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Poly(vinylidene fluoride) (PVDF)/organically modified nanoclay composites using different

amount of nanoclay have been prepared through solution route. The structural changes are

determined through X-ray diffraction and Fourier transform infrared spectroscopy studies,

which show the transformation from � to �-phase crystallization in presence of nanoclay.

Polarised optical microscopic images show the changes of spherulite pattern into mesh like

pattern in presence of nanoclay. Modulus of PVDF-nanocomposite increase with increas-

ing  the nanoclay content up to 4 wt.% and then slightly decreases under uniaxial tension

and the improvement in mechanical responses are fitted with theoretical models. Tribo-

logical behaviour of PVDF nanocomposites is evaluated and found that nanoclay content

upto  4 wt.% is effective in decreasing the wear and coefficient of friction of PVDF. Similarly,

hardness of the nanocomposites also increases for clay content upto 4 wt.%. The nanoclay

is  working as reinforcing agent for PVDF and is improving its mechanical and frictional
properties.

©  2019 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1.  Introduction

Polymer composites have potential applications in mechan-
ical engineering as frictional and structural materials. They
have low density, easy processability along with strength, good
thermal stability and wear resistance. These properties make
polymer composites important for tribological-applications

and are used in diverse field such as aerospace, automobile
industry, biomechanics and electronic industry. Incorpora-
tion of nanoparticles in the polymer is an interesting method
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for polymer modification as it produces materials with vari-
able properties, which can be used in different fields. In
past years many  composite materials having inorganic or
organic fillers, have been prepared, which has potentially
increased the application of polymeric materials [1]. For
example, the addition of fillers like reinforcing fibers and
organic/inorganic fillers effectively improves the tribological
properties of the polymers [2]. Fluoropolymers have excellent
chemical and thermal stabilities as compared to hydrocar-
bon polymers. These qualities make them appropriate for
applications where thermal stability, chemical resistance, low

acoustic impedance, mechanical stability and wear resistance
is required. Poly(vinylidene fluoride) (PVDF) is an important
fluoropolymer known for its excellent solvent resistance, UV
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xposition, inflammable, thermal oxidative degradation and
ydrolytic stability [3,4]. PVDF is used in diverse fields such
s paper and pulp industry, chemical processing industry
nd high temperature applications [5]. It is also used in elec-
romechanical and electroacoustic transducers because of
ts piezoelectric [6] and pyroelectric [7] properties. PVDF is
lso used as ferroelectric polymer [4], a membrane mate-
ial for water filtration [8] and as a separator, binder and
lectrolyte in rechargeable lithium batteries [9], in sensors
10]. PVDF is semicrystalline polymer with four phases �, �,

 and �, which are formed according to processing condi-
ions [11]. Most common phases studied are the nonpolar
-phase and polar � and �-phase [12]. The �-phase shows
iezoelectric, ferroelectric, dielectric and high permittivity

13]. Filler material is incorporated to improve the functional
roperties, structure and morphology of PVDF. Ionic sub-
tances like, hydrated salts [14], ionic liquids [15], organically
odified silicates (OMS) [16,17] helps in inducing the ferro-

lectric �-phase of PVDF [18]. Carbon black [19] and carbon
anotubes [20] were blended with PVDF to obtain electri-
ally conducting composites. Two dimensional materials like
raphene and graphene oxide induce variety of functional
roperties in PVDF like inducing piezoelectric phase, electrical
nd thermal conductivity, improving dielectric constant and
he formation of hydrophilic and super hydrophobic surfaces.
ifferent techniques like melt crystallization at high pres-
ure [21], high voltage poling [22] and mechanical processing
23] are also used for inducing the electroactive �-phase. OMS
lso shows dramatic enhancement in mechanical properties
24].

Fillers like, graphene oxide [25], carbon black [26], car-
on fiber [27] and nanoclay [5] have been used to improve
he tribolocal properties of PVDF. The tribological proper-
ies of blend prepared by PVDF and ultrahigh molecular
eight polyethylene (UMHWPE) (70/30) is studied by Bros-

ow et al. [26], in which the polyethylene was �-irradiated
r un-irradiated and each blend sample contain different
mount of carbon black. It is found that for an optimized
arbon black concentration and a specific irradiation dose,
he wear reduces with high scratch resistance and lower
riction. Bismarck and Schulz [27] prepared the PVDF com-
osite by reinforcing fluorinated, polyacrylonitrile-based high
trength carbon fiber and found that the friction of composite
ecreases as they increase the degree of fluorination of fiber.
arcia et al. [28] explained the wear and mechanical prop-
rties in PVDF and PMMA  blend through phase morphology
f the system, as the blend does not follow the simple addi-
ive rule. Achaby et al. [29] prepared PVDF/reduced graphene
xide nanocomposite using the melt blending method and
ound significant improvement in the flexural modulus, ten-
ile modulus, flexural and tensile strength and the thermal
tability. Thangavel et al. [25] evaluated the tribological prop-
rties of the PVDF/functionalized graphene oxide thin film and
ound that the composite was stable even after 120 cycles of
0 mN load in reciprocating motion. In the composite tech-
ology, the polymer layered silicate nanocomposite is one of

he important steps. In order to form ordered nanocoposites
30], the solution casting and melt intercalation technique
s used to insert the polymer in the interlayer spacing of
he silicate layers. Peng at al. [5]. explained the tribological
 9;8(6):5874–5881 5875

properties of the PVDF nanoclay composites with different
nanoclay content and found that the 2% nanoclay contain-
ing composite shows enhanced tribological properties. Priya
et al. [31] found that the storage modulus increase dramati-
cally in nanocomposite of PVDF and clay, prepared using the
melt intercalation method. It is also reported that the nanoclay
helps in improving the tribological properties of polyester [32]
and polyamide [33] efficiently. Lai et al. prepared nanocompos-
ite of PVDF and nanoclay with different organic modifiers and
found enhanced abrasive resistance and mechanical strength
[34].

In this study, the PVDF/nanoclay composites with dif-
ferent nanoclay content were prepared using the solution
route. The structure, morphology and thermal properties
are studied through X-ray diffraction, Fourier transform
infrared spectroscopy, scanning electron microscopy, atomic
force microscopy, thermo-gravimetric analysis and differ-
ential scanning calorimetry. The mechanical and friction
properties are investigated using universal testing machine
and wear tester. The effect of different nanoclay content on
mechanical, thermal and tribological properties has been dis-
cussed.

2.  Experimental  section

2.1.  Materials  used

Poly(vinylidene fluoride) commercial SOLEF, 6008 with molec-
ular weight 2.7 × 105 was used, which was supplied by
Ausimont, Italy. An organically modified clay, Cloisite 30B
with density 1.98 g/cc, obtained from Southern Clay Inc., USA.
Dimethyl formamide (DMF), purchased from Himedia, India
is used as a common solvent/media for both polymer and
clay.

2.2.  Preparation  of  nanocomposite

Nanocomposites of poly(vinylidine fluoride) and organically
modified nanoclay have been prepared using the solution
method. Different concentrations of clay have been used for
the preparation of nanocomposites (1, 2, 4, 8 and 10 wt.% of
clay with respect to polymer weight). In this method, PVDF is
first dissolved in DMF at 60 ◦C and clay is separately dispersed
using sonication method. After this, both the solutions of poly-
mer  and nanoclay are mixed together by stirring followed
by sonication for proper dispersion. Then solvent removal is
done by pouring it into petri dish and kept at 60 ◦C in vacuum
oven dried for overnight. Similarly PVDF is also dissolved in
DMF and kept in oven for solvent removal. Pristine PVDF and
nanocomposites are abbreviated as P, PC1, PC2, PC4, and PC8
for 0, 1, 2, 4, 8 wt% of nanoclay, respectively.

2.3.  Sample  preparation

For characterization of the pristine PVDF and nanocomposites,

films were prepared through compression moulding tech-
niques. For tensile testing, dog bone shaped samples are
prepared using injection moulding technique. For wear test-
ing, specimens of2 × 3 × 12.5 mm3 dimension are prepared.
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2.4.  Characterization

Transmission electron microscopy (TEM): The distribution of the
filler (nanoclay) in PVDF is examined by transmission electron
microscope. A PhilipsCM-10 operated at an accelerating volt-
age of 100 kV was used to take the TEM images. A thin layer
of the sample was sectioned at −80 ◦C by a Leica ultra-cut
microtome equipped with a diamond knife. X-Ray diffraction
(XRD): The exfoliation of nanoparticles and the changes in
structure is analysed using XRD analysis. XRD plots of the pris-
tine polymer and its nanocomposite are taken using a Rigaku
Miniflex 600 diffractometer, which operates at a voltage of
40 kV and a current of 15 mA using CuK� radiation (� = 1.54 Å).
The d-spacing, distance between clay platelets is calculated
using Bragg’s formula d = �/(2 s in.), where, � is the diffraction
angle and � is the wavelength of X-ray [35]. Fourier transform
infrared spectroscopy (FTIR): FTIR is performed using Nicolet
5700 at room temperature in the 650 to 4000 cm−1 range with
4 cm−1 resolution in ATR mode. Polarized Optical Microscopy
(POM): To examine the structure of PVDF and its nanocompos-
ites, the samples were observed in Leitz Biomed microscope
after suitable crystallization. Scanning electron microscopy (SEM):
PVDF and nanocomposite morphology is investigated using
SEM (Zeiss, Supra). Samples of PVDF and its nanocomposites
are gold coated before observation in SEM using a sputtering
apparatus. Thermogravimetric analysis (TGA): Thermal stabil-
ity of pristine polymer and nanocomposite is studied using
TGA. The samples are taken in alumina pans. The samples
are heated at a scan rate of 20◦ min−1 upto a temperature
of 600 ◦C. Differential scanning calorimetry (DSC): To investigate
the melting temperature and crystallinity of pristine PVDF
and nanocomposites, DSC experiment is performed using DSC
(Mettler Toledo 832), at a heating rate of 10 ◦C/min. Small
amount of samples (2̃ mg)  is taken for measurement and plat-
inum pans are used for the measurements. The instrument
is calibrated using indium before measurement. Tensile test-
ing: Instron Universal Tensile Machine is used to complete
the tensile test. The data is collected up to the breaking of
the dog bone samples at a strain rate of 5 mm/min. Wear test-
ing: Wear testing is performed using Ducom wear tester. The
pin on disk type setup is used for the wear measurement.
The measurements are taken at different loads using speed
of 100 RPM and track diameter of 80 mm.  Vickers hardness test:
Hardness of pristine PVDF and nanocomposites is determined
using Tinius Olsen micro hardness tester. Indents at differ-
ent load are measured and three readings are taken for all
measurements to understand the error estimate. Statistical
analysis: The results of mechanical properties are expressed
as mean value. Statistical comparisons are carried out by
single factorial analysis of variance (One-way ANOVA with
t-test).

3.  Results  and  discussion

3.1.  Structure  and  morphology
The dispersion of nanoclay platelets in PVDF matrix is
observed through TEM. Fig. 1a shows the TEM image  of 4 wt.%
nanocomposite (PC4). Clay platelets are uniformly dispersed
2 0 1 9;8(6):5874–5881

in PVDF matrix. The surface modification of nanoclay has
increased the interaction between clay and polymer leading to
better dispersion in polymer matrix. Structure of pristine PVDF
and its nanocomposites are determined throughXRD studies.
Fig. 1b shows the XRD patterns for PVDF and its nanocompos-
ites with various nanoclay contents. The characteristic peaks
in pristine PVDF occurs at 2�1̃7.5◦ (020), 18.3◦ (100), 19.9◦ (110)
and 26.7◦ (021) [25,36], which indicate that the PVDF crystal-
lizes in �-crystalline phase. On the other hand, a new peak
at 2�2̃0.3◦ arises corresponding to �-phase in the nanocom-
posites and simultaneously the intensity of �-phase peak
decreases with increasing the nanoclay content. Apparently,
�-phase peak increases with clay content in the nanocompos-
ites.

Fig. 1c shows the different phase fractions in the pristine
PVDF and nanocomposites, which is calculated through the
deconvolution of XRD peaks of the corresponding nanocom-
posite. The deconvolution pattern of nanocomposite is shown
in Supplementary Fig. S1. It is evident that � and �-phase
fraction increases with greater amount of nanoclay while
systematic reduction of �-phase occurs in higher clay con-
tent nanocomposites. However, XRD analysis shows that the
nanoclay is acting as �-nucleating agent, which leads to
the alteration from � to �/�-phase. The decreased intensity
of �-phase peak suggests the gradual disappearance of �-
phase in presence of nanoclay layers [31]. The polarity of
the polymer chain is increasing with increasing the clay con-
tent as �-phase is non-polar and �-phase is polar [37]. FTIR
spectroscopy is also used to explore the structure of nanocom-
posites. Fig. 1d shows the FTIR plot of pristine PVDF and its
nanocomposites with two representative nanoclay content
nanocomposites. FTIR bands at 760, 796 and 996 cm−1 cor-
respond to the �-phase, which intensities decrease in the
nanocomposites. On the other hand, nanocomposites have
new bands at 840 and 880 cm−1 that are characteristic for elec-
troactive �-phase [38]. The band at 840 cm−1 corresponds to
both the � and �-phase. At higher wavenumber region, a char-
acteristic band at 1232 cm−1 for �-phase is also observed in
nanocomposite (Supplementary Fig. S2) along with a band at
1272 cm−1 assigned for �-phase. The structural changes are
reflected in the change of bulk morphology. Fig. 1e shows
the polarized optical microscopic images for pristine PVDF
and its nanocomposites. Pristine PVDF shows the spherulitic
structure due to presence of �-phase, which diminishes in
the nanocomposite and instead mesh like morphology is
obtained due to the formation of �-phase [25]. Hence, struc-
tural alteration in presence of nanoclay is manifested in bulk
morphology.

3.2.  Thermal  analysis

Fig. 2a shows the DSC thermograms of pristine PVDF and
the nanocomposites. The melting temperature of the pristine
PVDF is 175 ◦C, which has increased to 178.2 and 178.5 ◦C for

PC4 and PC8 nanocomposite, respectively. Overall increase of
melting temperature in the nanocomposites is due to the pres-
ence of �-phase as it is known that melting point of �-phase
is higher than �-phase while pure �-phase melting is lower
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Fig. 1 – (a) TEM image of PC4; (b) X-ray diffraction patterns of indicated nanocomposites; (c) phase fractions of indicated
nanocomposites measured through peak deconvolution; (d) FTIR spectra of indicated specimens; and (e) polarized optical
microscopic images of pristine PVDF and its nanocomposite (PC2).

Fig. 2 – (a) DSC curves for pristine PVDF and its nanocomposites; (b) TGA curves showing degradation behaviour of PVDF
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han the �-phase. The crystallinity and the enthalpy of the
emi-crystalline polymer are related by:

c = �Hm

�Ho
m

× 100 % (1)

here Xc is crystallinity, �Hm is the apparent enthalpy of
usion per gram of polymer sample, which is calculated from
SC curve and �Hm

◦ is the enthalpy of fusion per gram of
00% crystalline polymer (for PVDF �Hm

◦ = 105 J/g) [39]. The
alculated crystallinities for P, PC4 and PC8 are 39.35, 37.2
nd 34.04 J/g, respectively. The reduction of heat of fusion is
ower for �/� phase as compared to regular �-phase of crystal-
ites. Although the nanoclay induces the �-phase in PVDF, it
imultaneously decreases the crystallinity of PVDF to make it
exible and tough. Fig. 2b shows the thermogravimetric curves
f mass loss as a function of temperature (TGA graphs) and

ig. 2c shows corresponding differential thermogravimetric
lots for pristine PVDF and nanocomposites. The onset tem-
eratures of degradation for P, PC4 and PC8 are decreasing
radually as 461.8, 380.0 and 331.7 ◦C, respectively, as mea-
F and its nanocomposites.

sured from the temperature corresponding to 5% mass loss.
This decrease in degradation temperature is triggered by the
presence of nanoclay.

3.3.  Mechanical  properties

The stress-strain curves ofpristine PVDF and the nanocom-
posites are obtained using uniaxial tensile testing (Fig. 3a).
Young’s modulus (Fig. 3b) of the nanocomposites increases up
to 4 wt.% nanoclay and after that slightly decrease for 8 wt.%
nanocomposite but the elongation at break or the tough-
ness (Supplementary Fig. S3) of the nanocomposites increases
gradually with the increasing nanoclay. The results reflect
that different reinforcement effects can be achieved by the
nanoclay dispersion in the PVDF matrix. Low loading (up to
4 wt.%) is effective to improve the mechanical properties of

the nanocomposites (30% for modulus using 4 wt.% nanoclay).
This can be explained by the enhanced energy dissipation due
to the tiny and more  mobile �-phase crystals in the nanocom-
posites [40].



5878  j m a t e r r e s t e c h n o l . 2 0 1 9;8(6):5874–5881

Fig. 3 – (a) Stress–strain curves if indicated specimens; (b) Young’s modulus for pristine PVDF and indicated nanocomposites
as calculated from the stress–strain curves; the results presented are mean values obtained from three independent
experiments, where *P < 0.05, **P < 0.01 and ***P  < 0.0001; (c) experimental curve fitting of the data points using Halpin–Tsai

equation.

Halpin et al. [41] equation is used to calculate the effect of
volume fraction of the filler, relative modulus of the compo-
nents and the reinforced geometry of the composite moduli.
The Young’s modulus of the nanocomposite is related to these
parameters with a mathematical equation [42,43]. If we con-
sider the random distribution of the nanoclay in PVDF matrix
in the nanocomposites, the modified form of Halpin and Tsai
equation may be written as [44,45]:

Ey =

[
3
8

1 + (2LG/3TG) �LVG

1 − �LVG
+ 5

8
1 + 2�TVG

1 − �TVG

]
EP (2)

where

�L = (EG/EP) − 1
(EG/EP) + (2LG/3TG)

, �T = (EG/EP) − 1
(EG/EP) + 2

where EY, EG and EP are Young’s modulus of the compos-
ite, nanoclay and polymer, respectively. LG, TG and VG are
the length, thickness and volume fraction of the nanoclay in
the nanocomposites, respectively. The modified Halpin–Tsai
equation for unidirectional/ parallel orientation of the nan-
oclay layers in the polymer matrix is represented by:

Em
Y =

[
1 + (2LG/3TG)�LVG

1 − �LVG

]
(3)

As Halpin–Tsai is based on the assumption that the filler
is randomly distributed in the matrix, the experimental data
fits well with the Haplin–Tsai Eq. (3). From the Fig. 3c, it is
clear that the experimental values are almost same as the
theoretical curve drawn assuming the unidirectional distri-
bution. The value of aspect ratio from Halpin–Tsai fitting is
10.59, which is very similar to the value obtained (9̃.86) from
the TEM image.  The slight difference between the predicted
and measured value is due to the irregular shape and size of
filler in nanocomposite as opposed to regular size in the theory
as predicted.

3.4.  Friction  and  wear  properties
Fig. 4a shows the wear with sliding time for pristine PVDF
and its nanocomposites with clay. The sliding speed is kept
constant at 100 RPM under the normal load of 50 N. Wear
decreases with increasing nanoclay content up to 4 wt.%.  Sim-
ilarly, the coefficient of friction, with sliding time, is plotted in
Fig. 4b. The coefficient of friction of pristine PVDF is increas-
ing with the sliding time and does not stabilize even after
20 min. In case of nanocomposites (1–4 wt.% nanoclay), the
coefficient of friction increases first up to 5̃ min  followed by
its stabilization. The addition of nanoclay stabilizes the coef-
ficient of friction due to the easier transfer layer formation
and the stronger adhesive strength in the transfer layer and
the counter face upon the addition of nanoclay [32]. However,
nanoclay reduces the coefficient of friction of PVDF effec-
tively (3̃0%). Effect of nanoclay concentration on the friction
coefficient, with different loads, is shown in Fig. 4c. Nan-
oclay concentration of 4 wt.% (PC4) is the most effective one
for reducing the friction behaviour under different loads.
The lowering of load is related with lower coefficient of fric-
tion. At a particular nanoclay concentration, the coefficient
of friction decreases as compared to pristine PVDF at a par-
ticular applied load. For instance, the coefficient of friction
for PC4 decreases by 30, 35 and 33% as compared to pris-
tine PVDF, corresponding to the load of 20, 50 and 100 N,
respectively. This result indicates that the nanoclay concen-
tration of 1–4 wt.% is able to improve the wear and friction
behaviour of PVDF, while the higher concentration of nan-
oclay is not so suitable to reduce the friction and wear of the
system.

Fig. 4d shows the scanning electron microscope images
of worn surfaces of pristine PVDF and its nanocomposites
under 50 N load. The surface of pristine PVDF has several
deep and wide scraps, which is due to the plastic deforma-
tion under wear while the nanocomposite containing 2 and
4 wt.% nanoclay is quite smoother, with limited light scraps.
For the nanocomposite containing 8 wt.% nanoclay (Supple-
mentary Fig. S4), the worn surface has lots of scraps, and
the worn surface seemed like being exfoliated. This may be
due to the high content nanoclay agglomeration (could not
combine well with the PVDF matrix). However, the results
show that the adding of nanoclay alters the wear properties
of PVDF nanocomposites. The nanocomposites show the abil-

ity to resist wear, but at high clay concentration, the different
behaviour may be due to the phase change and the aggregation
of nanoclay.
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Fig. 4 – (a) Wear behaviour of pristine PVDF and indicated nanocomposites; (b) the coefficient of friction at 50 N load for
pristine PVDF and its nanocomposites; (c) the changes in coefficient of friction with nanoclay content at different loading; (d)
scanning electron microscopic images for PVDF and nanocomposites after wear experiment.

Fig. 5 – (a) Images of indents in Vicker hardness test and (b) corresponding Vickers hardness for pristine PVDF and
n
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.5.  Hardness  analysis

ig. 5a shows the Vickers hardness test results for pristine
VDF and its nanocomposites. Three to four indentations are
ade to confirm the harness results. The Vickers hardness

est calculates the hardness using the equation:

V = 1.854 L/d2 (4)

here L is the load in kgf and d is the average length of diago-
al left by indenter in mm.The hardness of the nanocomposite
ontaining up to 4 wt.% nanoclay increases by 50% with the
ncreasing nanoclay content (Fig. 5b). This is because the rein-
orcing agent (nanoclay) increases the load carrying capacity
f the nanocomposite but at higher nanoclay concentration
gglomeration of clay platelets occur, which in turn induces
tress concentration and cracking. Mechanical behavior of
VDF nanocomposites has been studied using varied filler

ontent and optimized clay concentration where stiffness and
oughness have improved without any trade-off. Wear and
ardness also exhibit similar condition and this work demon-
trates the suitable conditions for the real applications of PVDF
nanocomposites. The improvement in mechanical properties
in composite has potential applications in sensor and actua-
tors being piezoelectric in nature in presence of nanoclay.

4.  Summary  and  conclusions

PVDF-clay nanocomposites have been prepared through solu-
tion method to study the mechanical and wear behaviour.
XRD and FTIR are used to understand the effect on struc-
ture on incorporating the nanoclay in PVDF matrix. DSC has
been used to analyse the crystallinity of pristine PVDF and the
nanocomposites. Uniaxial tensile testing, wear and hardness
are used to study the mechanical and frictional behaviour of
the nanocomposites at different nanoclay content under var-
ious loads. The major findings of the study are the following:

1 After incorporating the nanoclay in PVDF matrix, piezo-

electric � and �-phase are nucleated instead of �-phase in
pristine PVDF. The extent of �-phase increases with the
enhancement of nanoclay content while the crystallinity
decreases.
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2 Nanoclay content of 1 to 4 wt.% in the nanocomposites are
effective to improve the mechanical and tribological prop-
erties. The nanoclay acts as a reinforcing agent and reduces
the frictional coefficient. For less wear, the increased polar-
ity caused by the transformation from � to �-phase in the
nanocomposite is responsible for low wear in the nanocom-
posite at lower percentage of loading. Theoretical models
perfectly fit the overall improvement in mechanical proper-
ties of PVDF nanocomposites.

3 The decrease in mechanical strength of 8 wt.% nanoclay
might be due to less uniaxial orientation of nanoclay
platelets or the aggregation of clay platelets. Higher clay
content nanocomposites show high wear due to weak com-
patibility between PVDF and nanoclay arising from greater
agglomeration.
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