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Montmorillonite clay based poly(vinylidene fluoride) nanocomposites were prepared by melt-mixing.
The clays used included unmodified clay, a commercially available ammonium based clay, and two
organically modified clays prepared by cation exchange with hexadecylpyridinium chloride and with
octadecyltriphenylphosphonium bromide. PVDF–clay nanocomposites were processed in a mini twin-
screw extruder. The structure of nanocomposites, analyzed using WAXD and TEM, indicated different
extents of the clay dispersion depending on the modifier. PVDF formed b-phase crystals in the presence
of organically modified clay when crystallized from its melt; in contrast, a-crystals were formed in the
absence of clay and with unmodified clay. SAXS analysis indicated that the long period and crystalline
lamella thickness decreased with the addition of clay. The melting and crystallization temperatures
increased around 10 and 13 �C, respectively, with 5 wt% of phosphonium modified clay, which was the
highest among the clays used. Further, the clay served as a nucleating agent for PVDF matrix, as observed
by hot-stage polarized optical microscopy. The average spherulitic radius, determined from small angle
light scattering, decreased with clay content. The elongation at break increased around 200% with the
addition of only 5 wt% of ammonium clay. The storage and loss moduli of the nanocomposites were
significantly higher than those of PVDF throughout the temperature range. Dielectric measurements
showed a maximum increase of about 8 units of dielectric constant at 1 Hz frequency with 5 wt%
organoclay.
1. Introduction

Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer
and has four crystal polymorphs referred to as a, b, g and d [1,2]. The
a and b polymorphs are most common, but melt processing usually
results in the a-phase. The b-phase has an all-trans conformation
comprising fluorine atoms and hydrogen atoms on opposite sides of
the polymer backbone, resulting in a net non-zero dipole moment
[1]. Consequently, this phase exhibits good electrical properties
such as a high piezoelectric constant [3,4] and dielectric constant
[4]. The b-phase in PVDF can be obtained from the a-phase by
uniaxial or biaxial stretching of PVDF film [6,7] and simultaneous
stretching and poling of the film. Other methods for obtaining
b-phase have also been proposed [5,8,9]. PVDF is used for pipes and
fittings in chemical processing and pharmaceutical industries due
to its inertness. In its b-phase, PVDF is also used in polymer sensors,
actuators and transducers. The blending of organically modified
clay with PVDF affects both mechanical and electrical properties
and we review some of the previous studies below.
Priya and Jog [10–12] were the first to prepare PVDF–clay
nanocomposites. They observed that the addition of organically
modified clay resulted in the formation of the b-phase instead of
the a-phase upon melt processing. They used two different
organoclays (Cloisite� 6A and Cloisite� 20A) in separate studies.
Nanocomposites prepared with both the clays (1.5–7 wt%) showed
an increase in melting (6–8 �C) and crystallization (10–12 �C)
temperatures, crystallization rate and a decrease in the crystallinity
(about 17%). The storage modulus was found to be increased sig-
nificantly with clay [10–12]. Shah et al. [13] found a significant
enhancement in toughness (w700%) (defined by the area under the
stress–strain curve) of PVDF on the addition of only 5 wt% of
organoclay (Cloisite� 30B). Young’s modulus and elongation at
break of nanocomposites were reported to be around 40 and 250%
higher than those of the PVDF matrix, respectively. They also
reported that PVDF with pristine and surface-modified silica as well
as with unmodified layered silicate all had similar toughness. As
observed by Priya and Jog [10], they also found a complete phase
transformation of the PVDF to its b-phase on the addition of 2 wt%
organoclay. It was suggested that the matching of crystal lattice
of the clay with that of the b-phase of PVDF is probably responsible
for the formation and stabilization of the b-phase. They argued that
in the case of nanocomposites the structure formed by the

mailto:khakhar@iitb.ac.in
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer


3487
nucleation of fiber-like b-phase on the clay surface is suitable for
plastic flow under applied stress, leading to increase in the
toughness of the material. The recent SAXS studies by Shah et al.
[14] show that the silicate layers gain the ability to orient in the
direction of applied stress and become more mobile in polymer
matrix when the measurement is carried out above the glass
transition temperature of the polymer. Thus the nanoparticle ori-
entation and alignment under tensile stress are responsible for the
energy dissipation and ultimately increase in the toughness of
PVDF nanocomposites. They observed that the toughness of the
nanocomposites decreased at higher clay percentages (>5 wt%)
and at lower temperature (�65 �C for 5 wt% of clay loading) [14].
Molecular dynamics simulations on nanoparticle mobility in
a polymer matrix have also suggested that the increase in tough-
ness results from the ability of nanoparticles to dissipate energy
due to the equivalence of the time scales of motion of the particles
and the polymer molecules [15].

Dillon et al. [16] prepared PVDF–clay nanocomposites using
Cloisite� 15A and Cloisite� 25A by two methods: solution casting
and co-precipitation. The nanocomposites prepared by solution
casting were phase separated (microcomposites) with Cloisite� 15A
and partially intercalated structure with Cloisite� 25A clay. How-
ever, the nanocomposites prepared by co-precipitation gave com-
plete exfoliation of the clay layers. The crystallization behaviour of
nanocomposites was in agreement with that reported by Priya and
Jog [11]. Buckley et al. [17] studied the impact of cold crystallization
on the structure of PVDF-organically modified clay (Lucentite
STN�) nanocomposites. It was observed that the nanocomposites
having organically modified clay in the range of 0.025–0.5 wt%
partially formed b-phase, however, with 0.5 wt% or more of
organoclay the b-phase dominated in PVDF. The nanocomposites
with a predominant b-phase showed a broader SAXS peak than the
samples having a-phase [17]. A study of rheological behaviour of
clay based PVDF–PMMA miscible blend nanocomposites [18]
showed that at lower frequencies, the storage modulus increased
with PMMA content in nanocomposites and at 10% PMMA, the
frequency dependency of the storage modulus showed solid-like
behaviour. Paraelectric and ferroelectric phase transitions were
observed by Cebe and Runt [19] by adding organically modified
layered silicates (Nanomer 1.30TC and Lucentite STN) in poly-
(vinylidene fluoride-co-trifluoroethylene). It was found that the
nanocomposites with 2 wt% organoclay showed a crystal
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Fig. 1. Scheme for the synthesis of octad
nucleating effect and an increase in the number of ferroelectric
crystals formed during cooling from melt. At higher clay loading
(10–25 wt%), the temperature stability range of the ferroelectric
crystals increased significantly [19].

The present work primarily concerns the preparation of PVDF–
clay nanocomposites using unmodified and different organically
modified clays by the melt-mixing method. The modifiers used are
C18 and C16 chains of phosphonium and pyridinium salts, re-
spectively, and dimethylbenzylhydrogenated tallow quaternary
ammonium. Clays with ammonium based modifier have been used
extensively in PVDF nanocomposites in previous studies [10–
14,16,17], but the behaviour of nanocomposites with phosphonium
and pyridinium based clays has not been previously studied.
Phosphonium and pyridinium based clays are known to have
greater thermal stability compared to ammonium based clays
[20,21]. Nanocomposites with 0.5–5 wt% of different clays are
prepared through melt-mixing method. The purpose of the present
study is to investigate the effect of different clay modifiers on the
structure, crystallization behaviour, and mechanical and electrical
properties of PVDF–clay nanocomposites.

2. Experimental details

2.1. Synthesis of octadecyltriphenylphosphonium bromide

The method for synthesizing the above compound was similar
to the method adopted by Zhu et al. [20]. The reaction scheme is
presented in Fig. 1. The required amount of triphenylphosphine
(1 M) (Otto Kemi, India) and 1-bromo octadecane (1.2 M) (Spec-
trochem, India) was placed in a 250 ml round bottomed flask. The
reaction was carried out by stirring the mixture with a magnetic
stirrer at 100 �C for 10 h in nitrogen atmosphere. 1-Bromo octa-
decane was added slightly in excess to ensure the completion of the
reaction; it is easily removed by petroleum ether. The white pow-
der like product was then washed three times with petroleum
ether. The yield was found to be 80%. The product was dried for 12 h
under vacuum at room temperature. The 13C NMR (CDCl3, d, ppm)
peaks were found to be at 135.0 (d, J¼ 2 Hz, P–C), 133.6 (d,
J¼ 10 Hz, P–C), 130.5 (d, J¼ 13 Hz, P–C), 118.3 (d, J¼ 85 Hz, P–C),
31.8, 30.4 (d, J¼ 15 Hz, P–CH2), 29.3 (m), 23.1, 22.6, 14.0 and the 31P
NMR (CDCl3, d, ppm) was at 22.4, confirming the formation of the
product.
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2.2. Clay modification using different surfactants

Two types of organic surfactants were used to modify the clay,
viz., hexadecylpyridinium chloride (Otto Kemi, India) and octade-
cyltriphenylphosphonium bromide. The method of clay modifica-
tion for all the surfactants is similar. The clay was modified by using
cation exchange reaction. Ten grams of unmodified clay (Cloisite�

Naþ, Southern Clay Products, USA) was dispersed in 500 ml of
deionized water by using a magnetic stirrer at 60 �C. A fixed
amount of surfactants (1.2 meq/1 g of CEC of clay) was dissolved in
50:50 mixture by volume of water and methanol. The solution was
then slowly poured into the clay suspension along with stirring. A
white precipitate was observed immediately after the transfer of
the surfactant solution, indicating the beginning of exchange re-
action. The reaction was continued for 12 h to ensure the complete
exchange of cations. The precipitate was filtered and washed
repeatedly with mixture of water and methanol until no white
precipitate of chloride ion with AgNO3 solution was obtained. The
clay was vacuum-dried for 24 h at 100 �C. The lumps of clay after
drying were ground using a ball-mill to a fine powder.
2.3. Nanocomposite preparation

All clays and PVDF (Kynar 720, Atofina, USA) were dried under
vacuum at 100 �C overnight prior to processing. PVDF–clay nano-
composites were prepared with different organoclays by using a
mini twin-screw extruder (Micro 5, DSM, Holland) with co-rotating
screws and a 5 cc capacity barrel. Various weight percentages,
ranging from 0.5 to 5 wt%, of each clay were melt-mixed with PVDF.
The processing temperature, residence time and the screw speed
were set at 210 �C, 5 min and 100 rpm, respectively. The details of
organoclays are given in Table 1.
2.4. X-ray diffraction

Wide angle X-ray diffraction (WAXD) studies were carried out
for all the nanocomposite and clay samples by using Cu-Ka radia-
tion for X-ray of wavelength 1.54 Å between 3�–40� and 3�–10� 2q,
respectively, at 0.2�/20 s scan rate in an X-ray diffractometer (X’Pert
Pro, PANalytical).

Small angle X-ray scattering (SAXS) experiments were per-
formed on compression-molded polymer films of thickness 80
(�10) mm using an X-ray source having wavelength 1.54 Å in a dif-
fractometer (Anton Paar, Austria). The samples were scanned for
15 min at 25 �C between 2q¼ 0� and 8�. The scattering patterns
were recorded on a film using the line collimation technique. The
scattering patterns were integrated to generate an I(q) vs. q curve,
where I(q) is the intensity of scattered X-rays and q is the scattering
vector. Lorentz’s corrected intensity, I(q)q2, was plotted vs. q for all
the samples to determine the long period, Lw, and crystalline
lamellar thickness, Lc. The long period was calculated using Bragg’s
equation, Lw¼ 2p/qm, where qm is the value of the scattering vector
corresponding to the maximum of I(q)q2. The crystalline lamellar
Table 1
Nanocomposite samples used in the study

Sample Clay type Modifier Clay percentages
(%) (x)

PVDF – – 0
PVDF(x)CNa CNa – 2, 5
PVDF(x)C10A C10A Dimethylbenzylhydrogenated

tallow quaternary ammonium
0.5, 1, 2, 5

PVDF(x)C18P C18P Octadecyltriphenylphosphonium
bromide

0.5, 1, 2, 5

PVDF(x)CHDP CHDP Hexadecylpyridinium chloride 2, 5
thickness was obtained using Lc¼ LwXc, where Xc is crystallinity
which was measured from DSC traces.

2.5. Fourier transform infrared spectroscopy

PVDF film samples were characterized by using FTIR (Nicolet,
USA) to determine the crystalline phases that were obtained on the
addition of clay. FTIR measurements were made on the compres-
sion-molded films of thickness of around 40–50 mm in the wave-
length range of 400–4000 cm�1 with a resolution of 2 cm�1

followed by background correction. The fraction of b-phase in film
samples was determined from the FTIR scans as

FðbÞ ¼
Ab�

1:3Aa þ Ab

� (1)

where Aa and Ab are the absorbances in FTIR spectrum corre-
sponding to 764 and 840 cm�1 bands, respectively [22].

2.6. Transmission electron microscopy

TEM (Philips CM 200) was carried out to study the dispersion of
clay. Samples for TEM were prepared using an ultra-microtome
(Leica, Ultracut UCT). Around 70–100 nm thick films were cut along
the flow direction of an injection-molded tensile specimen using a
freshly prepared glass knife. The thickness of the films was
determined from the given color chart. One of the films was
transferred to the TEM copper grid and stained with ruthenium
tetroxide for about 10 min before analysis.

2.7. Thermal analysis

Crystallization studies were conducted by means of DSC (Pyris6,
Perkin Elmer analyzer). The samples were analyzed between 50
and 200 �C at a heating or cooling rate of 10 �C/min. The samples
were kept for 3 min at 200 �C to erase the thermal history. The first
cooling and second heating traces were recorded. The percentage
crystallinity was calculated using the heat of fusion value for 100%
crystalline PVDF, DH100%¼ 102.7 J/g [23]. Thermogravimetric anal-
ysis (High resolution TGA 2950, TA instruments) studies were
carried out in an N2 atmosphere between room temperature and
800 �C at the rate of 20 �C/min.

2.8. Hot-stage polarized optical microscopy

Spherulitic growth was observed by hot-stage optical micros-
copy (Linkam TP 94 hot-stage mounted on an Olympus optical
microscope). The material was rapidly heated up to 200 �C and kept
for 5 min at this temperature to ensure the melting of all the
crystals. It was then quenched to 156 �C (for pure PVDF), 163 and
170 �C (for nanocomposite samples) at a rate of 50 �C/min and
maintained at that temperature until the spherulitic growth ceased.
The micrographs were captured with the help of a camera attached
to the microscope.

2.9. Small angle light scattering (SALS)

SALS experiments were carried out to determine the spherulitic
radius from the four-lobe patterns obtained. A He–Ne laser having
wavelength 632.7 Å was used as a light source. The patterns formed
on the screen were captured using a digital camera (Nikon, Coolpix,
Japan). The spherulitic radius was calculated using [24]

R ¼ 1:025l0

pn sin
�
q0m=2

� (2)
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Fig. 2. TGA of unmodified clay and organoclays.

Table 2
Parameters obtained from TGA of clay

Clay Moisture
content (%)

Onset of decomposition,
Tonset (�C)

Organic
content (%)

CNa 6.0 – 0
C10A 0.5 177 36.7
C18P 0.2 301 28.2
CHDP 0.8 248 26.1
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where R¼ average spherulitic radius, l0¼wavelength of the light in
the air, and q0m¼ corrected scattering angle for maximum intensity,
which is related to the actual scattering angle, qm, as sin q0m¼ sin(qm)/
n, where n¼ 1.42 is the refractive index of the sample.

2.10. Tensile testing

The samples were injection-molded in a microinjection-mold-
ing machine (DSM, Holland) from its melt at 220 �C to make tensile
specimens. The mold was kept at room temperature. Tensile testing
was conducted on the dumb-bell shaped specimen of 3 mm
thickness and width each and 12 mm gauge length (ASTM D638
Type V) using a UTM (Instron 3365) equipped with a 10 kN load
cell. The cross-head speed was set at 5 mm/min.

2.11. Dynamic mechanical analysis

Dynamic mechanical analysis was performed in tension mode
on compression-molded film samples by using a Dynamic Me-
chanical Analyzer (Triton, UK). The length, width and thickness of
the samples were kept in the range of 2, 3–4 and 0.050–0.060 mm,
respectively. The tests were performed in the temperature range
between �100 and 150 �C. The samples were heated at a rate of
2 �C/min. The frequency of tension was set at 1 Hz and the de-
flection was 0.02 mm.

2.12. Dielectric constant measurements

Dielectric measurements were performed on compression-
molded disc-shaped films of thickness 80–90 mm and diameter
20 mm. The samples were silver-coated on opposite faces and the
measurements were carried out between frequencies 1 Hz and
1 MHz in a high-resolution dielectric analyzer (Novocontrol, Ger-
many). The dielectric constant (3r) of samples was determined by
using C¼ 3r3o(A/d), where C¼ capacitance, 3o¼ 8.85�10�12 F m�1

is permittivity of vacuum, A is the area of the electrode and d is the
thickness of the sample.

3. Results and discussion

3.1. Thermogravimetric analysis of clay

The curves for mass loss vs. temperature are plotted in Fig. 2. It
can be seen that in the case of unmodified clay the initial mass loss of
about 6% between room temperature and 150 �C is due to the
evaporation of moisture present in the clay. However, upon modi-
fication of the clay, the organoclays do not show significant mass loss
up to the temperature 200 �C. The maximum mass loss of about 0.8%
is observed up to 200 �C in the case of pyridinium clay (CHDP),
whereas the phosphonium modified clay (C18P) shows about 0.2%
mass loss in the above temperature range. This indicates the hy-
drophobic nature of clay in presence of phosphonium surfactants.
The parameters determined from thermogravimetric analysis are
presented in Table 2. The onset of decomposition temperature is
found to be in the order of phosphonium (C18P) (301 �C)>
pyridinium (CHDP) (248 �C)> ammonium clay (C10A) (177 �C)
(Table 2), indicating a greater thermal stability of phosphonium clay
compared to other clays. Organic content is higher in the case of
ammonium clay (36.7%) than phosphonium (28.2%) and pyridinium
clays (26.1%). The phosphonium and pyridinium clays prepared us-
ing cation exchange reaction show lower values of organic contents
than the theoretically calculated values using CEC of montmoril-
lonite clay (92.6 meq/100 g). This indicates that the surfactant
molecules weakly bonded to the surface of the clay are removed by
the deionized water used for repeated washings of the clay after
modification.
3.2. Clay dispersion

Fig. 3 presents the WAXD patterns of PVDF nanocomposites
with unmodified clay (Fig. 3a) and modified clays (Fig. 3b–d). The
unmodified clay has a d-spacing of 12.1 Å, the XRD peak for which is
seen at 2q w 7�. In the nanocomposites with unmodified clay
(Fig. 3a), the clay peak is shifted towards the left, resulting in
a diffused peak at 2q w 5.5�, corresponding to d-spacing of 15.1 Å
for both the clay percentages (2 and 5 wt%). This suggests that the
unmodified clay forms an intercalated nanocomposite structure,
even without any organic modifier. This type of structure is formed
due to the interaction between the unmodified clay and PVDF or
because of shear induced intercalation. The absence of the d(001)

peak in the case of PVDF with modified clays, C10A and CHDP
indicates the formation of exfoliated nanocomposites (Fig. 3(b) and
(d)). The peak at 2q w 6� in Fig. 3(b) corresponding to the d-spacing
14.5 Å, which is seen in all the C10A nanocomposite samples, could
be a resultant peak of second order diffraction, i.e., d(002) [25]. The
peak is due to a partially collapsed structure resulting from qua-
ternary ammonium degradation [26], as the processing tempera-
ture (210 �C) of polymer is higher than the onset temperature of
decomposition (177 �C) for C10A. However, the second order peak
is not obtained with other organoclays (C18P and CHDP), which
might be due to the higher onset temperature of decomposition
shown by these clays (Table 2) and hence they are stable at the
processing temperature. WAXD patterns of PVDF with C18P nano-
composites did not show any shifting of the d(001) peak (Fig. 3(c)).
However, the relative intensity of the peak reduced significantly at
lower percentages of clay loading. This suggests that the clay is
exfoliated but a small fraction of the clay remains as local aggre-
gates in C18P nanocomposites.

TEM images for nanocomposites are shown in Fig. 4. Bright field
TEM images for 2 wt% of C10A, C18P and CHDP (Fig. 4(a)–(d)) show
clay tactoids aligned in the flow direction (the black lines represent
the clay layers). It can be seen that the clay tactoids are dispersed
uniformly into the PVDF matrix. The thickness and length of the
clay tactoids are found to be in the range of 5–60 and 100–600 nm,
respectively. However, there are some individual clay layers
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Fig. 3. WAXD of PVDF with (a) CNa, (b) C10A, (c) C18P and (d) CHDP nanocomposites.
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separated from the tactoids as shown in Fig. 4. This indicates a very
good dispersion or exfoliation of clay layers in the polymer matrix.
The average thicknesses of tactoids are measured using image
analysis software (ImagePro Plus) and are given in Table 3. Nano-
composites prepared using C10A and CHDP clays show better
exfoliation of clay tactoids than C18P. The average thickness of the
silicate layers was found to be around 1.1 nm. This is in agreement
with the reported value [27].

3.3. Phase behaviour

The a-phase peaks of pure PVDF in WAXD (Fig. 4) observed at
2q z 17.5�, 18.2� and 19.7� correspond to the (100), (020) and (110)
planes and d-spacings of 5.06, 4.86 and 4.50 Å, respectively.
Fig. 5(a) presents the WAXD patterns of PVDF with unmodified clay.
It is clear from the figure that the addition of unmodified clay does
not alter the crystalline peaks much, showing predominantly
a-phase in spite of forming an intercalated nanocomposite structure.
In the composites with 2 wt% unmodified clay (Fig. 5(a)), the (110)
a-peak is shifted slightly towards the right approaching the
b-phase peak, which indicates the formation of some b-PVDF. The
small shoulder peak at 2q z 26.3�, which is the characteristic peak
of a-phase in pure PVDF [28], corresponding to (201) and (310)
planes becomes prominent on the addition of unmodified clay. Figs.
5(b) and 6(a) and (b) present the WAXD of PVDF nanocomposites
with C10A, CHDP and C18P, respectively. On the addition of the
above organoclays, the a-PVDF peaks disappear and a new peak is
observed at 2q w 20.3�, for all clay percentages and modifiers. This
is a composite peak of (110) and (200) planes of b-PVDF [28–31].
The formation of b-phase is again confirmed by the absorption
peaks in FTIR spectra (Figs. 7–10). The a-PVDF bands at 974, 795,
764 and 614 cm�1 can be clearly observed in pure PVDF [29].
However, these bands disappear completely in the samples con-
taining organoclays (Figs. 8–10). Simultaneously, strong b-PVDF
bands are observed at 839 and 510 cm�1, indicating a change in the
crystalline morphology. PVDF with unmodified clay exhibits
predominantly a-phase in spite of forming an intercalated nano-
composite. However, there is a small fraction of the b-phase in the
nanocomposites, as evidenced from the weak absorption band at
840 cm�1 in the case of PVDF5CNa in Fig. 7.

The fraction of b-phase, F(b), calculated from FTIR spectra, is
presented in Table 4, assuming that there is no absorbance con-
tribution from the clay. The b-phase fraction increases with clay
concentration in all the cases. It is interesting to note that by adding
only 0.5 wt% of organoclay (C10A), around 90% b-PVDF is obtained.
The different organoclays, currently used in this study, did not
show much variation in the F(b) values. However, upon addition of
5 wt% of phosphonium clay (C18P), the PVDF almost completely
crystallizes into the b-phase. Unmodified clay produces up to 23% of
b-phase with 5 wt% loading along with a predominant a-phase. The
results indicate that the modified clay, C18P, is most efficient in
forming the b-phase.

3.4. Crystallization

DSC heating and cooling curves are plotted in Figs. 11 and 12,
respectively, and the corresponding data are presented in Table 5.
From the data it is observed that the addition of clay (both



Fig. 4. Bright field TEM images of PVDF–clay nanocomposites with 2 wt% clay (a) C10A, (b) C18P, (c) CHDP and (d) C18P at lower magnification.
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unmodified and organoclay) in PVDF results in the decrease in the
enthalpy changes for crystallization and melting (DHc and DHm),
implying a decrease in the crystallinity in PVDF. The decrease is
higher in the case of organoclays. The percentage crystallinity (Xc)
is calculated by dividing the heat of fusion for 100% crystalline PVDF
to DHm (1st heating) of sample. Xc decreases with clay concentra-
tion in the case of ammonium (C10A) and pyridinium (CHDP) clay
nanocomposites. Xc also decreases with phosphonium clay (C18P)
concentration, except in the case of 2 wt% C18P. The nano-
composites with 5 wt% of C18P show a doublet peak for both
melting (Fig. 11) and crystallization (Fig. 12) events. Correspond-
ingly, Xc is slightly higher compared to that of other organoclays
Table 3
Structure of PVDF nanocomposites having 5 wt% of different organoclays,
determined from WAXD and TEM

Sample d(001)-Spacing
of clay (Å)

d(001)-Spacing of
nanocomposites
from WAXD (Å)

Average thickness
of clay tactoids in
nanocomposites (Å)

PVDF5CNa 12.4 13.1 –
PVDF5C10A 19.2 No peak 25
PVDF5C18P 19.6 19.6 35
PVDF5CHDP 17.5 No peak 23
with same amount of clay (5 wt%). This may be because of partially
aggregated structures formed with 5 wt% C18P which could be
observed in WAXD pattern of PVDF5C18P (Fig. 3c). CHDP has lower
Xc values compared to PVDF and other clays as well. The decrease in
crystallinity is most likely due to the interaction between the clay
and PVDF, which appears to be quite strong as evidenced by the
formation of the b-phase.

The equilibrium melting temperature (Tm) and crystallization
temperature (Tc) increased significantly upon addition of small
amount of organoclay as given in Table 5. For example, PVDF with
5 wt% of C18P showed a maximum increase of 10 �C in Tm, whereas
PVDF with unmodified clay (PVDF2CNa and PVDF5CNa) showed
only a slight increase in Tm. The maximum increase in Tc (13 �C) is
observed with 2 and 5 wt% of C18P. Tc also increased slightly with
unmodified clay, but the increase was less than that for organoclay
nanocomposites. The increase in melting and crystallization
temperatures is related to the formation of b-phase as reported by
Buckley et al. [17].

The cooling curves also give an indication of the rate of
crystallization from the width of the crystallization peaks. The
unmodified clay (CNa) results in faster crystallization as com-
pared to PVDF, while the organoclays result in slightly slower
crystallization.
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3.5. Small angle X-ray scattering studies

Lorentz’s corrected intensity, I(q)q2, vs. q is plotted in Figs. 13–16.
The peaks obtained from the curves indicate that the periodicity of
the crystalline lamella and the amorphous region is retained, while
crystallizing from the melt, in the pure PVDF and nanocomposites
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as well. It is observed that the value of the scattering vector, q, at
I(q)q2 maxima is shifted slightly towards higher values of q on the
addition of clay and is seen for all the clay concentrations. However,
the shifting of the peak is less in the case of unmodified clay as
compared to the organoclays. The scattering intensity decreases
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Table 4
Fraction of b-phase, F(b), calculated from FTIR spectra, of PVDF and PVDF–clay
nanocomposites

Sample Clay content (%) F(b)

PVDF 0 0.04 (�0.01)
PVDF2CNa 2 0.12 (�0.03)
PVDF5CNa 5 0.23 (�0.04)

PVDF0.5C10A 0.5 0.90 (�0.05)
PVDF1C10A 1 0.91 (�0.04)
PVDF2C10A 2 0.95 (�0.02)
PVDF5C10A 5 0.96 (�0.02)

PVDF0.5C18P 0.5 0.86 (�0.04)
PVDF1C18P 1 0.96 (�0.03)
PVDF2C18P 2 0.98 (�0.02)
PVDF5C18P 5 0.99 (�0.03)

PVDF2CHDP 2 0.90 (�0.04)
PVDF5CHDP 5 0.93 (�0.02)
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Table 5
DSC parameters of PVDF and PVDF–clay nanocomposites

Sample DHm (J/g) DHc (J/g) Tm (�C) Tc (�C) Xc (%)

1st Heating 2nd Heating

PVDF 68.1 66.5 59.4 165.6 140.3 66.3
PVDF2CNa 60.8 60.2 50.0 167.0 144.3 59.2
PVDF5CNa 65.7 60.2 51.9 167.1 145.1 64.0

PVDF0.5C10A 67.4 60.8 49.6 173.5 145.9 65.6
PVDF1C10A 56.4 48.3 44.8 173.5 147.4 54.9
PVDF2C10A 54.7 55.6 43.2 174.2 149.5 53.3
PVDF5C10A 53.0 40.7 40.1 174.0 149.5 51.6

PVDF0.5C18P 67.5 54.4 45.2 174.3 149.2 65.7
PVDF1C18P 55.2 57.9 50.8 174.7 149.7 53.7
PVDF2C18P 66.1 58.8 41.6 175.6 153.3 64.4
PVDF5C18P 54.4 58.8 49.3 175.5 153.4 53.0

PVDF2CHDP 53.5 51.9 36.5 174.8 150.0 52.1
PVDF5CHDP 52.0 42.4 37.1 174.4 151.6 50.6

The measurements were done on as-extruded nanocomposite samples.
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consistently with the clay percentage and the peaks become
broader in all the cases. The broadening of the SAXS peak is due to
the formation of the b-phase PVDF [17].

The long period, Lw, crystalline lamellar thickness, Lc, and the
thickness of amorphous region, La, calculated using the q
corresponding to the maximum of the curves are presented in Table
6. The long period, Lw, which is the sum of the average thicknesses
of the crystalline lamella and the amorphous region (Lcþ La) [32],
decreases consistently with increasing the clay content. The long
period for pure PVDF is 116.3 Å and it decreases to 92.9 Å for
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Table 6
SAXS parameters determined from Lorentz’s corrected intensity, I(q)q2, vs. q curves

Sample Lw¼ 2p/q at Imax (Å) Lc (Å) La (Å)

PVDF 116.3 77.1 39.2
PVDF2CNa 106.7 63.2 43.5
PVDF5CNa 109.8 70.2 39.6

PVDF0.5C10A 96.3 63.2 33.1
PVDF1C10A 96.6 53.1 43.5
PVDF2C10A 94.3 50.2 44.1
PVDF5C10A 92.9 47.9 45.0

PVDF0.5C18P 97.7 64.2 33.5
PVDF1C18P 98.8 53.1 45.7
PVDF2C18P 94.9 61.1 33.8
PVDF5C18P 90.6 48.0 42.6

PVDF2CHDP 97.2 50.6 46.6
PVDF5CHDP 93.3 47.2 46.1
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PVDF5C10A. The crystalline lamella thickness decreases and the
thickness of amorphous region increases with the addition of clay.
Lw is found to be lowest (90.6 Å) with 5 wt% of C18P; however, the
Xc for this nanocomposite is relatively higher than other clays with
same clay concentration (Table 5), resulting in Lc values that are
close to the other nanocomposites with organoclay (5 wt%). This
indicates that C18P might form a larger number of smaller crys-
tallites as compared to other clays. This phenomenon is further
discussed in Section 3.6 which describes measurements of the av-
erage spherulitic size using SALS technique. Addition of unmodified
clay also decreases the Lw. However, the decrease is smaller than
that with organoclays. CHDP has low values of Lc as the crystallinity
for these nanocomposites is lower compared to other clays.

3.6. Hot-stage polarized optical microscopic studies

Fig. 17(a)–(d) shows the micrographs of isothermally crystal-
lized samples of PVDF, PVDF2CNa, PVDF5CNa and PVDF0.5C18P. All
samples were crystallized at 156 �C. The spherulitic size decreases
with content of unmodified clay, as shown in micrographs
(Fig. 17(b) and (c)). However, very small spherulites are obtained on
the addition of a small amount of organoclay (0.5 wt%). Similar
results were also obtained for other organoclays. This indicates that
modified clays act as efficient nucleating agents for PVDF crystal-
lization. The nanocomposite samples were also crystallized at
higher temperatures (163 and 170 �C), with the objective of
obtaining bigger spherulites due to the lower degree of super-
cooling. All the samples containing organoclay again gave very
small spherulites.

3.7. Spherulite size

Fig. 18 presents the images of SALS patterns obtained from small
angle light scattering (SALS) measurements on PVDF ((a) and (b))
and nanocomposites ((c)–(f)). All the samples were isothermally
crystallized at 156 �C except that in Fig. 18(b) which was prepared
by compression molding at 200 �C. Four-lobe patterns, indicating
spherulites, were obtained for PVDF and nanocomposites with
unmodified clay at all compositions as shown in Fig. 18. In the case
of organoclay nanocomposites using C10A and C18P, clear four-lobe
patterns were obtained only at the lowest clay loadings studied. No
patterns were observed for nanocomposites having higher con-
centrations of organoclays (1 wt% or above) due to the formation of
very small spherulites at higher clay loadings. The four-lobe pattern
for the compression-molded PVDF film is larger than the iso-
thermally crystallized film implying smaller spherulites. This is
expected due to the higher degree of supercooling during crystal-
lization during compression molding.

Table 7 presents the average spherulitic radius of the PVDF films
obtained from SALS using Eq. (2). The average spherulitic radius for
compression-molded PVDF film is found to be 18.8 mm and it



Fig. 17. Polarized optical micrographs of (a) PVDF, (b) PVDF2CNa, (c) PVDF5CNa and (d) PVDF0.5C18P at 20� resolution. All samples were isothermally crystallized at 156 �C, in
a hot-stage until maximum size of spherulites is obtained.
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increases to 22.8 mm when crystallized from melt at 156 �C. In the
case of unmodified clays, the average spherulitic radius decreases
from 22.8 mm for pure PVDF to 13.3 mm for 2 wt% CNa and 8.1 mm
for 5 wt% CNa (Table 7). These results are in good agreement with
the optical microscopic experiments discussed earlier. For
organoclays, the average spherulitic radius reduced from 22.8 mm
for pure PVDF to 9.7 mm for 0.5 wt% of C10A (ammonium clay) and
4.6 mm for 0.5 wt% of C18P (phosphonium clay) as given in Table 7.
From the above observations, it can be concluded that the phos-
phonium based clay is a more efficient nucleating agent than the
ammonium clay and the unmodified clay.

3.8. Mechanical properties

Table 8 presents the mechanical properties of PVDF and PVDF–
clay nanocomposites. The tensile strength remains unaffected or
increases slightly upon clay addition. However, the modulus de-
creases slightly in most of the cases except in the samples having
phosphonium clays and 5 wt% of unmodified clay. The elongation at
break increases significantly on the addition of ammonium (C10A)
and pyridinium (CHDP) clays. The maximum increase is observed
for 5 wt% of C10A (>200%). The next highest increase is shown by
5 wt% CHDP (around 175%). The addition of phosphonium clay
(C18P) shows a relatively lower elongation, around 50% higher than
pure PVDF. With 5 wt% of CNa, the elongation at break decreases to
half that of the matrix polymer, whereas with 2 wt% of unmodified
clay (CNa) the elongation at break increases by 70%.

The toughness of the polymer, defined as the area under the
stress–strain curve, is also given in Table 8. Since the tensile
strength does not vary much for the different nanocomposites the
toughness varies in a manner similar to the elongation at break
discussed above. At 5 wt% clay, the highest toughness is obtained
for C10A followed by CHDP. The increase is around 170 and 150%
higher than PVDF for C10A and CHDP, respectively. At 2 wt% clay,
the toughness of C10A and CHDP is nearly the same (more than
double of pure PVDF) followed by unmodified clay, CNa, which
shows an increase of about 70%. Similar results have been published
for PVDF [13,14] and other polymers with hectorite clay as well [33].
The enhanced toughness of PVDF–clay nanocomposites could be
a combined effect of mobility of silicate layers in polymer matrix
and the formation fiber-like b-phase in PVDF [13]. In addition, the
formation of smaller spherulites in the presence of organoclay
should also contribute to the enhanced toughness and elongation
of nanocomposites. The differences in the elongation at break be-
tween the organoclays used may be due to the extent of dispersion
obtained. The organoclays, C10A and CHDP, which are exfoliated
(Fig. 3) have a higher elongation at break and toughness as com-
pared to C18P, which is only partially exfoliated in PVDF matrix. The
decrease in modulus is most likely due to decrease in crystallinity
upon addition of clay.

Results of dynamic mechanical analysis carried out over a range
of temperatures at a constant frequency of 1 Hz are shown in
Fig. 19. It is clear from storage modulus (E0) vs. temperature curves
(Fig. 19(a)) that the storage modulus of all the nanocomposites
except for PVDF5C18P is higher than pure PVDF throughout the
temperature range from �100 to 150 �C. Ammonium clay (C10A)
exhibits the highest storage modulus (E0) over the temperature
range compared to the other clays used. The addition of unmodified



Fig. 18. Photographs of small angle light scattering (SALS) patterns of (a) isothermally crystallized PVDF, (b) PVDF film prepared under compression press at 200 �C and air-cooled,
(c) and (d) 2 and 5 wt% unmodified clay (CNa), and (e) and (f) 0.5 wt% ammonium clay (C10A) and 0.5 wt% phosphonium clay (C18P), respectively. All samples except the sample
shown in (b) were crystallized at 156 �C under hot-stage until the maximum size of spherulites is obtained and were used in small angle light scattering studies.
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clay also increases the storage modulus significantly, although the
improvement in tensile properties shown by the same clay is not
considerable. Fig. 19(b) shows the loss modulus (E00) vs. tempera-
ture curves of PVDF and nanocomposites. The loss modulus (E00)
increases with clay. There is a sharp decrease in E0 and E00 above
100 �C for PVDF; however, this decrease is not seen for nano-
composites indicating an improved mechanical strength of
nanocomposites at higher temperatures.
There are two thermal transitions observed in PVDF and its
nanocomposites, as shown in Fig. 19(c). The transition at �34.5 �C,
termed as b-relaxation, in the case of PVDF is ascribed to the micro-
Brownian motions of chains in the amorphous regions, i.e., the glass
transition temperature (Tg) [30,31]. The b-relaxation temperature
does not change much with the addition of clay. The a-relaxation of
PVDF, which is attributed to molecular motions in crystalline re-
gions [34], was observed at around 115 �C, which is in agreement



Table 7
Average spherulitic radius of PVDF and PVDF–clay nanocomposites, calculated from
small angle light scattering experiments

Sample Average spherulitic
radius, R (mm)

PVDF 22.8
PVDF-cm 18.8
PVDF2CNa 13.3
PVDF5CNa 8.1
PVDF0.5C10A 9.7
PVDF0.5C18P 4.6

All samples were crystallized from melt isothermally at 156 �C in a hot-stage except
PVDF-cm which was made by compression molding at 200 �C followed by air-
cooling.
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with Lovinger and Wang [30]. The a-relaxation peak shifted to-
wards higher temperature (around 130 �C) with organoclay, where
the b-phase is prevalent. However, the peak shifted towards lower
temperature to around 100 �C with 5 wt% of unmodified clay as
shown in Fig. 19(b). There is another weak transition seen at around
57 �C in PVDF, termed as b0, which is due to the folding of the chains
in the amorphous regions [34]. The peak is shifted to a slightly
higher temperature (60 �C), which may be due to the higher fraction
of amorphous content in nanocomposites as obtained from DSC
(Table 6). The Tg, indicated by the peak in the tan d vs. temperature
curves, does not change much upon clay addition (Fig. 19(c)).

3.9. Dielectric constant measurements

Figs. 20 and 21 show the variation of permittivity and dielectric
loss with frequency for the different nanocomposites. The data for
the PVDF are also shown in the figures for comparison. Fig. 20
shows that there is an increase in dielectric constant values ranging
from 2 to 8 units upon addition of clay, at 1 Hz frequency. The
nanocomposites have a higher dielectric constant than pure PVDF
throughout the frequency range, irrespective of the clay type. The
dielectric constant values increase with clay content in all the cases.
The dielectric loss also increases with clay for lower frequencies.
However, it gradually decreases and remains almost comparable to
the values for PVDF from a frequency range of 102 Hz to 1 MHz.
PVDF has a dielectric constant of 8 at 1 Hz frequency; however, with
the addition of 5 wt% unmodified clay, the dielectric constant
increases to 13.3 at the same frequency. Since the PVDF has pre-
dominantly a-phase crystals, the increase in dielectric constant in
this case may be because of the charge contribution from clay. As
expected, the dielectric constant values for organoclay nano-
composites are found to be higher than the PVDF and PVDF with
Table 8
Mechanical properties of PVDF and PVDFC10A nanocomposites

Sample Energy (area
under the stress–
strain curve) (J)

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elongation
at break (%)

PVDF 6.4 (�0.7) 45.2 (�0.4) 705 (�16.1) 117 (�13.5)
PVDF2CNa 10.8 (�0.6) 46.2 (�0.6) 674 (�18.8) 199 (�11.6)
PVDF5CNa 2.3 (�0.5) 46.8 (�0.4) 714 (�16.4) 42 (�8.4)

PVDF0.5C10A 6.6 (�0.8) 45.2 (�0.7) 689 (�13.8) 122 (�14.9)
PVDF1C10A 7.0 (�0.8) 45.4 (�0.7) 683 (�16.3) 128 (�15.0)
PVDF2C10A 13.8 (�0.8) 45.6 (�0.3) 668 (�18.6) 256 (�13.7)
PVDF5C10A 17.2 (�0.7) 46.1 (�0.2) 662 (�16.6) 317 (�12.2)

PVDF0.5C18P 6.7 (�0.6) 45.3 (�0.8) 705 (�14.6) 124 (�10.9)
PVDF1C18P 6.6 (�0.5) 45.4 (�0.3) 713 (�12.7) 122 (�9.4)
PVDF2C18P 8.4 (�0.4) 46.7 (�0.7) 716 (�15.3) 155 (�8.1)
PVDF5C18P 9.5 (�0.8) 47.6 (�0.2) 745 (�15.1) 176 (�15.0)

PVDF2CHDP 13.1 (�0.3) 45.7 (�0.7) 694 (�15.2) 241 (�5.7)
PVDF5CHDP 15.8 (�0.5) 46.7 (�0.7) 667 (�17.2) 292 (�9.7)
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Fig. 19. Dynamic mechanical analysis of PVDF and PVDF–clay nanocomposites. (a)
Storage modulus vs. temperature, (b) loss modulus vs. temperature and (c) tan d vs.
temperature curves.
unmodified clay, the values are 14.8, 16.3 and 14.0 for PVDF5C10A,
PVDF5C18P and PVDF5CHDP, respectively, at a frequency of 1 Hz.
The increase in the dielectric constant accompanied by dielectric
loss comparable to PVDF at higher frequencies could be attributed
to the polarization obtained by the clay induced b-PVDF which has
a higher charge storage capacity due to its polar nature [35] as well
as from clay due to its charged surface.
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Fig. 20. (a) Relative dielectric constant and (b) dielectric loss of PVDF nanocomposites
with 2 wt% of different clays.
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Fig. 21. (a) Relative dielectric constant and (b) dielectric loss of PVDF nanocomposites
with 5 wt% of different clays.
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4. Summary and conclusions

PVDF–clay nanocomposites were prepared by the melt-mixing
process. Different organic surfactants were used to modify the
montmorillonite clay. It was found from WAXD and TEM observa-
tions that the clay modified with different surfactants formed dif-
ferent nanocomposite structures. The ammonium and pyridinium
surfactant modified clays gave nanocomposites with an exfoliated
structure, whereas unmodified clay formed an intercalated nano-
composite structure. Phosphonium clay formed partially exfoliated
nanocomposites.

Formation of b-PVDF was observed in the nanocomposites with
all the organically modified clays, irrespective of their percentage,
as evidenced from WAXD and FTIR studies. The fraction of b-phase
increased with clay concentration and the highest fractions were
obtained for the phosphonium surfactant modified clay. The addi-
tion of unmodified clay produced predominantly a-phase crystals
and a small fraction of b-phase crystals, in spite of forming an
intercalated nanocomposite structure.

SAXS studies showed that the long period (Lw) and crystalline
lamellar thickness (Lc) decreased with clay concentration which is
related to formation of the b-phase. DSC and hot-stage optical
microscopy revealed a higher melting and crystallization temper-
atures and formation of smaller spherulites on addition of clay. The
average spherulitic radius for isothermally crystallized samples,
determined from SALS, decreased significantly (from 22.8 to 4.6 mm
for C18P) on the addition of a small percentage (0.5 wt%) of orga-
noclay. The phosphonium clay showed the highest increase in
melting and crystallization temperatures and formed smaller
spherulites compared to the other organic modifiers, and was
found to be the most efficient nucleating agent. The percentage
crystallinity (Xc) decreased significantly with clay. PVDF showed
lower crystallinity in the presence of organoclay than unmodified
clay. CHDP addition resulted in the lowest values of crystallinity.

Tensile measurements of PVDF nanocomposites indicated that
the elongation at break and toughness increased significantly with
two of organically modified clays and with the lower concentration
of unmodified clay (2 wt%). The nanocomposites with ammonium
modified clay showed the highest elongation at break (>200%)
among the other organoclays and the unmodified clay. The phos-
phonium clay based nanocomposites had a significantly lower
elongation at break compared to the other two organoclays. Tensile
strength remained unaffected or increased slightly with addition of
clay. However, the modulus decreased slightly in most of the cases
except in the samples having phosphonium clay and a high per-
centage (5 wt%) of the unmodified clay. DMA showed a significant
increase in the storage modulus. The glass transition temperature
remained unchanged with the addition of clay. The dielectric con-
stant increased with clay content, and the dielectric constant values
were higher for organoclay nanocomposites as compared to the
unmodified clay. Phosphonium clay showed the highest dielectric
constant at frequency of 1 Hz.

The major conclusions of the work are:

� Phosphonium clay is more efficient in generating b-phase and
is an effective nucleating agent for PVDF crystallization. It in-
creases the melting and crystallization temperatures; and has
the highest dielectric constant at lower frequencies among the
nanocomposites studied.
� Ammonium clay has the best dispersion in PVDF matrix. It also

improves the toughness of PVDF significantly.
� Pyridinium clay shows a good dispersion and improves the

toughness of PVDF. It results in the lowest crystallinity among
the nanocomposites.

The results presented indicate that both the chemical nature of
the surfactant used to modify the clay and the extent of dispersion
significantly affect the properties of the nanocomposites. Crystal-
lization behaviour and electrical properties are most affected by the
chemical nature of the clay while mechanical properties depend on
both.
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