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Abstract
The effects of various types and amounts of fumed silica and graphite nanoplatelets on the microstructure and thermomechanical properties of polypropylene composites containing 5, 10, and 20 wt% of short glass fibers have been analyzed.
Hybrid composites were produced by melt compounding and compression molding. The aspect ratio of the short glass
fiber decreased with the fiber loading and the nanofiller amount. The tensile strength and elastic modulus increased,
while the elongation at break decreased as the content of both short glass fiber and nanofiller increased. A twopopulation model, based on the Halpin–Tsai and Tsai–Pagano composite theories, was used to predict the elastic
modulus of the nano-micro hybrid composites. Experimental values appear to be reasonably consistent with model
predictions. Tensile energy to break under impact conditions increased with the short glass fiber content but decreased
with nanofiller amount. Moreover, storage modulus and creep stability were remarkably enhanced in short glass fiber
composites by the presence of both nanofillers.
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Introduction
Short glass ﬁber (SGF) reinforced polymer composites
are widely used in a growing number of applications in
technical and consumer products requiring good thermomechanical properties. The degree of reinforcement
provided by the ﬁbers is largely governed by the ﬁber
properties and their concentration, aspect ratio, orientation, dispersion, and by the ﬁber–matrix adhesion.1
In most cases, high loadings of SGF are required to
achieve the desired performances; this leads to an
undesirable increase in speciﬁc gravity and brittleness,
and reduced processability (melt ﬂow rate).
Polypropylene (PP) is one of the most widely used
thermoplastic matrices for the preparation of SGF reinforced composites.2 In general, short ﬁber reinforced
composites are less resistant to mechanical loads and
fatigue damages than the corresponding continuous
ﬁber reinforced materials, mainly because the weak
matrix has to sustain a greater proportion of the
load.3 On the other hand, polymer nanocomposites
based on nanoﬁllers such as silica, expanded graphite,
and carbon nanotubes have recently attracted great

interest due to the considerable enhancement in stiﬀness reached at very low ﬁller loadings.4–9 Moreover,
substantial improvements in mechanical,10,11 thermal,12,13 and ﬂammability14 properties have been
reported, while maintaining similar density and optical
properties to those of the neat polymer matrix.15
Furthermore, there are some indications that nanoparticles could play a beneﬁcial role on the interfacial
properties of structural composites.16,17
Although polymer nanocomposites exhibit improved
thermal and mechanical properties at very low ﬁller
contents, loadings of more than 10 wt% usually lead
to poor dispersion and processing characteristics.18
Nevertheless, glass ﬁber loadings of 30–50 wt% are
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quite common.19,20 It is of great interest to explore
whether combining two ﬁllers of rather diﬀerent size
scales (i.e. micro- and nano-scale) would improve the
performances at low to intermediate ﬁller loadings.
Only few preliminary studies have been reported on
the structure and properties of glass ﬁber reinforced
polymer nanocomposites.21–23 The aim of this study is
to investigate how the morphology and the mechanical
properties of short glass ﬁber reinforced PP nanocomposites are aﬀected by the combined eﬀect of nanoﬁller
and reinforcing ﬁbers.

Experimental section
Materials and samples preparation
The matrix of the composite samples used in this work
was an isotactic homopolymer PP (Melt Flow Index
(MFI) at 190 C and 2.16 kg ¼ 6.9 g/10 min, density ¼ 0.904 g/cm3) produced by Polychim Industrie
S.A.S. (Loon-Plage, France) and provided by Lati
Industria Termoplastici S.p.A (Varese, Italy) with the
commercial code PPH-B-10-FB. FusabondÕ P M-61305 maleic anhydride modiﬁed polypropylene (PPgMA)
(MFI at 190 C and 2.16 kg ¼ 106.8 g/10 min, density ¼ 0.903 g/cm3, maleic anhydride content ¼ 0.35–
0.70 wt%) was supplied by DuPontTM de Nemours
(Geneva, Switzerland).
Both untreated and surface treated fumed silica nanoparticles were supplied by Evonik Industries A.G.
(Hanau, Germany). Untreated nanoparticles (AerosilÕ
A380) had an average primary particle size of 7 nm
and a speciﬁc surface area of 321  3 m2/g, as determined by Brunauner-Emett-Teller (BET) analysis.24
Dimethyldichlorosilane functionalized silica nanoparticles (AerosilÕ R974) were characterized by an average
primary particle size of 12 nm and a BET speciﬁc surface
area of 124  1 m2/g. Silica nanoparticles were dried for
24 h at 100 C before to be used for nanocomposite
production. Exfoliated graphite nanoplatelets xGnPÕ M-5 have been supplied by XG Sciences Inc. (East
Lansing, USA). This ﬁller is characterized by platelets
with an average diameter of 5 mm and thickness in the
range of 10–20 nm. Details on the exfoliation process as
well as on the morphology of xGnP can be found
elsewhere.25
Continuous E-glass rovings, designed as RO99 P319,
were supplied by Saint-Gobain Vetrotex (Chambèry
Cedex, France) and used as received. These glass
ﬁbers are surface treated with a silane-based coupling
agent speciﬁcally designed for PP matrices. SGFs
(single ﬁber diameter ¼ 15.3  1.5 mm, average length
¼ 6.50  0.44 mm) were obtained by chopping the continuous roving by a chopper gun CDA-08 provided by
GlasCraft (GracoÕ , Bury, England).

In previous works of this research group, an evaluation of the ﬁber/matrix interfacial shear strength (ISS)
was performed by the single-ﬁber fragmentation
test (SFFT) on glass ﬁber microcomposites whose PP
matrix was ﬁlled with various types and amounts of
silica nanoparticles and graphite nanoplatelets.16,17
The nanocomposite matrices which exhibited the highest ISS values were selected in order to produce
SGF composites through melt mixing in a Thermo
Haake internal mixer (temperature ¼ 190 C, rotor
speed ¼ 50 r/min, time ¼ 10 min). Plane square plaques
with a thickness of around 0.7 mm (or 2.7 mm for fracture toughness test) were then obtained by compression
molding using a Carver hot press (temperature
¼ 190 C, pressure ¼ 0.76 MPa, time ¼ 10 min).
Composites were designated by indicating the
matrix, the compatibilizer (if any) with its content, the
kind of ﬁller with its amount, and the glass ﬁbers (GF)
amount. For instance, the composite based on unﬁlled
matrix loaded with 5 wt% GF was denoted as PP/GF-5.
On the other hand, a sample ﬁlled with 5 wt% of
PPgMA, 5 wt% of AerosilÕ A380, and 20 wt% GF
was indicated as PP-PPgMA-5-A380-5/GF-20.

Experimental techniques
Morphology
characterization. Transmission
electron
microscopy (TEM) was adopted to analyze cryocut
thin sections of PP nanocomposites. A PhilipsÕ EM
400 T (Amsterdam, Netherlands) transmission electronic microscope was used at an acceleration voltage
of 120 kV. Samples were prepared by cutting 70 nm thin
sections by a cryo-ultramicrotome UCT (Leica, Vienna,
Austria) operating at 100 C. Sections were collected
on a 600-mesh copper grid. Cryogenic fracture surfaces
of composite samples were observed at various magniﬁcations by using a Zeiss Supra 40 (Berlin, Germany)
ﬁeld emission scanning electron microscope, at an
acceleration voltage of 1.50 kV. Thin (70–80 mm) ﬁlms
required for the analysis of the glass ﬁber length distribution were obtained by a further hot pressing stage
(temperature 200 C, pressure 4 MPa, time 10 min) on
the composite plaques. Each ﬁlm specimen was
observed by an optical microscope (Leitz Ortholux II
POL-BK) through a video camera (PIKE F032C). At
least 200 measurements of glass ﬁber length were
acquired in order to estimate the number and weight
average ﬁber length.
Thermal characterization. Diﬀerential scanning calorimetry (DSC) tests were carried out by a MettlerÕ
DSC30 apparatus (Schwerzenbach, Switzerland)
under a constant nitrogen ﬂow of 100 ml/min. The samples were heated up to 200 C at a rate of 10 C/min,
followed by cooling at the same rate to 0 C. A second
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heating scan was performed at 10 C/min. The melting
enthalpy of 100% crystalline isotactic PP has been
taken as DH0 ¼ 209 J/g.26 The crystallization enthalpy
DHc was measured by integrating the heat ﬂow
curve during the cooling scan. The crystallinity c of
the composite samples was calculated by taking the
weight fraction of PP in the composite into account.
Moreover, the melting temperatures Tm1 and Tm2
were recorded during the ﬁrst and second heating
scan, respectively.

Tensile impact tests were carried out with a CEASTÕ
(Norwood, USA) tensile impact instrumented pendulum. The striker, with a mass of 3.65 kg and an initial
angular position of 130 , had an impact speed of
3.5 m/s and a total impact energy of about 22 J. The
speciﬁc tensile energy to break (TEB), obtained by integrating load–displacement curves, was obtained by
applying equation (1)
" Z
Z tr
2 #
tr
1
1
TEB ¼
V0
F dt 
F dt
A
2m 0
0

ð1Þ

Mechanical testing
Uniaxial ramp tensile tests were performed with an
Instron model 4502 (Norwood, USA) tensile tester
equipped with a 10 kN load cell, on samples consisting
of at least ﬁve rectangular unnotched specimens of
27 mm  120 mm  2.7 mm. Tests were carried out at
a crosshead speed of 0.25 mm/min up to a maximum
axial deformation of 1%. The strain was recorded by
using a resistance extensometer InstronÕ model 2620601 with a gage length of 12.5 mm. As prescribed by
ISO 527 standard, the elastic modulus was measured as
a secant value between longitudinal deformation levels
of 0.05 and 0.25%. Uniaxial ultimate mechanical properties such as stress (sb) and strain ("br) at break were
determined at a higher crosshead speed (1 mm/min)
without extensometer.
The plain-strain fracture toughness of the materials
was characterized on some selected samples in terms of
critical stress intensity factor (KIc) and the critical strain
energy release rate (GIc). Three-point bending tests were
performed with an Instron model 4502 (Norwood,
USA) tensile tester equipped with a 10 kN load cell
on single edge notched specimens with dimension of
5.4  2.7  23.8 mm3 (W x B x L) and nominal initial
crack length (a0) of 3.0 mm. Tests were carried out at a
crosshead speed of 10 mm/min in according to the
standard ASTM D5045.
Creep tests were performed by a dynamic mechanical analyzer (DMA) DMA Q800 (TA Instruments,
New Castle, USA) applying a constant stress (s0) of
3 MPa for 3600 s at 30 C. Rectangular strips 25 mm
long, 5 mm wide and 0.20 mm thick were tested, adopting a gauge length of 11.5 mm. The creep compliance
D(t), computed as the ratio between the strain and the
creep stress, was evaluated.
DMA was carried out with a DMA Q800 testing
machine over a temperature range between –20 and
160 C, imposing a heating rate of 3 C/min and a frequency of 1 Hz. A preload of 0.2 MPa and a maximum
strain of 0.05% was imposed on rectangular samples
25 mm long, 5 mm wide, and 0.20 mm thick. The most
important viscoelastic functions (E0 , E00 , tan) were recorded at various temperatures.

where A is the cross section of the specimen, m is the
striker mass, and V0 is the impact speed.

Results and discussion
Microstructure
TEM analyses allow an estimation of the nanoﬁller distribution and also of the agglomerates dimension. In
particular, from TEM micrographs of PP-silica samples
it can be seen that silica agglomerates appear distributed quite inhomogeneously within the matrix in both
samples (Figure 1(a) and (c)), while the agglomerate
dispersion and distribution improve upon incorporation of PPgMA (Figure 1(b) and (d)). Moreover, if
compared with the corresponding nanocomposites prepared without the addition of PPgMA, the size of silica
agglomerates in ternary nanocomposites is markedly
lower. TEM micrographs of the PP-graphite nanocomposites show that graphite sheets are homogeneously
dispersed in the compatibilized matrix (PP-PPgMA-5xGnP-5) with an average dimension ranging from 100
to 300 nm (Figure 1(e)). On the other hand, it is
observed that there are still some graphite sheets consisting of micrometer particles in the uncompatibilized
matrix (Figure 1(f)). X-ray diﬀraction (XRD) analyses
were used to study the crystalline structure of the PPgraphite nanocomposites and the results were reported
in one of our previous work.17 In particular, it was
observed that the interplanar distance between graphene layers does not change signiﬁcantly in PP nanocomposites, as determined by applying the Bragg’s law.
Moreover, the graphite crystal size, as computed by
applying the Scherer’s equation, was found to increase
appreciably with the graphite content indicating that
some sheets are agglomerating during the compounding
of the nanocomposites. On the other hand, the sample
PP-PPgMA-5-xGnP-5 showed a smaller crystal size
than the sample PP-xGnP-5, evidencing that xGnP is
better dispersed due to the incorporation of compatibilizer PPgMA, thus corroborating the indications
coming from TEM observations.
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Figure 1. TEM micrographs of cryocut surfaces of (a) PP-A380-5, (b) PP-PPgMA-5-A380-5, (c) PP-R974-5, (d) PP-PPgMA-5-R974-5,
(e) PP-xGnP-5 and (f) PP-PPgMA-5-xGnP-5.

Scanning electron microscopy (SEM) images of fracture surfaces for PP nanocomposites loaded with
10 wt% of SGF are shown in Figure 2. The glass
ﬁbers are generally well dispersed in the unﬁlled PP
matrix, and several ﬁbers result to be pulled out from
the matrix (Figure 2(a)). In fact, interfacial debonding
appears to be the dominant failure mechanism which is
generally associated to a poor ﬁber–matrix adhesion
(Figure 2(d)). On the other hand, Figure 2(b) indicates
a quite diﬀerent failure behavior for composites containing a compatibilizer (PPgMA). In this case, the
length of the protruding ﬁbers is signiﬁcantly lower
and SGF seems to be more eﬃciently wetted by the
polymer matrix (Figure 2(e)). Composites based on
ternary PP matrices (i.e. PP-PPgMA-5-A380-5/GF-10,
PP-PPgMA-5-R974-5/GF-10,
and
PP-PPgMA-5xGnP-5/GF-10) showed a qualitatively homogeneous
dispersion of SGF and a shorter length of the protruding ﬁbers. Similar considerations can be drawn for the

composites based on binary PP matrices additivated
with xGnP (Figure 2(c) and (f)). The above experimental observations are in good agreement with the results
obtained for ﬁber–matrix ISS from micromechanical
tests on microcomposites with the same composition.16,17 Fiber length plays an important eﬀect on
the mechanical properties of short ﬁber reinforced composites, and glass ﬁbers can be fractured in melt processing steps.27 According to the theory of Kelly and
Tyson,28 the minimum ﬁber length that allows the
ultimate strength of the ﬁber to be reached is called
the critical ﬁber length, Lc, and is given by
fbðLcÞ
Lc
¼

2  ISS
d

ð2Þ

where d is the average glass ﬁber diameter
(15.3  1.5 mm),  fb(Lc) is the ultimate ﬁber strength of
a ﬁber with length Lc, and ISS is the ﬁber–matrix ISS.
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Figure 2. SEM micrographs of fractured surfaces of SGF reinforced nanocomposites: (a,d) PP/GF-10, (b,e) PP-PPgMA-10/GF-10, and
(c,f) PP-xGnP-7/GF-10.

In particular, Lc was experimentally measured in model
composites through SFFT and ISS was computed in
according to the Kelly–Tyson approach.16,17 Since Lc
is signiﬁcantly larger than the average ﬁber lengths
determined from image analysis for PP/GF composites,
as it will be presented later, many glass ﬁbers are
expected to be pulled out instead of fracturing during
loading of the composite. On the other hand, average
ﬁber lengths are comparable to Lc values for the GF
composites based on PP-PPgMA-10 matrix and GF
composites based on ternary matrices (i.e. PP-PPgMA5-A380-5/GF-10, PP-PPgMA-5-R974-5/GF-10, and
PP-PPgMA-5-xGnP-5/GF-10) (Table 1). Average ﬁber
lengths are generally higher than Lc values in the case of
GF composites based on binary matrices PP-xGnP.
The measurement of ﬁber length distribution was
carried out by image analysis on the ﬁlms of composite
samples through optical microscopy. A number (Ln )

and a weight (Lw ) average ﬁber length are calculated
by equations (3) and (4), respectively
P
ni Li
Ln ¼ P
ni

ð3Þ

P
ni L2
Lw ¼ P i
ni Li

ð4Þ

where ni is the number of SGF within a speciﬁed range
around the length value Li. The number and the weight
aspect ratios between the average glass ﬁber length and
the mean ﬁber diameter are computed as Rn ¼ Ln =d
 respectively. Rn values are reported
and Rw ¼ Lw =d,
in Figure 3(a) for various types of hybrid composites
as a function of the SGF content. For all composites,
there is a substantial decrease in the average aspect
ratio of the glass ﬁber as its content increases.

Downloaded from jrp.sagepub.com by guest on August 30, 2014

Pedrazzoli and Pegoretti

1687

Table 1. Average lengths and aspect ratios of SGF as measured in the composites.
Sample

Ln (mm)

Lw (mm)

Lc (mm)

Rn

Rw

PP/GF-5
PP/GF-10
PP/GF-20
PP-PPgMA-10/GF-5
PP-PPgMA-10/GF-10
PP-PPgMA-10/GF-20
PP-PPgMA-5-A380-5/GF-5
PP-PPgMA-5-A380-5/GF-10
PP-PPgMA-5-A380-5/GF-20
PP-PPgMA-5-R974-5/GF-5
PP-PPgMA-5 - R974-5/GF-10
PP-PPgMA-5 - R974-5/GF-20
PP-PPgMA-5-xGnP-5/GF-5
PP-PPgMA-5-xGnP-5/GF-10
PP-PPgMA-5-xGnP-5/GF-20
PP-xGnP-1/GF-10
PP-xGnP-3/GF-10
PP-xGnP-5/GF-10
PP-xGnP-7/GF-10

0.87
0.71
0.53
1.11
1.03
0.69
0.88
0.80
0.61
0.84
0.79
0.66
0.82
0.69
0.60
0.84
0.78
0.68
0.65

0.89
0.82
0.60
1.20
1.09
0.75
0.98
0.85
0.66
0.86
0.84
0.69
0.84
0.71
0.62
0.85
0.80
0.69
0.66

5.96  0.41

56.7
46.6
34.9
72.3
67.1
45.4
57.3
52.3
39.8
54.9
51.9
43.4
53.4
45.0
39.4
46.1
45.8
44.3
42.6

58.6
53.9
39.3
78.5
71.4
49.2
63.8
55.6
43.1
56.3
54.6
45.2
54.9
46.7
40.3
53.5
52.5
45.2
43.3

1.29  0.48

1.24  0.25

0.77  0.07

0.79  0.12

2.99  0.39
1.95  0.31
1.60  0.15
1.52  0.26

Ln : number average fiber length, equation (3).
Lw : weight average fiber length, equation (4).
Lc : critical average fiber length, as measured by the fragmentation test on model composites.16,17
Rn : number average fiber aspect ratio, i.e. Ln =d where d is the average glass fiber diameter (15.3  1.5 mm).

Rw : weight average fiber aspect ratio, i.e. Lw =d.

Fiber breakage may result from ﬁber–polymer interaction, ﬁber–ﬁber interaction (due to bending stresses
caused by ﬁber overlap and stress concentrations
caused by ﬁber surface abrasion), and ﬁber contact
with surfaces of the processing equipment.29 It is noteworthy that when xGnP is added to systems a pronounced reduction of the SGF aspect ratio can be
observed (Figure 3(b)). This eﬀect can be attributed
to the matrix viscosity increase due to xGnP introduction and the resulting higher shear stresses in the
system. Moreover, as already documented by Yoo
et al. for nylon 6–glass composites modiﬁed with organoclay particles,27 the particle impingement during melt
processing can be another reason for an increased attrition with glass ﬁber and this has increased importance
at high ﬁller concentrations.

Mechanical testing
As the amount of SGF increases, both tensile modulus
and strength increase, while the elongation at break
decreases (Table 2). This behavior is quite peculiar for
short ﬁber reinforced polymer composites.1 It is interesting to observe that the presence of the PPgMA

compatibilizer does not modify the mechanical properties of the unﬁlled polymer matrix, but slightly
improves those of the SGF ﬁlled composites. This
result can certainly be attributed to the positive eﬀect
on the ﬁber/matrix interface. Similar eﬀects can be
observed when 5 wt% of nanoﬁllers A380, R974, and
xGnP are added.
From the results obtained by DSC measurements
(Table 2), it can be seen that the glass ﬁbers content
do not appreciably aﬀect the melting temperature and
degree of crystallinity of the composites. On the other
hand, the crystallization peak temperature, Tc, is
slightly increased in SGF composites with respect to
neat nanocomposite matrices, probably due to the
nucleating eﬀect of SGF.30
There have been numerous attempts to model the
elastic modulus of micro- and nanocomposites and to
correlate the experimental data with composite
models.7,9,31 In particular, Halpin–Tsai and Mori–
Tanaka theories have been widely applied to predict
the tensile modulus of short ﬁber composites. Both theories are generally used as models for a single-ﬁller
population in a matrix. However, the composites studied in the present work consist of both a nanoﬁller
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Figure 3. (a) Weight average glass fiber aspect ratio as a function of (a) SGF content for binary and ternary composites and (b) xGnP
content for composites loaded with 10 wt% of SGF.

(silica or expanded graphite) and a microﬁller (glass
ﬁbers). Recently, Spencer et al.32 proposed a two-population approach to model the combined eﬀect of exfoliated montmorillonite (nanoﬁlller) and intercalated
tactoids (microﬁller), while Yoo et al.27 applied a similar approach to consider the eﬀects of both organoclay
and SGFs. If the tensile modulus is considered, a twopopulation model can be developed in terms of an

additive approach (equation (5)) or a multiplicative
approach (equation (6))
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Em
Em
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¼

Em
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1546  24
2086  42
2896  53
3697  41
1648  12
2595  63
3035  51
3859  66
2015  40
2614  37
3302  48
4042  44
2281  58
2862  48
3402  52
4171  40
3058  114
3612  55
4012  61
4758  49
3224  52
3542  55
3834  43
3959  61

(PP)
PP/GF-5
PP/GF-10
PP/GF-20
(PP-PPgMA-10)
PP-PPgMA-10/GF-5
PP-PPgMA-10/GF-10
PP-PPgMA-10/GF-20
(PP-PPgMA-5-A380-5)
PP-PPgMA-5-A380-5/GF-5
PP-PPgMA-5-A380-5/GF-10
PP-PPgMA-5-A380-5/GF-20
(PP-PPgMA-5-R974-5)
PP-PPgMA-5-R974-5/GF-5
PP-PPgMA-5 - R974-5/GF-10
PP-PPgMA-5 - R974-5/GF-20
(PP-PPgMA-5-xGnP-5)
PP-PPgMA-5-xGnP-5/GF-5
PP-PPgMA-5-xGnP-5/GF-10
PP-PPgMA-5-xGnP-5/GF-20
PP-xGnP-1/GF-10
PP-xGnP-3/GF-10
PP-xGnP-5/GF-10
PP-xGnP-7/GF-10

37.1  0.1
39.3  0.3
42.1  0.5
46.6  0.7
37.0  0.5
40.6  0.4
43.2  0.6
48.0  0.7
35.7  0.4
39.4  0.4
43.0  0.6
47.8  0.8
34.2  0.4
39.2  0.6
43.4  0.5
48.2  0.7
34.3  0.3
39.5  0.5
44.1  0.5
48.6  0.7
43.5  0.5
43.8  0.6
44.0  0.5
44.3  0.6

sb (MPa)
16.8  0.3
6.2  0.5
3.6  0.4
2.8  0.6
12.1  0.6
5.8  0.5
3.4  0.6
2.5  0.8
6.7  0.2
5.6  0.5
3.3  0.6
2.4  0.7
12.0  1.1
5.4  0.6
3.2  0.6
2.2  0.7
7.1  1.0
5.0  0.7
2.5  0.6
2.0  0.6
3.0  0.5
2.9  0.5
2.5  0.5
2.3  0.6

ebr (%)

6.7  0.9
11.8  1.2
15.3  1.3
16.4  1.8

39.0  5.7

38.8  3.5

22.7  2.1

20.2  2.5

2.7  0.2

ISS (MPa)

0.40  0.06
0.44  0.09
0.38  0.07
0.33  0.05

0.52  0.07

0.31  0.05

0.54  0.04

0.28  0.04

0.49  0.09

0.24  0.06

0.51  0.06

0.25  0.02

0.43  0.06

0.19  0.05

TEB (J/mm2)

3.1  0.1
3.2  0.1
3.2  0.1
3.3  0.1

(2.8  0.1)
(2.9  0.1)
(3.0  0.2)
(3.2  0.2)

3.9  0.1 (3.6  0.2)

3.7  0.2 (3.5  0.2)

3.5  0.1 (3.3  0.2)

3.3  0.1 (3.2  0.1)

3.1  0.1 (2.8  0.1)

KIc (MPa m1/2) (GIc (kJ/m2))
115.6
115.3
117.1
116.6
117.9
117.8
119.3
117.5
117.5
116.2
115.8
116.2
115.3
119.5
120.0
118.9
122.3
124.2
124.7
127.1
124.0
124.2
124.6
124.7

Tc ( C)

48.8
48.0
48.8
48.6
48.0
46.9
46.7
48.7
49.4
48.0
48.6
49.6
50.8
48.1
49.1
49.2
50.4
47.8
47.9
48.6
48.5
48.9
47.7
48.0

c (%)

165.10
164.7
165.7
165.2
162.8
163.8
163.1
164.5
166.0
166.6
166.8
166.6
166.7
164.2
164.0
164.5
165.7
166.5
165.9
164.0
165.7
167.0
166.0
166.5

Tm,2 ( C)

E: tensile modulus; GIc: critical strain energy release rate; ISSK-T: interfacial shear strength16,17; KIc: critical stress intensity factor; Tc: crystallization peak temperature; TEB: specific tensile energy at break;
Tm,2: melting temperature (second scan); ebr : tensile strain at break; sy: tensile stress at break; c: normalized crystallinity.

E (MPa)

Sample

Table 2. Tensile mechanical properties and thermal properties of the composite samples.
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Figure 4. Comparison between elastic modulus predictions (dashed lines) and experimental values (solid lines). Predictions are
based on the additive two-population model, for SGF reinforced composites containing (a) 0–20 wt% GF, applying the Halpin–Tsai and
Tsai–Pagano theory, (b) 0–20 wt% of SGF, adopting the Halpin–Tsai and Christensen–Waals models, (c) 10 wt% of SGF and 0–7 wt%
xGnP applying the Halpin–Tsai and Tsai–Pagano theory.

here EGF and Enc are the moduli of the composites
based on the glass ﬁbers and on the nanoﬁller,
respectively, whereas Em is the modulus of the neat
matrix. While in the additive approach the contributions of each ﬁller are calculated separately and
summed together without double counting the
matrix contribution, in the multiplicative approach
the contribution of the nanoﬁller is calculated ﬁrst
and the nanocomposite is then considered to be the
matrix for the glass ﬁber reinforcement. Both methods predict similar stiﬀening eﬀects, although
the multiplicative approach gives slightly higher
modulus values, as this model treats the nanocomposite as a matrix for the glass ﬁber reinforcement.
The Halpin–Tsai theory (equations (7) and (8)) was

employed to predict the tensile modulus of the
nanocomposites
Enc 1 þ ’
¼
1  ’
Em
Enf

 ¼ EEmnf
Em

1
þ

ð7Þ

ð8Þ

here Enf is the elastic modulus of the nanoﬁller,  is a
geometrical correction factor (function of ﬁllers’ orientation and aspect ratio), and ’ is the ﬁller volume fraction. In particular, the factor  is assumed as 2 a and 2/
3 a for nanosilica (i.e. spherical particles) and the xGnP
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Figure 5. Creep compliance of composites loaded with 10 wt% of SGF (experimental data are fitted by the Burger’s model37,38).

(platy particles), respectively, according to the
Halpin–Tsai theory. The ﬁller aspect ratio (a) of
silica and xGnP ﬁllers was considered as 1 (i.e. spherical particles) and 7,17 respectively. Moreover, while
Ef was assumed as 70 GPa for both silica9 and
xGnP.33 This model accounts for the mechanical
properties of components and ﬁllers’ geometry and
aspect ratio, but assumes perfect adhesion at the
polymer/ﬁller interface, homogeneous dispersion,
and speciﬁc ﬁller orientation.33 The main limitation
of this model is that it does not account for ﬁller
agglomeration and the presence and properties of
the interphase. Moreover, the Halpin–Tsai model
assumes unidirectional alignment of the ﬁller along
the direction of the applied tensile load and it
seems thus inappropriate for the short glass ﬁber
composites under investigation. Therefore, a more
appropriate empirical model proposed by Tsai and
Pagano34 was applied to predict the elastic modulus
(EGF,TP) of composites containing short ﬁbers randomly oriented in a plane (equations (9) to (11)).
Furthermore, since the short ﬁbers are supposed to
be randomly oriented throughout all the composite
volume, the Christensen and Waals model35,36 was
used to estimate the elastic modulus (EGF,CW) in
three-dimensional randomly distributed short ﬁber
composites (equation (12))
3
5
EGF,TP ¼ ELL þ ETT
8
8

ð9Þ

ELL 1 þ L L ’f
¼
Em
1  L ’f
L ¼

Ef
Em  1
Ef
Em þ L

ETT 1 þ T T ’f
¼
Em
1  T ’f
T ¼

Ef
Em  1
Ef
Em þ T

ð10aÞ

ð10bÞ

ð11aÞ

ð11bÞ

where the subscripts L and T stand for longitudinal
and transversal, while L and T is assumed as 2 a and
2, respectively, according to the Tsai and Pagano’s
theory
EGF,CW ¼



’f
Ef þ 1 þ ð1 þ m Þ’f Em
6

ð12Þ

where Ef is the elastic modulus of the glass ﬁbers, uf is
the ﬁber volume content, while m is Poisson’s ratio of
the matrix. In the case of SGF composites the aspect
ratio (a) was experimentally measured on each sample.
Finally, as experimentally determined in a previous
work, a value Ef of 63 GPa was considered for E-glass
ﬁbers,16 while m was experimentally determined as
0.46  0.01.
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Table 3. Viscoelastic properties of GF composites.
Sample

E0 25C(MPa)

E00 25C(MPa)

tan25 C

D3600s(GPa–1)

(PP)
PP/GF-5
PP/GF-10
PP/GF-20
(PP-PPgMA-10)
PP-PPgMA-10/GF-5
PP-PPgMA-10/GF-10
PP-PPgMA-10/GF-20
(PP-PPgMA-5-A380-5)
PP-PPgMA-5-A380-5/GF-5
PP-PPgMA-5-A380-5/GF-10
PP-PPgMA-5-A380-5/GF-20
(PP-PPgMA-5-R974-5)
PP-PPgMA-5-R974-5/GF-5
PP-PPgMA-5 - R974-5/GF-10
PP-PPgMA-5 - R974-5/GF-20
(PP-PPgMA-5-xGnP-5)
PP-PPgMA-5-xGnP-5/GF-5
PP-PPgMA-5-xGnP-5/GF-10
PP-PPgMA-5-xGnP-5/GF-20
PP-xGnP-1/GF-10
PP-xGnP-3/GF-10
PP-xGnP-5/GF-10
PP-xGnP-7/GF-10

2006.2
2244.0
2305.1
3143.9
1353.2
2233.5
2339.1
3176.4
2669.4
3009.5
3155.9
3891.7
2646.6
2691.0
2959.5
4176.2
2277.4
3359.6
3828.6
4513.7
2978.9
3287.9
3550.9
3933.3

88.9
95.4
97.0
116.0
70.1
97.4
100.1
132.1
133.5
145.1
150.5
183.3
114.7
115.4
123.7
159.1
100.7
146.5
166.2
194.1
124.5
136.1
148.1
161.7

4.43
4.25
4.21
3.69
5.18
4.36
4.28
4.16
5.00
4.82
4.77
4.71
4.34
4.29
4.18
3.81
4.42
4.36
4.34
4.30
4.18
4.14
4.17
4.11

2.17
1.22
0.86
0.74
2.05
0.99
0.75
0.62
1.64
0.90
0.85
0.64
1.81
1.00
0.82
0.68
0.98
0.77
0.51
0.46
0.82
0.76
0.70
0.63

D3600s: viscoelastic creep compliance at 3600 s; E0 25C: storage modulus at +25 C; E00 25C: loss modulus at +25 C; tan25 C: loss
tangent at +25 C.

Figure 6. Storage modulus (E’) of composites loaded with 10 wt% of SGF.
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The elastic modulus predictions for SGF reinforced
PP nanocomposites as a function of SGF content, using
the additive two-population method, are presented in
Figure 4(a). Individual contributes of nanoﬁller and
SGF were considered by applying the Halpin–Tsai
and the Tsai–Pagano models, respectively. The model
predicts quite well the modulus for composite samples
based on nanocomposite matrix, with a slight overestimation for SGF content higher than 10 wt%, probably
due to diﬀerences in assumed and actual ﬁller aspect
ratio and orientation.27 Moreover, the predicted modulus values are generally lower for the samples PP/
GF and PP-PPgMA-10/GF. On the other hand, predicted values of modulus obtained by applying the
Christensen and Waals model were considerably
lower than the experimental values (Figure 4(b)). The
model predictions for SGF composites as a function of
xGnP amount according to Halpin–Tsai and the Tsai–
Pagano models are shown in Figure 4(c). In particular,
experimental data were compared to theoretical values
in two diﬀerent cases: (i) aspect ratio of 250 on the basis
of the supplier information (a ¼ 250) and (ii) aspect
ratio of 7 on the basis of the morphological analysis
(a ¼ 7) which accounts for agglomeration. The Tsai–
Pagano model overpredicts the modulus when the
aspect ratio of 250 is used, indicating that agglomeration occurred and a reduced aspect ratio needs to be
considered. On the other hand, when an aspect ratio of
7 is considered, the model slightly underpredicts the
modulus, accounting for agglomeration but neglecting
the presence of the interphase.33 The eﬀect of ﬁller type
on reinforcement can be seen by comparing Figure 4(a)
and (c). Interesting, the improvement in tensile modulus by xGnP incorporation is similar to that obtained
by SGF at low ﬁller contents (0–10 wt%), probably due
to the similar values in modulus and aspect ratio of the
micro- (GF) and nano- (xGnP) ﬁllers.
The toughness of the composites, evaluated through
the critical stress intensity factor (KIC) and strain
energy release rate (GIC), improved when SGFs are
incorporated. Moreover, superior resistance to crack
initiation was recorded with increasing amounts
of xGnP.
Interestingly, TEB values increased with glass ﬁber
incorporation but slightly decreased with increased
xGnP content, probably due to diﬀuse ﬁller aggregation and agglomeration which produced a considerable
decrease in strength. The observed increase in absorbed
impact energy reﬂects the increased stiﬀness and
strength of the composites that overshadows the loss
in ductility, resulting in a larger area under the force–
deﬂection curve (Table 2).
The eﬀect of the incorporation of SGF on the creep
resistance of PP nanocomposite matrices is reported in
Figure 5. As the SGF content increases, the creep

compliance is strongly reduced, showing a remarkable
improvement of the creep stability of PP nanocomposites induced by the presence of rigid ﬁbers (Table 3).
Interestingly, the sample PP-PPgMA-10/GF-10 manifested better creep stability than PP/GF-10, probably
due to the substantial better interfacial properties
rather than the slightly higher stiﬀness. On the other
hand, the best creep performances are exhibited by the
composite PP-PPgMA-5-xGnP-5/GF-10 which showed
highest stiﬀness and ISS.
The dynamic mechanical properties of the composites under investigation are signiﬁcantly inﬂuenced by
the ﬁber weight fraction: as expected, both storage (E0 )
and loss (E00 ) modulus increase with higher GF contents
(Figure 6), while the loss tangent decreases (Table 3).
Concurrently, the incorporation of xGnP in composites
loaded with 10 wt% GF produces a substantial increase
of E0 and E00 and a slight decrease of the loss tangent
with the ﬁller content, showing that the elasticity of the
composite is improved by the addition of expanded
graphite.

Conclusions
The structure and property relationships of SGF reinforced PP nanocomposites prepared by melt compounding and compression molding have been
investigated to explore the combined reinforcing eﬀect
given from two ﬁllers of very diﬀerent size scales
(micro- and nano-scale). After processing, a reduction
in glass ﬁber length was observed as ﬁber loading
increased, with a signiﬁcant further reduction as nanoﬁllers were added. The tensile modulus and strength of
the composites increased, while the elongation at break
decreased as the content of SGF increased. Further
improvements in modulus and strength were observed
in hybrid composites incorporating both SGF and the
nanoﬁller. Addition of a small amount of nanoﬁller
resulted in a greater adhesion between ﬁber and
matrix, as conﬁrmed by morphological observations,
leading to a better stress transfer at the ﬁber–matrix
interface. A two-population model, based on the
Halpin–Tsai and Tsai–Pagano theories, was used to
predict the elastic modulus of the hybrid composites.
Comparison with the experimental results indicates that
the model can satisfactory predict the modulus of the
composites when the aspect ratio of the nanoﬁller is
taken into account.
The stronger interfacial strength exhibited in hybrid
composites positively aﬀected the viscoelastic behavior
of the materials, leading to higher storage modulus and
enhanced creep stability. In conclusion, the results indicate that hybrid composites combining the advantages
of nanoﬁllers and micro-size reinforcements can be successfully produced in order to obtain lighter and
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stronger materials, as part of the higher density SGF
can be replaced with a smaller amount of nanoﬁller.
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