
lable at ScienceDirect

Composites Science and Technology 137 (2016) 44e51
Contents lists avai
Composites Science and Technology

journal homepage: http: / /www.elsevier .com/locate /compscitech
Hybrid multifunctional graphene/glass-fibre polypropylene
composites

Dimitrios G. Papageorgiou*, Ian A. Kinloch, Robert J. Young
School of Materials and National Graphene Institute, University of Manchester, Oxford Road, M13 9PL, United Kingdom
a r t i c l e i n f o

Article history:
Received 1 July 2016
Received in revised form
18 October 2016
Accepted 20 October 2016
Available online 21 October 2016

Keywords:
Nanocomposites
Polypropylene
Graphite nanoplatelets
Glass fibres
Mechanical properties
* Corresponding author.
E-mail address: dimitrios.papageorgiou@manches

http://dx.doi.org/10.1016/j.compscitech.2016.10.018
0266-3538/© 2016 Published by Elsevier Ltd.
a b s t r a c t

The effect of the simultaneous addition, using a melt-mixing procedure, of glass fibres (GFs) and gra-
phene in the form of graphene nanoplatelets (GNPs) upon the properties of polypropylene (PP) has been
studied in detail. Composite samples containing GFs and GNPs alone were also prepared for comparative
purposes. The crystalline microstructure of the composites was characterised by X-ray diffraction (XRD),
while scanning electron microscopy (SEM) was used to study the interface between the matrix and the
fillers. The orientation of the glass fibres was evaluated using SEM while polarized Raman spectroscopy
was utilized to determinate the orientation of the GNPs in the composite samples. The mechanical
properties of the composites were evaluated by tensile testing and it was found that the Young's modulus
of the hybrid material is higher than that of the materials containing the fillers individually, showing an
additive effect. Raman spectroscopy employed simultaneously with deformation of the composites was
used to show that there was good interfacial stress transfer between the PP matrix and the GNPs. Finally,
the thermal conductivity of the materials was measured and found to be significantly higher for the
composites containing GNPs alone.

© 2016 Published by Elsevier Ltd.
1. Introduction

The use of inorganic fillers as reinforcements for polymeric
matrices has been a common strategy over the recent years for the
development of a new generation of multifunctional materials
[1e3]. Glass fibres (GF) are used to reinforce polymer composites
for a number of applications due to their high tensile modulus and
relatively low cost compared to carbon or aramid fibres [4e6]. Glass
fibre-reinforced plastics (GFRP) have thus become a commodity
material in automotive, aerospace and construction industries.
Such GFRP materials do not, however, have sufficiently good me-
chanical properties for some applications, have a relatively high
density compared to carbon-based systems, are electrically insu-
lating and have relatively poor thermal conductivity.

The first isolation and identification of monolayer graphene by
Geim and Novoselov and coworkers in 2004 [7] led to the devel-
opment of few- and many-layer graphene for use as reinforcement
in polymer-based nanocomposites [8e10]. In particular, the excel-
lent electrical, thermal andmechanical properties of graphene have
ter.ac.uk (D.G. Papageorgiou).
the potential to impart several desired characteristics upon the
nanocomposites, such as improved thermal conductivity, dura-
bility, thermal stability and mechanical stiffness and strength. The
preparation of few- and many-layer graphene in bulk quantities is
still, however, a challenging task. Therefore both industry and
academia are utilizing materials such as graphite nanoplatelets
(GNP) that exhibit similar mechanical, thermal and electrical
properties to graphene, but are significantly cheaper to produce.
GNPs consist of short stacks graphene layers, while their lateral
dimensions, aspect ratio, available surface area, morphology and
properties make them effective for use as reinforcements [11e18].

A number of composite materials based on a combination of a
number of different inorganic fillers have been developed over the
last years. Such hybrid composites may involve quite diverse ma-
terials, while most of the literature reports refer to an additive (or
synergistic) effect of both fillers, which acts to improve some of the
final physicochemical properties of the composite material
[19e26]. This method can be also used to balance some of the
unavoidable disadvantages that a specific filler or process can
attribute to the composite material. Pegoretti et al. [24] studied a
hybrid filler combination similar to the one used in this paper, with
the difference that the size of the GNP flakes was significantly
smaller. Also the GFs in some samples were coated with graphite
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Table 1
Crystallinities of the composite samples, as calculated from XRD.

Sample Xc (%) Sample Xc (%) Sample Xc (%)

PP 48.8 PP 48.8 PP 48.8
PP-GNP5 52.5 PP-GF5 46.7 PP-GF10-GNP10 52.6
PP-GNP10 54.1 PP-GF10 45.4 PP-GF19-GNP5 52.4
PP-GNP20 55.7 PP-GF20 46.1 PP-GF18-GNP10 55.2

PP-GF16-GNP20 57.5
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prior to mixing, while a compatibillizer was also used. The authors
found that there was an increase of the elastic modulus of around
105% in the samples with the hybrid filler, while the tensile
strength was also increased by 16%.

Herein, GNPs and GFs were incorporated in a PP matrix by melt
mixing at different loadings both individually and together. The
effect of each filler along with the hybrid combination (GF-GNP) on
the mechanical properties of the materials has been evaluated by
tensile testing and the orientation of the glass fibres was charac-
terized using SEM. Raman spectroscopy was utilized for the eval-
uation of the spatial orientation of the GNPs, while an in situ
bending procedure in conjunction with Raman spectroscopy used
for the investigation of the stress transfer efficiency between the
materials. X-ray diffraction (XRD) was used for the structural
characterisation and scanning electron microscopy (SEM) to eval-
uate of the dispersion of the component fillers. Finally, the glass
transition temperatures and thermal conductivities of the com-
posites were also studied.

2. Experimental details

2.1. Materials

The polypropylene homopolymer employed was produced by
Lyondellbasell under the commercial name, Moplen HP501L and
exhibited a flow index of 6 g 10 min�1 and a melt density of
900 kg m�3. The glass-filled polypropylene was provided by Albis
UK Ltd under the commercial name Altech PP-H A 2020/159 GF20
CP. This material was filled with 20 wt% of E-glass fibres (average
length over 5 mm and average diameter of 15 mm), and had a melt
density of 1040 kg m�3. Exfoliated graphite nanoplatelets (xGNP-
M25), produced by via the sulphuric intercalation of graphite, were
obtained from XG Sciences (East Lansing, MI). The nanoplatelets
had a mean platelet diameter of 25 mm and an average thickness of
6e8 nm (~20 graphene layers).

The melt-mixing process was performed using a twin-screw
extruder (Thermo Scientific HAAKE MiniLab micro compounder)
at 190 �C and 100 rpm, and the mixing took place for 12 min. The
pelletized product was further processed into dumbbell-shaped
specimens by injection moulding (HAAKE MiniJet Piston Injection
Moulding System, Tcylinder ¼ 200 �C, Tmould ¼ 70 �C,
pressure ¼ 900 bar, held for 12 s).

The GNP-filled materials are coded PP-GNPx throughout the
manuscript, where x is the filler content in wt% (x ¼ 5, 10, 20 wt%).
Similarly, the samples filled with GF will be referred to as PP-GFx.
For the production of hybrids, the material filled with 20 wt% GF
(PP-GF20) was used as a masterbatch and the GNPs were added in
the melt mixing process. This caused a proportional reduction in
the GF content in the hybrid material. Three sets of samples were
prepared, namely PP-GF19-GNP5, PP-GF18-GNP10, PP-GF16-
GNP20. The exact amount of the fillers was additionally verified
from the TGA residue of each sample (see respective results in
Supplementary Information - Table S1). Finally, a sample filled with
10 wt% GF and 10 wt% GNP (PP-GF10-GNP10) was prepared for
comparison purposes.

2.2. Characterization of the PP composites

XRD analysis was performed on the polymeric matrix and the
nanocomposites using a Philips X'pert Modular Powder Diffrac-
tometer (MPD) using Cu Ka radiation, a step size of 0.05� and a step
time of 1 s, operating at 40 kV and 30 mA. Polarized Raman spec-
troscopy was employed in order to characterize the orientation of
the graphene flakes in the polymer matrix using a backscattering
geometry and a VV (vertical/vertical) combination of incident and
scattered polarization. Stressestrain curves were obtained using
dogbone shaped specimens in an Instron 4301 machine, under a
tensile rate of 0.5 mmmin�1 with a load cell of 5 kN, in accordance
with ASTM D638. A contact extensometer was used during the
testing procedure in order to obtain precise information on the
deformation of the samples. Raman spectroscopy was used in situ
during the deformation of PP composites to assess stress transfer at
the GNP-PP interface. A Renishaw 1000 Raman microprobe system
(Renishaw, UK) was used with a 15 mWHeeNe excitation laser and
a laser spot size of about 2 mm. Scanning electron microscopy was
performed on samples fractured after tensile testing with a FEI
Sirion FEG-SEM. Dynamic mechanical thermal analysis (DMTA)
(specimen size 35 mm � 8 mm � 1 mm) was undertaken
between �60 and 130 �C using a DMA Q800 analyzer (TA in-
struments). A heating rate of 3 �C/min and a frequency of 1 Hz were
employed under a nitrogen flow. The thermal conductivity of the
materials wasmeasured using a FOX50 (TA Instruments) apparatus,
employing a dual thickness measurement cycle.

3. Results and discussion

3.1. X-ray diffraction (XRD)

The crystalline structure of the composite samples was evalu-
ated by XRD and the results are presented in the Supplementary
Information, Fig. S1. The neat PP sample had the characteristic
peaks of isotactic polypropylene at 14.1�, 16.9� and 18.5�, which
correspond to the principal reflections from the (110), (040) and
(130) planes of the a-crystals. Similarly, the polypropylene in all of
the composite samples crystallized in the a-form, indicating that
the presence of the fillers did not affect the crystal structure of the
matrix. The strong peaks from the presence of the GNPs are located
at an angle of 2q ¼ 26.4� for all of the composite materials and
corresponded to an interlayer spacing of 0.338 nm. The crystallin-
ities of the composite samples were determined using the equa-
tion: Xc ¼ Ac

AcþAa
, where Ac and Aa are the areas under the crystalline

peaks and amorphous halo, respectively. Prior to these calculations,
a deconvolution of the diffractograms was performed. The crys-
tallinities of the samples are listed in Table 1. For the samples filled
with GNPs, the degree of crystallinity of the PP increased with
increasing filler content, indicating the high nucleating ability of
the nanoplatelets. The crystallinity of the PP-GF samples decreased,
however, with increasing GF loading, suggesting that the GFs
actually interrupted the linear crystallizable sequence of the
macromolecular chains of polypropylene [27,28]. Finally, it was
found that the samples filled with the hybrid filler also exhibited a
higher degree of crystallinity than the pure matrix.

3.2. Orientation of the fillers in composite materials

The orientation of GNPs in composite materials can play a major
role on the ultimate physicochemical properties since oriented
fillers can form conductive pathways more easily, improve the
energy dissipation during tensile testing and retard the growth of
cracks during failure, increasing this way the modulus/strength
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[11]. Polarized Raman spectroscopy was utilized to evaluate the
orientation of the GNPs in the samples [29] containing the
maximum GNP content (PP-GNP20 and PP-GF16-GNP20), along
with the sample filled with 10 wt% GF and GNP respectively (PP-
GF10-GNP10). The polarized laser beam was aligned either
perpendicular (in the z-direction) or parallel (in the x-direction) to
the surface of the specimen which was then rotated on the mi-
croscope stage with a manual rotation platform. It should be noted
that the x-direction is defined as the flow direction during the in-
jection moulding procedure for the production of the dumbbell-
type samples and that the direction of the incident and scattered
polarization was the same (VV polarization). SEM was used for the
evaluation of the orientation of the GFs in polished sections. The
SEM images presented in Fig. 4, along with the ones presented in
Supplementary Information e Fig. S2, indicate that the orientation
of the GF was approximately random in both the PP-GF and PP-GF-
GNP samples but the exact level of orientation could not be
determined from the SEM micrographs.

From the results presented in Fig. 1 for the PP-GF16-GNP20
sample, it was found that the intensity of the D band remained
unchanged, as the sample was rotated about both the x- and z-axes.
This is an indication of random orientation of the GNP fillers in the
composite samples, in agreement with similar studies from Valles
et al. [30,31] and Zhao et al. [32]. Similar behaviour was observed
for the other samples under study as shown in the Supplementary
Information-Fig. S3.
3.3. Mechanical properties

The mechanical properties of the samples filled with GF, GNP
and the hybrid filler were evaluated by tensile testing (Figs. 2 and
3). As expected, the addition of both the GNPs and GFs as a sole
reinforcement increased the Young's modulus of the PP, with the GF
giving a slight higher improvement than that of the GNP for a given
loading by weight. It should be noted that GNPs exhibit lower
density than the GFs, though, which actually means that the spe-
cific improvement is higher for the GNPs than the GFs. Both re-
inforcements approximately doubled the modulus of the matrix at
20 wt% loading, a result which is consistent with previously pub-
lished results from our group for the case of few-layer graphene
nanoplatelets in rigid polymers [30,33].

It was also found that the fillers acted additively in the hybrid
system, with the specimenwith the maximum GF and GNP content
(PP-GF16-GNP20), exhibiting a Young's modulus three times higher
than the neat PP (Fig. 3a). The presence of GNPs at the interface
between the PP and GFs may lead to better interfacial stress
transfer between the PP and GFs.

Moreover, the fracture stress decreased slightly upon the addi-
tion of the GNPs, while the samples filled solely with GFs exhibited
Fig. 1. Variation of the Raman D-band intensity as a function of angle of specimen rotation
sample. The curves are least squares fit to the experimental data. The results for other sam
a significantly higher strength at break than neat PP, with the
sample filled with 20 wt% GFs having a fracture stress almost
double that of the matrix. The fracture stress of the hybrid GF-GNP
materials was also found to increase with filler loading (Fig. 3b)
with the maximum value falling between that of the two fillers
used separately. It was also found that in general, the addition of
the fillers reduced the failure strain of the PP with a larger reduc-
tion being found for the addition of the GFs compared to the GNPs.

3.4. Scanning electron microscopy (SEM)

The fracture surfaces produced during the tensile testing ex-
periments were characterised using SEM to evaluate the degree of
dispersion of the fillers and investigate the failure processes. For the
GNP-reinforced system, the GNPs were well dispersed in the
samples at low loadings but at the highest loading (20 wt% GNP)
the GNPswere aggregatedwith the presence of both the aggregates
on the fracture surface and voids (Fig. 4a). The GFs were found to be
well-dispersed at all loadings and that therewas a range of pull-out
lengths for the individual fibres. It appears that the orientation of
the fillers was random throughout the fracture surfaces with the
case for the GNPs being confirmed earlier by Raman spectroscopy,
while for GFs additional SEM images are provided in the Supple-
mentary Information - Fig. S2, which provide some indications but
cannot be considered absolute indicators for the randomness of the
fibres in 3 dimensions. The improved interfacial strength of the PP-
GF-GNP set of samples resulted in some of the GNP-reinforced PP
remaining on the surface of the GFs (Fig. 4c). In contrast, the surface
of the GFs in the PP-GF samples was not coated with polymer
(Fig. 4b).

3.5. Calculation of the effective modulus of the fillers

The modulus of elasticity of a polymer composite containing a
single filler can be modelled by the modified rule of mixtures
(MROM) as [34].

Ec ¼ EpVph0h1 þ EmVm (1)

where Ec is themodulus of the composite, Vp and Vm are the volume
fraction of the filler and matrix, Ep and Em are the modulus of the
filler and matrix, h1 is the length parameter that is used for the
evaluation of the stress transfer at the filler-matrix interface for
particles with small lateral dimensions and ho is the Krenchel
orientation factor [35]. The filler volume fraction was calculated

from the well-known relationship: Vf ¼ Wf=rf
Wf=rfþWm=rm

, where wf is

the weight fraction of the filler, while rf and rm are the densities of
the filler and the matrix respectively. For the case of the hybrid
filler, the equation was adjusted in order to take into account the
, showing the random orientation of the graphite nanoplatelets in the PP-GF16-GNP20
ples are given in the Supplementary Information.



Fig. 2. Stress-strain curves of PP and composite materials; (a) PP-GNP, (b) PP-GF, (c) PP-GF-GNP.

Fig. 3. Results for the (a) tensile modulus and (b) fracture stress of the PP and the composite samples.

Fig. 4. SEM images of fractured composite samples: (a) PP-GNP20, (b) GFs in the PP-GF sample (c) GFs coated with PP and GNPs in the PP-GF16-GNP20 specimen.
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presence of both fillers in the matrix volume.
The effective modulus Eeff of the fillers in the composites is less

than their inherent, individual particlemodulus values as a result of
their orientationwithin thematrix and their finite length and it can
be given by the equation Eeff¼ Ephlho. The orientation of the GNPs is
random as shown by polarised Raman spectroscopy and observed
by SEM, while it was found to be approximately random for the
glass fibres. The Krenchel factor for the random orientation of the
nanoplatelets is equal to ho z 8/15 [36] and ho z 1/5 for the fibres
[35]. Moreover, in our calculations we assumed that there was
perfect stress transfer; therefore the length parameter hl is equal to
1. The effective modulus can also be calculated by obtaining the
gradient of Ec versus volume fraction graph (Fig. 5). The effective
modulus of the fillers Eeff was found equal to 15 GPa for the GNPs
and 22 GPa for the GFs and the relevant Krenchel factors allow the
values of Ep to be determined for the two types of filler. Assuming
h1 ¼1, the value of Ep for the GNPs is 28.1 GPa and that for the GFs is
110 GPa. The relatively low value for the GNPs is probably the result
of the material being relatively thick [37,38] and aggregation ef-
fects. The equivalent modulus value for the glass fibres is 110 GPa,
which is higher than the literature values of 75e80 GPa [39,40].
This fact leads us to the conclusion that the orientation of the fibres
is not completely random. If we consider that the effective modulus
of the fibres is equal to the literature value (Eeff ¼ 75 GPa), then the
orientation factor is calculated to be ho ¼ 0.29, which lies between
random 3D (ho¼ 1/5) and random in-plane (ho¼ 3/8) [35]. Hence, it
appears that the overall orientation of the glass fibres is somewhere
between random 3D and random in-plane.

The Young's modulus of the polymer composites under study
can be extended to a three-phase system as:



Fig. 5. Variation of modulus with filler content and linear fits for the use in the modified rule of mixtures.
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Ec ¼ EGNPVGNPhoðGNPÞh1ðGNPÞ þ EGFVGFhoðGFÞh1ðGFÞ þ EmVm (2)

The MROM assumes that no interaction is taking place between
the components of the system and each filler behaves as an indi-
vidual material in the hybrid. By applying the effective modulus of
the fillers obtained earlier, the results for the hybrid system can be
seen in Fig. 6. The curvature of the theoretical line originates from
the fact that for the hybrid samples, there are fluctuations in the
GNP and GF individual filler contents, affecting the linearity of the
plot. At low filler volumes (the term “filler” here refers to the sum of
the volumes of GF and GNP) the experimental values are very close
to the MROM values, indicating that for low loadings an additive
effect may take place between the components of the system. In
fact the data point for a total volume fraction of around 10 vol% lies
slightly above the MROM line indicating that there at this loading
there may be some synergism between the fillers. With increasing
filler loading, the formation of aggregates appears to hinder the
further improvement of the modulus and a levelling off occurs,
which is not accounted for in the MROM equation. For this reason,
the MROM fails to predict accurately the moduli of the materials
with the highest filler content, even though the simulated value
falls within the experimental error. The dashed lines in Fig. 6
represent the two-phase MROM from the PP-GNP and PP-GF set
Fig. 6. Experimental results for the modulus of the hybrid materials and fit with the
modified rule of mixtures (MROM).
of samples, based on the values of the effective modulus obtained
earlier. As expected, the values of the 3-phase MROM lie between
the ones of the 2-phase MROM for GF and GNP composites.
3.6. Stress-induced Raman band shifts

The Raman spectra for all samples were recorded initially
(Supplementary Information-Fig. S4) and subsequently Raman
spectroscopy was employed in order to study the stress transfer
between the filler and the matrix by monitoring the shift of the 2D
Raman band of the graphite nanoplatelets under strain. The specific
procedure developed by Young and coworkers [41,42] enables
quantification of the stress transfer efficiency between the com-
ponents of the system, since the slope of the downshift of the
characteristic graphitic Raman bands is proportional to the effec-
tive modulus of the reinforcement, which includes the length fac-
tor. A four point bending rig was used in order to bend rectangular
beams of the composites, which were placed under the laser spot.
The beams were deformed up to 0.6% strain in 0.05% intervals,
while a strain gauge attached to the beams was used for the
monitoring of the strain. The polarization of the laser beam was
always parallel to the tensile axis.

The downshift of the 2D bands that was observed in all the
composites under study reveals that the load was transferred from
the matrix to the filler during the bending procedure. The slope of
the plot of the position of the band against strain can be taken as an
indication of the efficiency of stress transfer [41]. The characteristic
plots for PP-GNP20 and PP-GF16-GNP20 only are presented for
brevity (Fig. 7), while the respective plots for rest of the materials
can be found in Supplementary Information - Fig. S5. Two tests
were performed for each composition and the results are presented
in Table 2. In the case of uniform strain, as assumed by theMROM, it
is predicted [37] that the slope of such plots will be independent of
the volume fraction of filler. It can also be seen that the set of
samples containing the hybrid filler shows slightly higher shift
rates than the samples filled solely with GNP which is another
indication that stress transfer was more efficient in these materials.
This is in accordance with the results from the mechanical testing,
as these samples exhibited higher modulus values than the PP-GNP
ones. Furthermore, the slight decrease of the shift rate with
increasing the filler content, that has been observed in the litera-
ture [43,44], is most probably due to aggregation of the GNPs.

The slopes of the lines in Fig. 7 and listed in Table 2, are ~ -
5 cm�1/% for the GNP-filled materials and ~-6 cm�1/% for the hybrid



Fig. 7. Shift of the Raman 2D band with applied strain for the samples filled with (a) 20 wt% GNP and (b) 16 wt% GF and 20 wt% GNP.

Table 2
Average Raman 2D Band Shift Rates for the composite samples filled with GNP.

Sample Shift rate (cm�1/%) Sample Shift rate (cm�1/%)

PP-GNP5 �5.3 ± 0.5 PP-GF19-GNP5 �6.9 ± 0.8
PP-GNP10 �4.9 ± 0.4 PP-GF18-GNP10 �6.3 ± 0.7
PP-GNP20 �4.7 ± 0.5 PP-GF16-GNP20 �6.1 ± 1.3

PP-GF10-GNP10 �5.9 ± 0.9

D.G. Papageorgiou et al. / Composites Science and Technology 137 (2016) 44e51 49
and enable the effective Young's modulus of the GNPs to be
determined [38]. Since the band shift rate for the monolayer gra-
phene with Young's modulus of 1050 GPa is �60 cm�1/%, values of
modulus of 87 GPa and 105 GPa are derived from these band shift
rates. Moreover, since the spectra were obtained using a polarised
laser beam these values do not need to be corrected for orientation
effects. The modulus values derived from the band shifts for the
GNPs are a factor of three higher than those determined from the
stress-strain data. This may be because the Raman data were ob-
tained from individual 25 mm diameter GNPs using a laser beam of
the order of 2 mm diameter, following local GNP deformation,
whereas the stress-strain data were the result of deformation of
GNPs in the entire specimen.

3.7. Dynamic mechanical analysis

During the DMA experiments, a gradual increase in the Tg was
observed in the case of the nanocomposites filled with GNP, with
the sample filled with 20wt% GNP exhibiting a Tg that is 11 K higher
than that of the neat PP (Fig. 8). This is an evidence of the anti-
plasticization effect of the GNPs which decreases the segmental
mobility and the steric hindrance of polymer chains between the
filler particles. In contrast, the presence of glass fibres lowered the
Tg of the matrix, with the sample filled with 20 wt% GF possessing a
Tg that is 3 K lower than PP, which can be attributed to the higher
mobility on the polymer chains of the matrix. This observation can
be associated with the lower crystallinity of the PP-GF samples, as
was confirmed by XRD. For the samples with the hybrid filler, an
antagonistic effect between the two fillers takes place, with the
GNP being more active and affecting the Tg more significantly,
giving an overall increase, compared to the matrix. The volume
restriction phenomenon that is taking place due to the presence of
both fillers at high concentrations hinders once again the mobility
of the PP chains and leads to the increase of the glass transition. The
plots of tan d against temperature for each set of samples, along
with a table listing the Tg for each sample can be seen in
Supplementary Information e Fig. S6, Table S2. Moreover, the plot
of the loss modulus (E00) against temperature can also be seen in
Supplementary Information e Fig. S7. The shifts of the peaks is
analogous to the glass transition fluctuations based on the filler
content, while the loss modulus is also higher than the matrix, as a
result of the increase in internal friction that enhances the dissi-
pation of energy [45].

The flexibility of the interface between the filler and the matrix
plays a major role on the glass transition temperature of the
composite materials [46]. From the findings presented here, it can
be deduced that the interface formed in the PP-GF set of materials is
more flexible than the one formed for the PP-GNP. Moreover, the
physical presence of GFs and GNPs, in the samples containing both
fillers, leads to an interface with lower flexibility than the PP-GNP
samples.

3.8. Thermal conductivity

The large surface area and large aspect ratio of the GNP flakes
enables the formation of a good interface between them and the
matrix and the formation of bridges of percolating networks, which
is a key factor in obtaining high thermal conductivity in composite
materials [47]. The phonon transfer is facilitated from the random
bridges of GNP pathways and thus the conductivity increases
significantly. The thermal conductivity of the PP samples filled with
GNP was four times higher than the matrix at the maximum
loading (Fig. 9). In contrast, there was an increase of 70% for the
sample with the highest loading of glass fibres (PP-GF20). Inter-
estingly, the samples filled with the hybrid fillers showed a slightly
higher conductivity, even though glass fibres exhibit relatively low
inherent conductivity values. The interconnectivity of glass fibres
and their coating with polymer and GNP flakes [48] could be one of
the reasons for the observation of this increase, since an inter-
connected network between the fillers is possibly formed within
the polymeric matrix. In this study, the increase compared to neat
polypropylene was 5 times higher for the sample with the highest
filler content.

The rule of mixtures has been applied to the experimental data
in order to evaluate the contribution of the conducting phase
(filler), since this model assumes perfect contact between the
particles [49]. The simple equation that describes the ROM is the
following:

kc ¼ kfVf þ kmVm (3)



Fig. 8. Contour plot of the glass transition temperatures, Tg, of PP and composites (the solid symbols represent the respective filler content).

Fig. 9. Thermal conductivity of the composite samples. The filler content (vol%) of the
PP-GF-GNP samples (blue triangles) refers to the total filler content from the sum of
both GF and GNP. The reader is referred to the web version for better interpretation of
the curves. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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where kc, kf and km are the thermal conductivities of the composite,
the filler and the matrix. In an analogy with the procedure followed
for the tensile modulus, the effective conductivity of the fillers was
initially calculated by linear fitting the experimental data from the
set of samples with the individual fillers. For the PP-GNP, the
effective thermal conductivity of the GNP flakes was calculated
equal to 10 Wm�1K�1, which is in good agreement with the results
of Xiang and Drzal [50] and provides an indication that the fillers
may have formed a percolating network in the PP-GNP samples.
Regarding the GFs, the effective conductivity was calculated to be
equal to 2.35 Wm�1K�1, a value higher than the numbers reported
in the literature (1.2e1.5 Wm�1K�1 [48]). Finally, for the hybrid
samples, the 3-phase ROM (kc¼kGNPVGNPþkGFVGFþkPPVPP) takes into
account the contributions of both GF and GNP and it can be seen in
Fig. 9 that the curve is quite close to most of the experimental
values, except for the sample filled with 5 wt% GNP and 19 wt% GF
(volume fraction 10.5%).
4. Conclusions

The effect of the incorporation of graphite nanoplatelets and
short glass fibres, both separately and in combination, upon the
structure and mechanical properties of polypropylene has been
studied in detail. It has been found that the addition of the glass
fibres decreases both the degree of crystallinity and glass transition
temperature of the polypropylene whereas both of these parame-
ters are increased significantly upon the addition of the graphite
nanoplatelets, improving the thermal properties of the material.

The addition of both of these fillers to polypropylene increases
the Young's modulus of the polymer to a similar extent for a given
volume fraction and there is some evidence from Raman spec-
troscopy and from the use of a 3-phase modified rule of mixtures
that, when added together, the two fillers may give better rein-
forcement by acting additively. The addition of the glass fibres is
found to increase the fracture stress but reduces the failure strain of
the polymer whereas the addition of the graphite nanoplatelets
causes less reduction in the failure strain. Finally, the presence of
glass fibres in the polypropylene is found to have little effect upon
the thermal conductivity of the polymer whereas the addition of
the graphene nanoplatelets is found to increase it by more than a
factor of five.
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