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ABSTRACT: Nanocomposites based on poly(vinylidene
fluoride) (PVDF) and exfoliated graphite nanoplate (xGnP)
were prepared by solution precipitation method. The
resulting nanocomposites were investigated with respect
to their structure and properties by scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
differential scanning calorimetry (DSC), wide-angle X-ray
diffraction, and dynamic mechanical analysis. Both SEM
and TEM examinations confirmed the good dispersion of
xGnP in the PVDF matrix. The nonisothermal crystalliza-
tion behavior of the PVDF/xGnP nanocomposites was

studied using DSC technique at various cooling rates. The
results indicated that the xGnPs in nanometer size might
act as nucleating agents and accelerated the overall noni-
sothermal crystallization process. Meanwhile, the incorpo-
ration of xGnP significantly improved the storage
modulus of the PVDF/xGnP nanocomposites. VC 2010 Wiley
Periodicals, Inc. J Appl Polym Sci 119: 1166–1175, 2011
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INTRODUTION

In recent years, polymer/silicate nanocomposites
have attracted a lot of interest because they exhibit
improved properties in comparison with pristine
polymers and conventional composites.1–6 Neverthe-
less, silicate-reinforced polymers do not show signif-
icant electrical conductivity relative to other func-
tional polymer composites containing conductive
fillers, which greatly limits their application range.
Exfoliated graphite nanoplate (xGnP),7 namely, lay-
ered graphite in its exfoliated state, has good electri-
cal and thermal conductivity, high mechanical
strength, large aspect ratio, and layered structure
with nanoscale thickness just like silicates. Because

of these outstanding features, xGnP has been consid-
ered as a promising alternative to the commonly
used silicate for the preparation of polymeric nano-
composites. Recently, the nanoscale dispersions of
graphite nanoplate into various polymer matrices
such as poly(methyl methacrylate) (PMMA),8 poly
(3-hydroxybutyrate) (PHB),9 poly(styrene-co-acrylo-
nitrile),10 nylon 6,11 polypropylene,12 nitrile-butadi-
ene rubber (NBR),13 and poly(methyl acrylic acid)14

have been reported.
Poly(vinylidene fluoride) (PVDF) has received

considerable attention because of its good mechani-
cal properties, resistance to chemicals, high dielectric
permittivity, and unique pyroelectric and piezoelec-
tric properties.15,16 We believed that the homogene-
ous incorporation of graphite nanoplate into PVDF
matrix can not only obtain the similar reinforcing
effect of layered silicate but also impart some func-
tional properties to the resulting nanocomposites,
such as high dielectric permittivity and good electri-
cal and thermal conductivities, which may have bet-
ter potential for many applications. In our previous
study, novel PVDF/xGnP nanocomposites were pre-
pared by a solution-cast and hot-press method.17 It
was found that the incorporation of xGnP in the
PVDF matrix could effectively enhance the dielectric
constant of PVDF/xGnP nanocomposite with very
low percolation threshold.
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In this work, we attempt to fabricate nanocompo-
sites consisting of PVDF and xGnPs by a solution
precipitation method. The effect of different concen-
trations of graphite nanoplates on the morphology,
nonisothermal crystallization behavior, and mechani-
cal properties of PVDF/xGNP nanocomposites was
investigated.

EXPERIMENTAL

Materials and sample preparation

PVDF (Solef 6008) used in this study was purchased
from Solvay (Shanghai). Natural flake graphite was
provided by Qingdao Dingding graphite products
factory. H2SO4, HNO3, ethanol, and N,N-dimethyl-

formamide (DMF) were purchased from Guangzhou
Chemical Reagent Company and used directly with-
out any further treatment.
The procedure for preparation of PVDF/xGnP

nanocomposites is illustrated in Figure 1. Briefly,
natural flake graphite was added into a mixed solu-
tion composed of sulfuric acid and nitric acid with a
volume ratio of 4 : 1. After being stirred at room
temperature for 24 h, the mixture was filtered, and
the black solid was washed with deionized water
until the pH value of the solution was up to 7. Sub-
sequently, the acid-intercalated graphite was dried
at 80�C for 24 h. The above dried graphite was
expanded at 1000�C for 1 min in a muffle furnace to
form expanded graphite. To obtain xGnPs, expanded
graphite in 70% ethanol solution was subjected to

Figure 1 Schematic illustration of mechanism for formation of PVDF/xGnP nanocomposites. SEM images of (a) expand-
able graphite and (b) exfoliated graphite nanosheet, (c) TEM image of PVDF/xGnP nanocomposites, and (d) SEM image
of PVDF/xGnP nanocomposites.
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ultrasonic powdering for 6 h. The PVDF/xGnP
nanocomposites were prepared by mixing desired
amount of xGnP and PVDF in 100 mL of DMF solu-
tion at 80�C under stirring for 2 h and then treated
with ultrasonic powdering for another 2 h. The mix-
ture was poured into 200 mL of deionized water for
rapid precipitation, and the product was kept in a
vacuum oven at 70�C for 3 days. The samples with
xGnP concentration of 1, 5, and 10 wt % were desig-
nated as PEG1, PEG5, and PEG10, respectively.

Characterization

Scanning electron microscopy (SEM, JEOL Model,
JSM-6490) and transmission electron microscopy
(TEM, JEOL Model, JEM-2010) were used to observe
the microscopic structure of xGnP and PVDF/xGnP
nanocomposites. Differential scanning calorimetry
(DSC) thermal analysis was carried out with a Per-
kin Elmer DSC-7 differential scanning calorimeter
under a nitrogen atmosphere. Sample was initially
heated to 200�C at a rate of 10�C/min. It was held

for 5 min at this temperature to eliminate previous
thermal histories before cooling to 30�C at a speci-
fied cooling rate. After keeping at 30�C for 3 min,
sample was reheated to 200�C at a heating rate of
10�C /min, followed by the next cooling and heating
cycle. The cooling rates used were 5, 10, 15, and
20�C/min, respectively. Wide-angle X-ray diffraction
(WAXD) analyses were performed using a high-so-
lution X-ray diffractometer system (Bruker D8 Dis-
cover). Dynamic mechanical property was measured
by a Perkin Elmer diamond dynamic mechanical an-
alyzer lab system at a frequency of 1 Hz in a nitro-
gen atmosphere, with a temperature range from �80
to 80�C at a scan rate of 5�C/min.

RESULTS AND DISCUSSION

Distribution of xGnP in PVDF matrix

xGnPs were prepared by subjecting natural graphite
flake to acidic intercalation, rapid thermal treatment,
and ultrasonic powdering in sequence, which has

Figure 2 DSC curves of (a) PVDF, (b) PEG1, (c) PEG5, and (d) PEG10 at various cooling rates.
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been described in detail in the experimental part. As
shown in Figure 1, the obtained graphite nanoplates
have a size of 20–60 nm in thickness and 0.5–25 lm
in diameter. To investigate the dispersion state of
xGnP in the PVDF matrix, sample PEG1 was
observed by TEM. The result shows that most of the
graphite nanoplates are isolated and evenly distrib-
uted within the PVDF matrix. Moreover, from the
SEM images of the fractured PVDF/xGnP nanocom-
posites for sample PEG1, it can be seen that xGnPs
were embedded in the PVDF matrix. According to
the FTIR results reported by other groups,7,10 there
are some functional groups, such as CAOAC,
CAOH, and COOH, on the surface of xGnP. The ex-
istence of these functional groups can have interac-
tion with the PVDF molecular chains possessing the
strong polar group F, leading to the well dispersion
of xGnP in the PVDF matrix.

Nonisothermal crystallization analysis

Figure 2 shows crystallization curves for pure PVDF
and its nanocomposites at different cooling rates.
The peak crystallization temperature (Tp), the heat of
crystallization (DHc), and the crystallinity degree (a)
of pure PVDF and its nanocomposites can be
obtained from these curves, and the results are listed
in Table I. The degree of crystallinity (a) can be cal-
culated by

að%Þ ¼ DHc

ð1� UÞDH0
c

� 100; (1)

where DHc
0 is the heat of fusion for 100% crystalline

PVDF and U is the weight fraction of xGnP in the
nanocomposites. A value of 104.6 J/g was used for

DHc
0 as the heat of fusion of 100% crystalline

PVDF.18 From Table I, it is clear that the Tp values of
all nanocomposites are higher than those of pure
PVDF and increase with increasing xGnP content at
a given cooling rate. For example, at the cooling rate
of 20�C/min, Tp values for PEG1, PEG5, and PEG10
are 130.99, 139.97, 140.59�C, respectively, whereas
for pure PVDF, it is only 125.99�C. This phenom-
enon can be explained by the heterogeneous nuclea-
tion effect of the xGnPs on PVDF macromolecule
segments, which leads to the crystallization of PVDF
at a higher temperature. On the other hand, the Xc

values of nanocomposites at various cooling rates
were lower than those of pure PVDF, implying that
the degree of crystallization for PVDF/xGnP nano-
composites was reduced. This phenomenon may be
attributed to the interface interaction between PVDF
and xGnP, which would reduce the motion ability of
PVDF chains.19

Activation energy and nucleation activity
for nonisothermal crystallization

Kissinger20 has suggested a method to determine
the activation energy for the transport of the macro-
molecular segments to the growing surface based on
the plot of the following form:

d½lnðb=T2
pÞ�

dð1=TpÞ ¼ �DE
R

; (2)

where R is the gas constant and b is the cooling
rate. Figure 3 illustrates the plots of ln(b/Tp

2) vs.
1/Tp for PVDF and its nanocomposites. The activa-
tion energy can be calculated from the slopes of the
plots, and the results are listed in Table II. The val-
ues of DE for PVDF/xGnP nanocomposites are all

TABLE I
Values of Tp, DHc, and a for PVDF and Its

Nanocomposites

Sample
Cooling rate
(�C/min) Tp (

�C) DHc (J/g) a (%)

PVDF 5 133.68 46.39 44.35
10 130.28 45.73 43.72
15 127.97 46.18 44.14
20 125.99 47.22 45.14

PEG1 5 138.84 43.81 41.88
10 135.11 44.45 42.49
15 132.97 44.71 42.74
20 130.99 45.64 43.63

PEG5 5 145.99 40.11 38.34
10 143.43 41.71 39.87
15 141.45 43.06 41.17
20 139.97 43.25 41.35

PEG10 5 146.31 37.84 36.18
10 143.9 40.25 38.48
15 142.16 41.78 39.94
20 140.59 42.11 40.26

Figure 3 Plots of ln(b/To
p) against 1/TP for PVDF and

its nanocomposites.
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higher than that of pure PVDF and increase with the
increasing of xGnP content, implying that PVDF
chain segments require more energy to move during
the nonisothermal crystallization process because
of the presence of xGnP. It suggests that the func-
tional groups of xGnP may have some interaction
with PVDF chain segments and then impede their
movement to the growing crystalline surface, thus
resulting in crystallization difficulty.21

The nucleating activity of xGnP in the PVDF/
xGnP nanocomposites was determined by using the
method suggested by Dobreva and Gutzow.22,23

According to them, for homogeneous nucleation
from the melt, the cooling rate can be written as
follows:

log b ¼ const� B0

2:3DT2
p

; (3)

whereas for the heterogeneous case,

log b ¼ const� B�
2:3DT2

p

; (4)

where DTp is equal to Tm � Tp (Tm: melting tempera-
ture), and B (B0 and B*) is a parameter related to
three-dimensional nucleation, which can be calcu-
lated from the following equation:

B ¼ xr3V2
m

3nkTmDS2m
; (5)

where n is the Kolmogorov–Avrami exponent, Vm is
the molar volume of the crystallizing polymer, DSm
is the entropy of melting, k is the Boltzmann con-
stant, r is the specific surface energy, and x is a ge-
ometrical factor.

The nucleation activity (e) of the filler is defined
as the ratio of B* to B0 (e = B*/B0) and can be deter-
mined from the slopes of linear plots of log b vs.
1/DTp

2. The value of e approaches 0 if the filler is
extremely active for nucleation, whereas approaches
1 for an absolutely inert filler. The plots of log b vs.
1/DTp

2 for PVDF and its nanocomposites are shown
in Figure 4, and the values of e are given in Table II.
The nucleation activity values were calculated as

0.67, 0.34, and 0.33 for PEG1, PEG5, and PEG10,
respectively. This result shows that xGnP is an effec-
tive nucleation agent in the PVDF matrix, and the
nucleation ability increases with increasing xGnP
loading amount. According to the results of activa-
tion energy and nucleation activity, xGnPs may play
two roles in the crystallization process of PVDF: het-
erogeneous nucleating agents to facilitate crystalliza-
tion and obstacles to hinder the motion of PVDF mo-
lecular chains during crystallization process.24

Nonisothermal crystallization kinetics

To further understand the evolution of nonisother-
mal crystallization process, the Ozawa and modified
Avrami–Ozawa methods were used to analyze the
nonisothermal crystallization kinetics of PVDF and
its nanocomposites.25–27 Both Ozawa and modified
Avrami–Ozawa methods are based on the Avrami
equation used to describe the isothermal crystalliza-
tion28:

Xt ¼ 1� expð�ðZttÞnÞ: (6)

The double natural logarithm of the Avrami equa-
tion gives the following relationship:

ln½� lnð1� XtÞ� ¼ lnZt þ n ln t; (7)

where t is the crystallization time, Xt is the relative
degree of crystallinity at time t, the exponent n is a
mechanism constant with a value depending on the
type of nucleation and the growth process, and the
parameter Zt is a growth rate constant involving
both nucleation and growth rate parameters. From
the DSC curves of melting crystallization (see Fig. 2),

TABLE II
Values of DE and e for PVDF and Its Nanocomposites

Sample DE e

PVDF 251.55 –
PEG1 254.06 0.67
PEG5 337.61 0.34
PEG10 358.55 0.33

Figure 4 Plots of log b against 1/T2
P for PVDF and its

nanocomposites.
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the values of Xt at different time can be calculated
according to the following equations:

XT ¼
R T
T0
ðdHc=dTÞdT

R T1
T0

ðdHc=dTÞdT
; (8)

t ¼ ðT0 � TÞ=b; (9)

where XT is the relative degree of crystallinity at
temperature T, dHc/dT is the heat flow rate, T0 and
T1 represent the onset and end of crystallization
temperatures, respectively. By combining eq. (8)
with eq. (9), the development of relative crystallinity
Xt of PVDF and its nanocomposites with time t at
different cooling rates can be obtained, as shown in
Figure 5.

Assuming that the polymer melt was cooled at a
constant rate and the mathematical derivation of
Evans was valid, Ozawa29 extended the Avrami
equation to the nonisothermal condition:

XT ¼ 1� expð�KðTÞ=bmÞ; (10)

where K is the Ozawa crystallization rate constant
and m is the Ozawa exponent. The double natural
logarithm of the Ozawa equation gives the following
relationship:

ln½� lnð1� XTÞ� ¼ lnKðTÞ �m ln b: (11)

A plot of ln[�ln(1�XT)] vs. ln b at a given temper-
ature should yield a straight line if the Ozawa
method is valid. Thus, K(T) and m can be obtained
from the intercept and the slope of the lines, respec-
tively. The Ozawa plots of ln[�ln(1�XT)] vs. ln b
for PVDF and its nanocomposites are shown in Fig-
ure 6. However, the obvious curvatures in the plots
indicate that the Ozawa method cannot fit the crys-
tallization behavior of PVDF and its nanocomposites,
which can be ascribed to the factors such as the sec-
ondary crystallization of PVDF, the dependence of

Figure 5 The variation of relative crystallinity degree as a function of time for (a) PVDF, (b) PEG1, (c) PEG5, and (d)
PEG10 at various cooling rates.
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lamellar thickness on crystallization temperature,
and the constant value of cooling function over the
entire crystallization process.30

Mo and coworkers31 proposed that the relation
between b and t could be defined under a certain
crystallinity degree because Xt (or XT) was related to
b and the crystallization time t (or temperature T).
Using eq. (9) and combining eqs. (7) and (11), the
following equation can be obtained for a given
degree of crystallinity:

ln kþ n ln t ¼ lnKðTÞ �m ln b (12)

and by rearrangement

lnb ¼ ln FðTÞ � a ln t; (13)

where F(T) = [K(T)/k]1/m, which refers to the cooling
rate that must be selected within a unit of crystalli-
zation time when the nonisothermal crystallization
process reaches a certain degree of crystallinity, and
a is the ratio of the Avrami exponent (n) to the
Ozawa exponent (m), that is, n/m. It can be seen that
F(T) has a definite physical and practical meaning.

According to eq. (13), at a given degree of crystallin-
ity, plotting ln b vs. lnt should result in a linear rela-
tionship. The kinetic parameter F(T) and a can be
determined from the intercept and the slope of the
lines, respectively. As presented in Figure 7, modi-
fied Avrami–Ozawa plots of ln b vs. lnt at different
degree of crystallinity for PVDF and its nanocompo-
site show a good linearity, which confirms the
advantage of this method applied in the PVDF/
xGnP nanocomposites. The values of ln F(T) and a
are listed in Table III. It can be seen that the values
of ln F(T) for PVDF/xGnP nanocomposites are
smaller than that for pure PVDF at the same degree
of crystallinity, indicating that the addition of graph-
ite nanoplates can accelerate the overall crystalliza-
tion process of PVDF. Moreover, the ln F(T) values
of PVDF/xGnP nanocomposites appear to decrease
with an increment in the graphite nanoplate content.
In general, the crystallization process of polymer
involves two steps: (a) the diffusion of crystallizable
molecular chains to the crystal front and (b) nuclea-
tion. As discussed above, the xGnP can not only act
as a heterogeneous nucleating agent to facilitate the
formation of PVDF crystalline but also retard the

Figure 6 Ozawa plots of ln[�ln(1�XT)] against lnb for crystallization of (a) PVDF, (b) PEG1, (c) PEG5, and (d) PEG10.
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movement of molecular chains due to the interaction
between PVDF and xGnP. Therefore, under the con-
junct influences of these two factors, sample PEG1
has the greatest crystallization ability with a mini-
mum ln F(T) value among the PVDF/xGnP
nanocomposites.

Melting following nonisothermal crystallization

To investigate the crystalline structures formed dur-
ing the nonisothermal crystallization process, the
subsequent heating of the samples cooled at differ-
ent rates was performed at a rate of 10�C/min. As
shown in Figure 8, pure PVDF evidently exhibits a
shoulder melting peak at higher temperature. The
existence of double melting peaks during DSC heat-
ing has generally been explained in two ways:
recrystallization and polymorphism. According to
the WAXD result (see Fig. 9), after being cooled
from 200 to 30�C at a rate of 20�C/min, the crystalli-
zation structure of pure PVDF was dominated by
a-form crystal as shown from the characteristic peaks
at 2h values of 17.6�, 18.3�, 19.9�, and 26.6� corre-
sponding to a (020), a (100), a (110), and a (021),

respectively. Therefore, the double melting peaks of
pure PVDF did not originate from polymorphism,
but from the melting of the recrystallized crystallites

Figure 7 Modified Avrami–Ozawa plots of lnb against for crystallization of (a) PVDF, (b) PEG1, (c) PEG5, and (d) PEG10.

TABLE III
Nonisothermal Crystallization Kinetics Parameters

Obtained from the Modified Avrami–Ozawa Equation
for PVDF and Its Nanocomposites

Sample Xt a ln F(T)

PVDF 0.2 1.65 1.23
0.4 1.63 1.58
0.6 1.62 1.79
0.8 1.64 2.01

PEG1 0.2 1.37 1.01
0.4 1.41 1.27
0.6 1.44 1.46
0.8 1.50 1.63

PEG5 0.2 1.23 1.06
0.4 1.28 1.30
0.6 1.31 1.52
0.8 1.31 1.78

PEG10 0.2 1.07 1.10
0.4 1.09 1.33
0.6 1.08 1.55
0.8 1.05 1.81
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formed during the subsequent heating scan. How-
ever, for sample PEG1, the intensity of shoulder
melt peak became weaker, whereas sample PEG5
and PEG10 only show a single melting peak. The

melting behavior of the PVDF/xGnP nanocompo-
sites means that the good dispersion of graphite
nanoplates in PVDF matrix induces homogeneous
crystallization structure formation. 31–33

Figure 8 DSC melting curves of (a) PVDF, (b) PEG1, (c) PEG5, and (d) PEG10 following nonisothermal crystallization at
different cooling rates.

Figure 9 The WAXD results of (a) PVDF, (b) PEG1, (c)
PEG5, and (d) PEG10 after being cooled from 200 to 30�C
at a rate of 20�C/min.

Figure 10 The variation of storage modulus as a func-
tion of temperature for PVDF and its nanocomposites with
different xGnP loading.
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Dynamic mechanical behavior

Figure 10 shows the storage moduli of PVDF and its
nanocomposites. Although the storage moduli of all
samples decreased with the increment of tempera-
ture over the temperature range between �80 and
80�C, the storage modulus of PVDF is significantly
enhanced by the addition of xGnP at each tempera-
ture investigated, and sample PEG10 exhibits the
largest storage modulus. This confirms that the pres-
ence of xGnP improves the dynamic mechanical
property of PVDF. Figure 11 shows the tan D curves
for PVDF and its nanocomposites. The tan D peak
for pure PVDF at about �30�C corresponds to the
glass transition temperature. For the PVDF/xGnP
nanocomposites, the tan D peak shifted to a higher
temperature and the peak intensity decreased with
increasing xGnP content. The shift of the tan D peak
to a higher temperature may be ascribed to the inter-
action between the xGnP and PVDF matrix, which
hindered the motion of the polymer chains. A simi-
lar result has been reported for polyamide/clay
nanocomposites by Tjong and Bao.24

CONCLUSIONS

Nanocomposites composed of PVDF and xGnP were
prepared by solution precipitation method. The
nanoscale dispersion of xGnP in PVDF matrix was
confirmed by SEM and TEM. DSC has been used to
investigate the influence of graphite nanoplates on
the nonisothermal crystallization behavior of PVDF/
xGnP nanocomposites. Two methods, including
Ozawa and modified Avrami–Ozawa models, were
used to analyze the nonisothermal crystallization ki-
netic of the nanocomposites. It was found that
Ozawa method failed to provide an adequate
description for the nonisothermal crystallization of

PVDF and its nanocomposites, but the modified
Avrami–Ozawa model has been proven to be suc-
cessful. The graphite nanoplates in nanometer size
might act as the nucleating agents and accelerated
the overall nonisothermal crystallization process of
PVDF especially when the xGnP loading amount
was 1 wt %. Dynamic mechanical analysis indicated
significant improvements in storage modulus over a
temperature range of �80 to 80�C for PVDF/xGnP
nanocomposites in comparison with pure PVDF.
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Figure 11 The variation of loss tangent as a function of
temperature for PVDF and its nanocomposites with differ-
ent xGnP loading.
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