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Poly (vinylidene fluoride) (PVDF)/graphite composites were prepared by 

solution mixing technique then subjected to hot compression molding. Tensile 
mechanical properties of prepared composites were studied at different 
temperatures between 30 and 90 oC. The results indicated that, the elastic 
modulus, tensile strength, and ultimate elongation achieved a significant 
improvement with addition of graphite showing maxima around 3.9vol% 
graphite, followed by a decrease with further increases of the graphite content. 
This behaviour suggested the formation of a compact structure, and above a 
content of 3.9vol% graphite, this compact structure became more loose. These 
results were confirmed by both SEM and DSC measurements. DSC 
measurement indicated that graphite content has significant influence on the 
degree of crystallinity for PVDF composites. Also, study of the melting 
behaviour suggested the presence of only α-crystalline phase in neat PVDF and 
PVDF/G composites. The observed values of the elastic modulus of the 
composites are in close agreement with those calculated by Halpin-Tsai's 
model, taking into account the variation of the aspect ratio (αg) of the graphite 
structure with the volume fraction of the graphite in the matrix. The elastic 
modulus, tensile strength and yield stress were found to decrease with 
increasing the working temperature, while the ultimate elongation exhibit 
opposite trend.  
 

1. Introduction 

Polymer/graphite composites have been employed in structural, 
aerospace and sporting goods.Recently; increased attention has been devoted to 
develop graphite/polymer composites as high conductive polymers [1]. In 
addition to high electrical conductivities, these so-called conductive polymer 
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composites (CPCs) often possess other desirable properties, such as improvement 
of mechanical performance, thermal stability, corrosion resistance, low cost and 
ease of processing. Given this combination of properties, polymer/ graphite 
composites present an attractive alternative to metal conductors in certain 
applications, provided that sufficient electrical conductivity can be achieved. 
Poly vinylidene fluoride (PVDF) is a semi crystalline and thermoplastic polymer, 
which can be easily processed, and has excellent mechanical properties, high 
chemical resistance and good thermal stability as well as high pyro- and 
piezoelectric coefficients [2]. PVDF has been widely studied because of its 
relatively large piezoelectric and pyroelectric response and the abundance of its 
polymorphic forms that have been exploited in the development of electronic 
devices. PVDF has five crystalline phases with different conformations are 
designated like all trans (TTT) planar zigzag for β-phase, TGTG' for α and δ 
phases and T3GT3G' for γ and ε phases. [3] These different crystalline forms 
affect directly thermal, mechanical and electrical properties of the structure. 

 
Graphite is a polycrystalline form of carbon comprised of layer planes 

containing hexagonal arrays of carbon atoms. These layer planes, referred to as 
graphene layers, are ordered so as to be substantially parallel to one another. The 
bonding forces holding the graphene layers together are weak Van der Waals 
forces and hence the layers can be readily separated. Graphite is one of the most 
important inorganic fillers which possess good electrical conductivity and high 
modulus. [4] In addition, graphite is naturally abundant low cost material. 
Although there has been much work in the field of PVDF-based composites, little 
work on the mechanical properties of PVDF/graphite composites has been 
carried out.  

 
Siviour et al. [5] studied the stress-strain behaviours of polyvinylidene 

difluoride (PVDF) over a range of strain rates at room temperature and a range 
of temperatures at high strain rate. PVDF shows an approximately bilinear 
dependence of yield stress on strain rate over the rates examined. L. 
Laiarinandrasana et al [6] studied the mechanical behaviour of Polyvinylidene 
Fluoride (PVDF). Tests were performed at various temperatures and various 
strain rates. Experimental data together with fracture surface examinations by 
SEM allow the dependence of deformation and void growth processes on strain 
rate and temperature.  

 
The principal objective of this study is to study the effects of graphite 

content and temperature on the morphology (i.e. void content and crystallinity) of 
poly(vinylidene fluoride) (PVDF) composites and the concomitant effects of these 
morphological changes on the mechanical properties.  



Egypt. J. Solids, Vol. (34), No. (1), (2011) 

 

111 

2. Experimental 

2.1. Materials and sample preparation 

The used poly vinyledine fluoride (PVDF) is white powder, molecular 
weight of Mw 534, supplied by Sigma-Aldrich Chemie GmbH Riedstrasse 2 Co.,. 
The physical properties of the host material are shown in Table 1[5]. Graphite 
fine powder with particle size (50 mµ ) was provided by Central Drug House 
(P) LTD, New Delhi. N,N-dimethylformamide (DMF) were used directly without 
any further treatment. 

 
Table 1: Physical properties of PVDF 

 

 
The PVDF/graphite composites were prepared by mixing the desired 

amount of graphite particles and PVDF in100 ml of DMF solution at 80 oC 
under stirring for 2 h. The mixture was poured onto the Petri dish and dried at 
180 oC for 25 minutes to remove DMF solvent. The samples with a thickness of 
1 mm were molded by a hot press at about 155 oC and 20MPa for 5 minutes and 
then quenched in cold water. The graphite volume fractions of composites were 
fixed at 0.7, 2.3, 3.9, 5.5, 7.9and 11.1vol%.  
 
2.2.Measurements 

2.2.1. Scanning electron microscopy (SEM) 

 The morphology of tensile fractured surface was observed using scanning 
electron microscopy (SEM) type, JEOL JEM-850 operating at 35 kV. All 
specimens were coated with a thin gold layer prior to SEM examination. The 
SEM data were obtained using Leica Qwin 500 Image Analyzer Computer 
System (England).  
 
2.2.2. Differential scanning calorimetry (DSC) 

The melting behaviours of the composites (Tm) and heat of fusion 
( ∆Η );were estimated by  differential scanning calorimeter (Chimadzu DSC-50) 
from 40 oC to 200 oC at a heating rate of 10 oC /min under N2. By considering 

Glass transition temperature -30 oC 

Melting point 165 oC 

Density 1.74 g/cm3 
Tensile modulus 2400 MPa 

Tensile strength at yield 53-57 MPa 
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the melting enthalpy of 100% crystalline PVDF (ΔHo) as 104.6 J/g [7], we have 
estimated the degree of crystallinity(χc) of neat PVDF and PVDF-graphite 
composites by the equation  

100*(%)
o

c ∆Η
∆Η

=χ            (1) 

 2.2.3. Mechanical testing 

 The PVDF/graphite composites were subjected to tensile testing for 
determination of their mechanical behaviour.  Strip shaped samples were cut 
from the sheets by a fine edge steel die with a constant width of 2 mm. The 
apparatus used for stress–strain measurements was a tensile test machine 
(AMETEK, USA). A digital force gauge (Hunter Spring ACCU Force II, 0.01 N 
resolution, USA) connected to a microprocessor was used to measure extension 
force. A homemade motor attachment was used to control the strain rate through 
a gearbox. The strain rate was preset using a variable DC power supply, and was 
measured using a micro-switch attached to the apparatus wheel. The accuracy of 
strain measurement was about 0.1 mm. The elongation rate throughout the 
experiment was fixed at 8 mm/min. 
 
 
3. Results and Discussion 

3.1. Scanning electron microscopy (SEM)  

 To investigate the effect of stretching on the morphology of PVDF and 
PVDF/graphite composites, SEM micrographs were obtained as shown from  
Fig. (1). The results indicated that the pure PVDF; exhibits raised structure, as 
shown in Figure 1(a). The raised structure might be related to the stacked 
crystalline lamella in the PVDF sample [8]. The microstructure of neat PVDF 
affected by filler addition of 0.7vol% and 2.3vol% graphite as observed from 
Figure1b,c. where the addition of graphite deforms the nature of such raised 
structure of lamella. The flakes nature of graphite introduces pores through the 
fractured surface indicating loose structure [9]. Further addition of graphite to 
3.9and 5.5vol%, the structure of the fractured surfaces appears to be more 
compact. This may be due to the aggregation of graphite flakes with the layered 
structure of PVDF (see Figure1d,e). Increasing the graphite concentration to 
7.9vol% and 11.1vol% graphite retains the loose structure as in the case of 
0.7vol% and 2.3vol%graphite (Fig. 1f,g).  
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 (a) 

 
Pure PVDF 

(b) 

 
0.7vol%of G 

 (c ) 

 
2.3vol%of G 

(d) 

 
3.9 vol%of G 

(e) 

 
5.5vol%of G 

(f) 

 
7.9vol%of G 

(g) 

 
11.1vol%of G 

Fig. (1):  SEM photographs of pure 
PVDF and PVDF /graphite 
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3.2. Differential Scanning Calorimetry (DSC) 

Since PVDF is a semicrystalline polymer, its mechanical properties 
should depend strongly on its degree of crystallinity. Crystallinity in polymers 
means that the chains are packed together more tightly which increases the 
density of the polymer and leads to improved mechanical properties [10]. To 
confirm the influence of incorporating graphite into PVDF on the mechanical 
enhancement of the composites, DSC is employed to measure the difference of 
crystallinity between pure PVDF and PVDF/G composites (Fig. 2). The degree 
of Crystallinity of PVDF was calculated according to Eq. (1), and the results are 
shown in Table 2. The degree of crystallinity of PVDF decreased from 27.65 to 
19.63% at 0.7vol% graphite. This indicates that the graphite addition process 
leads to partial destruction of the crystalline structure. The increase in graphite 
content up to 3.9volt% increases the degree of crystallinity to 25.31%. Any 
further increase of graphite content decreases the crystallinity of the composites 
again. On the other hand, the melting temperature does not vary much with 
addition of graphite, indicating that no phase transformation takes place between 
the five phases of PVDF with addition of graphite. The lower melting 
temperature is due to the formation of α- crystalline phase structure [11]. 

 
Fig. (2): dynamic DSC thermograms of the PVDF-graphite composites. 
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Table 2 : The derived values of Tm, ΔH and χ c from the DSC thermographs. 
 

Content of graphite (vol%) Tm (oC) ΔH  (J/g ) H∆  c (%)χ 
Zero 157.72 28.96 27.65 
0.7 159.62 20.56 19.63 
2.3 159.57 24.68 23.57 
3.9 159.94 26.51 25.31 
5.5 158.86 24.94 23.82 
7.9 157.43 20. 18 19.27 
11.1 160.46 17.76 16.96 

 

3.3. Strain–stress behaviour at room temperature 

Graphite powder has been applied to enhance the mechanical properties 
of composites. Fig. (3) illustrates the stress-stain curves of PVDF and 
PVDF/graphite composites at room temperature and strain rate of 4.4x10-3 sec-1. 
According to tensile properties of PVDF and PVDF/graphite composites, which 
could be seen in Table 3, the mechanical performance of the PVDF/graphite 
composites, were significantly increased as compared to those of the pure PVDF 
matrix. For example, at 3.9vol% G, the Elastic modulus increased by 35% from 
722.15 to 978 MPa and the tensile strength increased by 20% from 25.87 to 
30.76 MPa. Moreover, the ultimate elongation of the composites was increased 
as compared to pure PVDF.  The increase of elastic modulus may be attributed 
to the higher crosslink density and good distribution of fillers in PVDF matrices. 
In other words, the uniformity of fillers distribution has efficiently hindered the 
chains movement during deformation. This mechanism would increase the 
stiffness of the composites as well as elastic modulus [12]. These mechanical 
parameters were found to decrease with further increase in the graphite content 
above 3.9vol%. The reduction in tensile strength may occur due to the 
agglomeration of filler particles or simply the result of physical contact between 
adjacent agglomerates [13]. The agglomerate is a domain that can act like a 
foreign body in composites. Since there was a high amount of agglomerates in 
higher filler loading composites, these agglomerates act as obstacles to chains 
movement and initiate failure under stress. These results were confirmed by both 
SEM and DSC as was mentioned before, where the compact structure which was 
formed around the content of 3.9vol% graphite is responsible for the maxima in 
all the above parameters. 
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Fig. (3): Stress-strain curves for PVDF and PVDF/ G composites at room 
temperature  

 
 
Table 3: Mechanical properties of the PVDF/graphite composites at room 
temperature 
 

Content of 
graphite (vol%) 

Elastic 
modulus(E) 

(Mpa) 

Tensile 
strength(σR) 

(Mpa) 

Ultimate 
elongation(εR) (%) 

Zero 722.15 26.77 5.6 
0.7 715 10.225 4.7 
2.3 720.54 12.68 5.19 
3.9 978 33.59 6.45 
5.5 966.16 32.32 5.19 
7.9 910.7 23.84 3.92 
11.1 331.44 9.48 3.49 
 

A trial was made to simulate the modulus of the PVDF/G composites 
using the Halpin-Tsai model which is widely used for predicting the modulus of 
randomly distributed filler-reinforced composites [14]. Fig. (4) depicts the 
variation of elastic modulus with the graphite content  for the experimental 
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results (points) obtained and the solid lines show the theoretical data obtained by 
applying the Halpin-Tsai model  represented by (equations (2-5)).  

 

 

 

 

 
 

where Ec is the elastic modulus of the composite with randomly distributed 
graphite . Eg and Em represent the elastic modulus of G and PVDF, and  is the 
volume fraction of G in the composites. αg, lg, and tg are the aspect ratio, length 
and thickness of the G. The Elastic modulus of the graphite is 1.50E+04 MPa, 
and that of pure PVDF is 722.15 MPa from the experimental data. It can be 
found that the experimental data for PVDF/G composites are in good agreement 
with the theoretical results under the hypothesis that G randomly disperse 
throughout the polymer matrix. The enhanced mechanical properties are believed 
to arise from the variation of the aspect ratio αg values of graphite structure, 
particles or aggregates, in composites with different G loading, as shown in 
Table (4). 
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Fig. (4): Experimental Elastic modulus of the composites, calculated data derived from 

the Halpin-Tsai model under the hypothesis that G randomly dispersed as 
3D network throughout the polymer matrix. 
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Table 4: The values of aspect ratio, αg with content of graphite 

 

Content of graphite αg 

0.007 1.5 

0.023 1.5 

0.039 3000 
0.055 15 
0.079 4.5 

 
The variation of the aspect ratio with different graphite content can be 

summarized in the illustrative sketch shown in Fig. (5). The primary graphite 
particles have collapsed into ordered clusters.  At low volume fractions  
(0.7-2.3vol%) of graphite, the clusters have a similar finite size and a spheroid 
shape (the aspect ratio, αg is about 1.5). At (3.9 vol%), the clusters are dense and 
well ordered and form a highly interconnected network. So, the value of αg 
increases sharply. At higher volume fractions (5.5-7.9vol %), the thickness of 
clusters increases, which results in a decrease in the aspect ratio. 

 
Fig. (5). Illustrative sketch for the microstructural changes in the 
            investigated composites with different graphite content 

 
 
3.3 Mechanical behaviour as a function of temperature  

Figures (6-9) represents a set of stress–strain curves of the neat PVDF, 
2.3vol%, 5.5vol% and 7.9vol% of graphite at different working temperatures 
ranging from 30 to 90 oC and constant strain rate of 4.4 e-3 sec-1. Each curve 
consists of two distinct regions, the linear (or elastic) and the plastic regions. It is 
noticed that these regions are sensitive to both the working temperature and the 
concentration of graphite. The stiffness of the composites increases with 
increasing the graphite content up to 3.9vol% and with decreasing the working 
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temperature. In general, as the stress increases the resulting strain increases. This 
character may be attributed to the increase in the flexibility of polymer chain 
segments by the addition of an external force. This flexibility depends largely on 
both the working temperature and graphite content. Table.5 summarizes the 
variation of elastic modulus (E), tensile strength (σR), ultimate elongation (εR), 
and yield stress (σy) with graphite content at different temperatures. The results 
show that, E, σR and σy decrease, while εR increases with increasing the working 
temperature. This could be related to the flow process in polymer taking place 
with temperature [15]. The increase of working temperature affected the 
viscosity of the polymer, so slipping of chain segments takes place which 
decreases E, σR and σy and in turn increases εR. Also, the addition of graphite 
formed an obstacle for this motion [16]. 
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Fig. (6): Stress-strain curve for pure PVDF at different temperatures.  
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Fig. (7): Stress-strain curve of PVDF-2.3vol%of graphite at different temperatures  

 

0 2 4 6 8 10 12 14 16 18 20 22
0

5

10

15

20

25

30

35

40

PVDF- 5.5vol%G

T=90oCT=70oC

T=60oC
T=50oC

T=30oC

 

Tr
ue

 s
tra

in
 (M

Pa
)

True strain (%)
Fig. (8):  Stress-strain curve of PVDF-5.5vol% of graphite at different temperatures  
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Table 5: Variation of Elastic modulus (E), tensile strength (σR), ultimate 
elongation (εR), yield stress(σy), and yield strain(εy) with graphite content for the 
investigated composites. 

 
Parameters Content of 

graphite 
(vol%) 

Temperature 
 ( oC) 

E (MPa) σR (MPa) εR    (%) σy (MPa) 

30 722.15 26.77 5.61 7.66 
50 491.40 19.62 8.92 4.99 
70 413.67 16.23 7.69 2.44 

0 

90 154.00 9.37 15.98 1.81 
30 715 12.44 4.7 3.37 
60 345.54 13.08 7.6 5.71 

0.7 

70 249.69 5.32 4.3 3.30 
30 720.55 17.32 5.19 4.58 
50 506.94 16.99 7.2 4.48 
90 377.88 16.32 15.2 5.03 

2.3 

120 100.39 16.13 18.9 1.53 
30 978 33.59 6.45 11.01 
50 488.22 11.63 4.3 3.44 
60 346.84 13.48 6.4 3.068 

3.9 

70 321.94 9.34 5.1 4.06 
30 910.7 32.32 5.19 7.35 
50 640.69 27.67 8.51 4.295 
60 292.95 25.09 12.12 3.90 
70 272.98 15.36 11.72 3.03 

5.5 

90 197.66 14.89 18.6 2.81 
30 894.2 23.84 3.92 8.66 
50 526.62 22.75 6.86 3.76 
60 317.99 25.17 10.53 3.57 
70 215.75 13.62 8.92 1.89 

7.9 

90 204.49 12.67 15.60 3.74 
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Fig. (9): Stress-strain curve of PVDF-7.9vol%of graphite at different temperatures  

 
Conclusion 

The incorporation of graphite particles in PVDF improved the 
mechanical properties of composites up to 3.9vol%, after that the mechanical 
properties deteriorates. SEM and DSC analyses were used for understanding the 
morphology, crystallinity and crystal form of PVDF/graphite composites. 
Morphology of the fracture surfaces showed that tensile properties are affected 
by graphite contents. Composite containing 3.9vol% of graphite exhibited the 
best compacted structure. DSC measurement indicated that graphite content has 
significant influence on the degree of crystallinity, χc for PVDF composites, 
where χc increases with increasing graphite content up to 3.9% of graphite. 
Above 3.9vol%, χc decreases with graphite loading. Besides, the melting 
behaviour suggested the presence of only α-phase crystals in neat PVDF and its 
composites. The elastic modulus values obtained from the stress – strain curves 
are in close agreement with those calculated by Halpin-Tsai's model, taking into 
account the variation of the aspect ratio of the graphite structure. The mechanical 
parameters E, σR and σy, where found to decrease, while εR increases with 
increasing the working temperature.  
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