus is observed. It has been suggested that at higher
clay contents, large agglomerates in the matrix may
have occurred, leading to the reduction in tensile mod-
ulus.33 On the other hand, the tensile strain is simulta-
neously reduced with increase in clay particle content.
The tensile strains are reduced from 7% for PP/G15 to
6% for (PP/G15)/NC3 and 4% each for (PP/G15)/NC6
and (PP/G15)/NC9. This can be attributed to the fact
that clay particles strongly restrain the deformation of
the composites, as demonstrated by Asi34 in his study.

Flexural properties

Flexural strength and modulus of hybrid nanocompo-
sites are shown in Figures 9 and 10. The PP matrix has
a flexural strength of 37MPa and modulus 1.0GPa. In
Figure 9, the flexural strength and modulus of the GF
composites containing 0 and 6 phr clay are shown as
functions of the fiber weight fraction. From the results,
the effectiveness of clay as reinforcing agent is clearly
seen. The PP/GF/NC composites, at all fiber weight
fractions, have higher flexural properties (strength and
modulus), when compared to the strength of the PP/GF
composites. Flexural strength increased by 10%, from
37.3MPa (PP) to 40.8MPa (PP/NC6) and 23%, from
42.3MPa (PP/G15) to 52.1GPa ((PP/G15)/NC6). The
flexural strength of (PP/G15)/NC6 is even higher
(52.1MPa) compared to the strength of composite
with 30% Wf fiber (PP70/G30), (46.9MPa). In the
context of this study, even with only a small inclusion
(6 phr) of clay in 15% Wf GF composites, materials
with a higher flexural strength than the composite
with 30% Wf (Figure 9) can be produced. As for the
composite with higher fiber weight fraction (PP/G30),
only a 6% increment in flexural strength value is
observed with the incorporation of 6 phr clay into the
system ((PP/G30)/NC6). The same behavior has been
observed for the flexural modulus (Figure 9). This
could be due to the same reason advanced for the ten-
sile properties that was discussed previously.
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Figure 10 shows the effect of clay loading on the flex-
ural properties (strength and modulus) of 15%Wf com-
posites. From this figure, it can be seen that the flexural
strength and flexural modulus of PP/GF composites are
monotonically increased, with increase in clay loading,
being markedly higher than that of the unfilled PP
matrix. Although the flexural failure strength of the
composite is a fiber dominant property, the matrix has
an influence on the overall properties of the composite.
Haque et al.13 demonstrated that the enhancement in
flexural properties of fiber/nanocomposite is achieved
due to improved properties of matrix–clay phase com-
posite portion and also unique interfacial fiber–matrix
bonding characteristics. Flexural strength of the PP/GF/
NC hybrid composites increased by about 14%, 16%,
and 40% by the incorporation of 15% Wf GF, 15% Wf

GF/3 phr NC, and 15%Wf GF/6 phr NC, relative to the
unfilled PPmatrix. This is due to the synergistic effects of
the GF and NC. Kornmann et al.35 reported that the
strength of the matrix is improved by the presence of the
silicate layer. GF and NC appear to provide a good
combination of reinforcements to carry the load
during the flexural deformation of the composite.
However, it is also observed that the optimum flexural
strength was achieved at 6 phr clay (52.1MPa). At 9 phr
NC loading, the flexural strength decreases to 51.0MPa.
The distribution of particles in the matrix is an impor-
tant factor to be considered in this case. The possibility
for agglomeration formation is greater at higher clay
contents, due to a stress concentrating effect. The same
behavior has been reported by other researchers.8,34,35

The incorporation of clay yields a significant
improvement in the flexural modulus of the PP/GF com-
posites, which is attributed to the stiffness and rigidity of
the clay nanoparticles (Figure 10). The flexural modulus
increased from 1.01GPa (PP) to 1.91GPa (87%) and
1.89GPa (85%) for PP/G15 and (PP/GF15)/NC3 com-
posite, respectively. As for the composite with higher
clay loading, 139% increment (to 2.44GPa) in flexural
modulus value is observed with the incorporation of 6
and 9 phr NC into the system ((PP/G15)/NC6 and (PP/
G15)/NC9). Clay can adhere on the GF surface as well
as on the PP matrix, which affects the interfacial prop-
erties in the composites such as the adhesive strength and
interfacial stiffness of the composite medium.36,37 These
two factors play a crucial role in the stress transfer effi-
ciency and the elastic deformation from thematrix to the
reinforcement agents. It is suggested that this could be
due to the surface and contact area effect. The high sur-
face area of clay increases the contact area with the
matrix, thereby increasing the interface. The enhanced
interfacial property and effective stress transfer increases
the modulus of the fiber composites based on a nano-
composite matrix.

Conclusions

Layered clays were used as nanoparticle fillers in GF-
reinforced PP composites. The concentration of the
particles and their distribution in the matrix were
observed to be quite important in maximizing the ben-
efits of nanoparticle reinforcement. Exfoliated and
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Figure 10. Flexural strength and flexural modulus of 15% Wf GF composite with different clay loadings.
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disordered intercalated structures provided the best
reinforcement, whereby more ordered intercalated
structures offer little benefit. The XRD peaks of the
clay nanoparticles in the nanocomposites were shifted
to lower intensity by the addition of GF, indicating the
fact that clay has partially exfoliated from the stacks of
clay layers.

The Tonset of PP/GF/NC is seen to have increased by
approximately 9�C to 14�C, and simultaneously, the
initial thermal stability (T5% and T10%) is also observed
to have increased (up to 56�C and 43�C), respectively,
than the conventional PP/GF composite.

Tensile strength and tensile modulus of PP/GF
composites decreased and increased, respectively, with
an increase in fiber loading. The addition of clay nano-
particles improved these properties. Flexural strength
and flexural modulus increased with increase in fiber
loading. The addition of clay nanoparticles further
improves these properties.

Overall, this study shows that clay nanoparticles can
easily be used to modify traditional fiber-reinforced
composite materials to enhance their resistance to
thermal degradation processes and improve their
mechanical properties.
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