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Abstract: Poly (vinylidene fluoride) (PVDF)-untreated 
clay nanocomposites were successfully prepared using 
an innovative one-step reactive melt extrusion process. 
Through specific temperature and shear conditions, 
the chemical reactions took place between the polymer 
matrix, the inorganic clay particles, and three main reac-
tive agents: an organic peroxide, sulfur, and a specific 
activator led finally to the PVDF-clay nanocomposites. The 
materials were formulated with various amounts of clay in 
order to identify the best conditions, enabling to obtain 
the optimal particle exfoliation in the polymer matrix 
at the nanometric scale. The microstructure and nano-
structure modifications were characterized by Fourier 
transform infrared (FTIR) spectroscopy, differential scan-
ning calorimetry (DSC), and wide- and small-angle X-ray 
scattering (WAXS and SAXS). The relationship between 
nanostructure and mechanical behavior was investigated 
by tensile experiments, impact tests, and microhardness 
measurements. The FTIR results suggest that there is a 
chemical interaction between the clay and the polymer. 
Furthermore, the WAXS study shows that no intercalation 
step takes place in any composition. In addition to this, 
the sample with 2.5 wt.% clay could present a total exfo-
liation of the clay particles. The PVDF matrix is found to 
be exclusively of the α-form in all compositions. The final 
microhardness slightly increases with both nanoclay con-
tent and degree of crystallinity.
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1  Introduction
Polymer-clay nanocomposites constitute a relatively large 
research field in both scientific and industrial domains, 
since a very small amount of clay enables a significant 
enhancement of the final nanocomposite properties in 
comparison with conventional filled grades of polymers 
[1–9]. In particular, the Young’s modulus is increased [2], 
the thermal stability is improved since lower coefficients 
of thermal expansion are obtained [3], the solvent resist-
ance is maintained or improved [4], the ionic conductivity 
is enhanced [5], and the gas permeability is reduced [6, 7].

The clay of preference is montmorillonite (MMT) with 
micron-sized particles formed by stacks of three-layer sand-
wiches: a layer of Mg and Al oxides in between the silicate 
layers. The chemical constitution of the MMT unit cell offers 
three types of reactive sites: anions on the silicate surface, 
hydroxyl (-OH) groups, and (few) cations on the narrow 
edges. Historically, the compatibilization of clay involved 
forming an ionic bond between the clay surface and organo-
philic cations, especially quaternary ammonium ones. The 
advantage of this compatibilization is that the chemical 
reaction not only changes the hydrophilic clay character into 
hydrophobic but also causes the clay particles to expand, 
that is, to intercalate as a first step to the total dispersion of 
the clay platelets, which means to the exfoliation [9].

In the present paper, poly (vinylidene fluoride) 
(PVDF) has been the object of study. PVDF is a semicrys-
talline polymer with four crystal polymorphs referred to 
as α, β, γ, and δ by previous authors [8, 10]. The α- and 
β-polymorphs are the most common phases, but melt 
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processing usually results in the α-phase. The β-phase 
has a macromolecular all-trans conformation compris-
ing fluoride atoms and hydrogen atoms on opposite sides 
of the polymer backbone, resulting in a net transforma-
tion of pyroelectrical to piezoelectrical properties [8]. 
Priya and Jog [11, 12] were the first ones to prepare PVDF/
clay nanocomposites. They observed that the addition 
of organically modified clay resulted in the formation of 
the β-phase instead of the α-phase upon melt processing. 
The present study deals with the modification of a previ-
ous method developed and patented by Bouhelal in 2009 
[13], which has demonstrated its great efficiency in the 
formulation of polymer/clay nanocomposites in only one 
step [14, 15] by using a reactive melt extrusion process (see 
Figure 1).

The involved chemical reaction requires a well-
defined recipe mixing of the PVDF polymer matrix, the 
inorganic clay particles, and three main reactive agents, 
such as organic peroxide, sulfur, and a specific activator, 
the tetramethylthiuram disulfide (TMTD). The main prin-
ciple of this method is the creation of macroradicals pro-
vided by the peroxide, which act immediately on active 
sulfur before that any reactions of termination occur 
[14]. As a consequence, after the peroxide decomposition 
(homolytic reaction), the very reactive produced macro-
radicals present a very short lifetime. The following step, 
which mainly concerns the polymer material, is a cou-
pling reaction. As a result of this reaction, the polymer 
chains are linked by sulfur atoms through the formation 
of a three-dimensional network. The interchain bridges 
could be a sulfur atom, a polysulfide -(S)x- group, or a 
cyclic S-compound. The activator acts as an accelerator 

of the sulfur activation rate. Thus, the macroradical for-
mation and their coupling reaction with the sulfur take 
place quasi-simultaneously in order to reach an optimal 
chemical modification of the polymer for each formula-
tion. In the presence of clay, more complex reactions 
have to be considered. The reactive entities involved in 
the previously described reaction steps are also acting 
upon the silicate nanolayers. Indeed, the sulfur reacts 
with the activator in order to create active sulfur, and the 
H protons generated, either by the decomposition of per-
oxide or by the decomposition of TMTD, are capable to 
react in a complex manner with the octahedral and tetra-
hedral structures of clay. Finally, this reaction may lead, 
in some cases, to the formation of organic chains grafted 
to the inorganic compound, allowing the clay exfolia-
tion without going through the intercalation step [16]. 
The success and the efficiency of this complex reactive 
process are strongly dependent on the grafting degree of 
the inorganic particles resulting from the shearing condi-
tions and the balance between the formation of radicals, 
both in the organic and inorganic parts. Further details 
about the above-described method are given in reference 
[17]. In recent studies, by means of this method, Bouhelal 
et al. have shown that it is possible to prepare polymer/
clay composites using untreated clay. Only an initial puri-
fication step is required [15, 16].

The aim of the present work is to examine the struc-
tural modifications induced into the PVDF matrix by 
the incorporation of increasing amounts of clay and to 
establish their influence on the final properties of the 
nanocomposites. It is also very important to determine if 
there is an optimal range of clay percentage to be added 

Figure 1 (A) Scheme of the one-step reactive extrusion process. (B) Completely exfoliated clay-polymer nanocomposite. (C) Partially  exfoliated 
clay-polymer nanocomposite.
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Table 1 Degree of crystallinity determined by three methods: FTIR, 
DSC, and WAXS.

Sample   αFTIRabs   αDSC   αWAXS

PVDF   0.26   0.38   0.47
nPVDF2.5  0.25   0.40   0.48
nPVDF4   0.42   0.39   0.52
nPVDF5   0.39   0.42   0.51
nPVDF7.5  0.33   0.39   0.51
nPVDF10   0.43   0.41   0.53

to the PVDF matrix in order to achieve the total clay 
exfoliation. As reported in the literature [18], a perfect 
exfoliation of the clay particles could provide the best 
final properties.

2  Materials and methods

2.1  Materials

PVDF Hylar 5000 was manufactured by Ausimont 
(Italy). Density ρ = 1.76 g/cm3. Tm = 160°C and Tg≈-35°C. The 
unmodified clay (MMT called maghnite) was supplied 
by ENOF (Algeria). The cation exchange capacity (CED) 
is about 1.15 × 10-3 mol/g [19]. Dicumyl peroxide (DCP) (96 
wt.%) was supplied by ACROSS (Belgium). The sulfur 
vulcanizing agent (S) was supplied by Wuxi Huasbeng 
Chemical Additives Factory (China). The activator used 
is the TMTD (Super accelerator 501), supplied by Rhône-
Poulenc (France). The mix of peroxide, sulfur, and acti-
vator constitute the “functionalizing agents” in the rest 
of the text.

2.2  Sample preparation

The clay was separated from the rest of minerals by 
washing the raw material with distilled water followed 
by centrifugation. It was not necessary to perform any 
other chemical treatment or purification step. The dried 
clay (100°C, 24 h) is then screened through sieves in order 
to obtain an average granular size of 63 μm. At this step, 
the clay is ready to be mixed with the “functionalizing 
agents.” The components of the “functionalizing agents” 
are first dissolved in acetone in a concentration of 1:10 of 
the future clay content. The formulations are as follows: 
the chosen sulfur concentration (in wt.%) was always 
equal to that of peroxide, and the activator was 1/4 of the 
sulfur or peroxide concentration. Then, the mixture with 
the dried clay is performed during a 24  h period to let 
enough time for the reaction to take place. This “function-
alized” clay was then blended with the polymer matrix for 
different weight contents (0, 2.5, 4, 5, 7.5, and 10 wt.%). 
We shall call these compositions nPVDFx (x being 2.5–10 
wt.% clay). The complete preparation process is per-
formed by using a Brabender plastograph at 200°C with a 
screw speed of 45 rpm for 5 min.

A laboratory compression molding equipment was 
used to prepare films of about 1 mm thickness for the all 
six PVDF-nanoclay formulations.

2.3   Microstructural characterization 
techniques

2.3.1  Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded for all materials (clay, PVDF, and 
nPVDFx films) by means of a Perkin-Elmer Spectrum 1000 
spectrometer with a wavenumber resolution of 4 cm-1 in the 
range from 450 to 4400 cm-1 using attenuated total reflec-
tion. Each spectrum results from an average of 200 scans.

In order to determine the degree of crystallinity of the 
PVDF, the 766  cm-1 infrared absorption band, character-
istic of the α-phase, is used. A procedure similar to that 
developed by Osaki and Ishida [20] was applied. Thus, 
assuming that the absorption follows the Lambert-Beer 
law, the absorbance Aα at 766 cm-1 is given by

 
A log( I / I ) K C X t

α α α α α α
= =�

 (1)

for a sample of thickness t. Io and I are the incident and 
transmitted radiation intensities, respectively. Kα is the 
absorptivity at the respective wavenumber and Xα is the 
degree of crystallinity of the α-phase. The value of Kα is 
equal to 6.1 × 104 cm2/mol. Cα is the concentration of the 
α-crystalline phase of the PVDF and was calculated from 
the density of the α-phase, resulting in a value of 0.0301 
mol/cm3 [21, 22].

The crystallinity values calculated by the FTIR spectros-
copy are shown in Table 1. Table 1 also lists the crystallinity 
values derived from the DSC and wide-angle X-ray scattering 
(WAXS) studies for the sake of comparison. As it has been 
commonly observed, the three methods provide different 
values, but the tendency is the same: the degree of crystal-
linity increases slightly and linearly with the clay content.

2.3.2  Differential scanning calorimetry (DSC)

The thermograms of all samples were obtained using a 
Perkin-Elmer DSC-7, calibrated with indium standard. The 
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measurements were performed at a controlled heating 
rate of 10°C/min from 40°C to 200°C under a constant 
nitrogen flux of 0.1 l/min and using aluminum capsules 
containing 5–10  mg material. All DSC curves are base-
line substrated and normalized to 1 mg material. The first 
heating scan is analyzed to identify the thermomechani-
cal history underwent during the chemical formulation 
and compression molding. The second heating scans have 
not been performed.

2.3.3  WAXS

WAXS experiments were performed using a Seifert dif-
fractometer equipped with a CuKα1 (λCuKα1 = 0.1542 nm) 
monochromator in the reflection mode. Selected tension 
and intensity were 40  kV and 35 mA, respectively. The 
Bragg angular range of acquisitions was from 2° to 35° (2θ) 
with a scan rate of 0.02°(2θ)/s. The αWAXS of all samples 
was derived from the ratio of the area corresponding to 
the crystalline peaks to the total area of the diffractogram 
obtained after the deconvolution step.

2.3.4  Small-angle X-ray scattering (SAXS)

SAXS experiments were performed at the beam line 
X27C of the National Synchrotron Light Source of the 
Brookhaven National Laboratory (Upton, NY, USA). The 
working conditions were as follows: 0.1371 nm; distance 
sample-detector: 1856.98  mm for the samples studied 
in “flat-on” geometry and 1823.34  mm for the samples 
studied in “edge-on” geometry. The sample thickness was 
roughly 1 mm. The detector used was MarCCD 165, with 
1 pixel = 158 mm. A vacuum tube was used in all experi-
ments in order to eliminate the air scattering.

The scattering patterns were integrated to generate a 
I(q) versus q curve, where I(q) is the intensity of the scat-
tered X-rays and q is the scattering vector. Lorentz’s cor-
rected intensity, I(q).q2, was plotted versus q for all the 
samples to determine the long period, L. The long period 
was calculated using Bragg’s equation, L = λ/2sinθ = 2π/q, 
where q is the value of the scattering vector corresponding 
to the maximum of I.q2 as a function of q in the SAXS pattern.

2.3.5  Mechanical behavior and properties

2.3.5.1  Uniaxial tensile testing
The tensile tests were conducted at room temperature 
on a Zwick Roell Proline tensile machine. The crosshead 

speed used was 5 mm/min. The probe geometry was  
4 × 1 cm2, with a thickness of about 1 mm. The grip length 
was 40 mm. Each test was repeated at least five times in 
order to ensure the good reproducibility of measurements. 
The Young’s modulus, the tensile strength at the yield 
point, and the elongation at break were derived from the 
nominal stress strain curves.

2.3.5.2  Impact testing
The impact strength tests were conducted at room tem-
perature on Resil Impactor machine initially developed 
and commercialized by CEAST (Italy), recently acquired 
by Instron in 2008. Each test was repeated at least five 
times in order to ensure the good reproducibility of 
measurements.

The Charpy impact resistance of both notched and 
unnotched specimens of all PVDF nanocomposites was 
determined. The notch was machined out using a spe-
cially made milling cutter with an angle of 45°. The depth 
h value of the notch varies from 1 to 10 mm.

2.3.5.3  Microhardness testing
The microindentation measurements were performed at 
room temperature (23°C) using a Leitz microindentation 
tester equipped with a Vickers square-based diamond 
indenter (Wetzlar, Germany). The angle between two 
consecutive faces of this diamond indenter is 136°. The 
loadings of 0.5 and 1  N were applied for 6  s and sub-
sequently released to measure the residual area of 
indentation.

The microhardness H value was derived from the 
relationship between the force applied P and the residual 
projected area of indentation, according to the following 
expression [23]:

 
2H kP / d=  (2)

where d is the length of the impression diagonal (m), P is 
the contact load applied (N), and k = 1.854 is a geometrical 
factor [23]. The hardness measurements were averaged 
over 8–10 indentations on each sample.

3  Results and discussion

3.1  Chemical characterization

FTIR spectrophotometry is a well-known technique 
for the quantitative determination of PVDF crystalline 
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Figure 3 (A) Heating thermograms for neat PVDF and nPVDF 
nanocomposites with 2.5, 4, 5, 7.5, and 10 wt.% clay and (B) cooling 
thermograms for the same samples.
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Figure 2 Variation of IR transmittance (%) of clay, PVDF, and PVDF-
clay nanocomposites with different clay concentrations as a func-
tion of the wave number (cm-1).

polymorphs [22, 24]. In the present study, the FTIR spectra 
for the pristine unmodified clay and for film samples of 
neat PVDF and nPVDFx compositions (nPVDF 2.5, 4, 5, 7.5, 
and 10 wt.%) were analyzed.

Figure 2 illustrates the FTIR spectra of clay, PVDF, and 
several nPVDFx composites with different clay concentra-
tions in the region 1200–400 cm-1. The absorption bands 
of clay, at 916, 842, 797, 694, 667, 626, 521, and 466 cm-1, are 
marked by red arrows.

On the contrary, in pure PVDF, the bands observed at 
976, 855, 796, 766, 614, 532, and 409 cm-1, marked by black 
arrows, are assigned to the α-phase. These bands remain 
unchanged in the different nPVDFx compositions (see 
Figure 2). In addition to this, none of the bands typical of 
the PVDF β-phase is observed.

From Figure 2, it is also noted that all the clay bands 
characteristic of Si-O-Si, Al-O-Si, Al-O, Si-O, Al-OH-Mg, Al-
OH-Al, and Mg-OH groups disappear in the nPVDFx com-
posites. This indicates that, whereas the PVDF matrix is not 
modified in the composites, there are chemical changes in 
the clay, maybe affecting the octahedral clay structures. 
These changes could enhance the process of exfoliation.

3.2   Microstructure and nanostructure 
characterization

In order to identify the modification of the semicrystalline 
microstructure and nanostructure of PVDF induced by 
the incorporation of clay fillers and to characterize their 
distribution through the polymer matrix, DSC, WAXS, 
and SAXS analyses were performed on each compression 
molded film.

3.2.1  DSC

Figure 3 presents the DSC thermograms corresponding to 
the first heating (Figure 3A) and the subsequent cooling 
(Figure 3B) for neat PVDF and each nPVDFx formulation. 
Whereas the thermogram of neat PVDF shows a unique 
endothermic peak at 160°C during the heating, the ther-
mograms of the different nPVDFx materials show a double 
endothermic signal with a first peak at 152°C and a second 
one at 160°C. The main melting temperature remains con-
stant at 433 ± 1°K (160 ± 1°C) for all the materials and cor-
responds to the melting of the PVDF α-phase crystals [24]. 
The crystalline lamellar thickness, lc, was derived from 
the melting temperature Tm through the Thomson-Gibbs 
equation:

 
0

m m e m cT T [( 1-( 2 / H )]cl∆ ∞= σ ρ
 (3)
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In this expression, Tm
0 is the PVDF equilibrium melting 

temperature, 483.2°K [25]; mH ∞∆  is the melting enthalpy 
for an infinitely thick PVDF crystal, 104.7 J/g [25]; se is the 
surface free energy of the PVDF α-crystals, with a value of 
38.0 erg/cm2 [26]; and ρc is the crystalline density of the 
α-phase of PVDF, 1.925  g/cm3 [27]. As indicated above, 
the main melting temperature is practically constant and 
equal to 433 ± 1°K (160 ± 1°C) for all the samples. From Tm, 
the crystal thickness lc with values of 3.56–3.63  nm was 
derived, as reported in Table 2. The crystals of the PVDF 
α-phase with lower perfection, probably formed due to 
the presence of the clay nanoparticles, are thought to be 
responsible for the second melting maximum, at 425 ± 1°K 
(152 ± 1°C). The lc value derived for these crystals, calcu-
lated assuming that the se value is not affected by the clay 
presence, varies between 2.98 and 3.13 nm (see Table 2).

From the DSC curves, the degree of crystallinity αDSC can 
be calculated from the measured melting enthalpy DHm and 
the melting enthalpy for an infinitely thick PVDF crystal 
DHm

∞, according to the expression: DSC m mH / w Hα ∞=∆ ∆  
where w represents the weight fraction of the PVDF matrix 
in the composite. For mH ,∞∆  we have taken the value 
104.7 J/g [25]. The crystallinity data derived from the DSC 
study are  collected in Table 1. It increases with the clay 
content, but very slightly. Thus, the well-known nucleating 
effect of clay particles seems to have only a limited effect on 
the DSC crystallinity of the nanocomposites.

The cooling thermograms of Figure 3B indicate that 
the crystallization temperature increases from 399°K 
(126°C) for neat PVDF to 411°K (138°C) for all the nanocom-
posites. This effect has been previously observed by other 
researchers [4]. The nucleating effect of the clay is now 
more clearly observable, since an increase in the crystalli-
zation temperature takes place for all the nanocomposites.

3.2.2  WAXS

The isomorphism of the PVDF matrix is confirmed by 
the WAXS diffractograms of Figure 4, where only the 

Table 2 DSC and microhardness parameters of PVDF and nPVDFx compositions.

  Heating   Cooling

  Tm1 (°C)   Tm2 (°C)   lc1 (nm)   lc2 (nm)   DHm (J/g)   αDSC   Tc (°C)   DHc (J/g)   H (MPa)

PVDF   –   160   –   3.63   40   0.39   126   44   89 ± 7
nPVDF2.5   152   160   3.13   3.63   41   0.40   139   49   92 ± 8
nPVDF4   151   159   3.08   3.56   39   0.39   137   45   89 ± 7
nPVDF5   150   159   3.03   3.56   42   0.42   139   40   97 ± 5
nPVDF7.5   149   159   2.98   3.56   37   0.39   138   44   89 ± 7
nPVDF10   150   159   3.03   3.56   39   0.41   137   41   99 ± 6
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Figure 4 WAXS patterns of neat PVDF and nPVDF nanocomposites 
with 2.5, 4, 5, 7.5, and 10 wt.% clay.

characteristic reflections of the PVDF α-form appear at 
2θ≈17.6°, 18.4°, and 19.95°. Other authors have found that 
the addition of organically modified clay leads to the for-
mation of the PVDF β-phase upon melt processing [11, 12], 
or to a mixture of the α- and β-phases, depending on the 
clay proportion [27].

From Figure 4, it can be also seen that all the 
nPVDFx compositions, except the one with 2.5 wt.% clay 
(nPVDF2.5), show a new diffraction peak at 2θ = 6.5°–6.6°, 
which corresponds to the d(001) spacing of clay (distance 
between the adjacent clay nanolayers). The position of 
this peak remains the same in all the nPVDFx nanocom-
posites. This is an indication that no partial intercalation 
step takes place in any of the compositions. On the con-
trary, the disappearance of the clay peak at 2θ = 6.5°–6.6° 
was observed in the diffractogram of the nPVDF2.5 
sample. This result could indicate that total exfoliation, as 
depicted in Figure 1B, is accomplished for this composi-
tion. For the rest of the compositions, one could think of a 
mixture of stacks plus exfoliated nanolayers, as illustrated 
in Figure 1C.
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Figure 6 “Edge-on” SAXS patterns of neat PVDF and nPVDF nano-
composites with 2.5, 5, and 10 wt.% clay.

The degree of crystallinity was determined by WAXS 
as explained in Section 2.3.3. The αWAXS values are reported 
in Table 1, together with the crystallinity values obtained 
by FTIR and DSC for the sake of comparison. As above indi-
cated, all the three methods show different values, but, in 
any case, the degree of crystallinity increases slightly and 
linearly with the clay content, as previously reported by 
several authors [28–30]. This tendency is more evident in 
the case of the αWAXS values.

3.2.3  SAXS

The SAXS analysis was performed in all the samples in 
two directions: with the X-ray beam perpendicular (“flat-
on”; Figure 5) and parallel (“edge-on”; Figure 6) to the film 
plane.

The “flat-on” patterns of several compositions are 
shown in Figure 5. The anisotropic scattering rings indi-
cate the various levels of crystalline phase orientation 
of PVDF for all samples. These results indicate that all 
samples show their crystalline chains radially oriented in 
the film plane due to the compression molding step. These 
scattering patterns are representative of the long spacing, 
L, of the PVDF semicrystalline nanostructure (see Table 3).  
L is about 9.6 ± 0.2 nm for all samples, except for the sample 

nPVDF2, 5

nPVDF5 nPVDF10

PVDF

Figure 5 “Flat-on” SAXS patterns of neat PVDF and nPVDF nano-
composites with 2.5, 5, and 10 wt.% clay.

with 4 wt.% clay (L = 8.5 nm). The average value for the 
thickness of amorphous regions la was obtained from the 
expression la = L-lc, where lc is the main crystal thickness 
calculated from the DSC study (Table 2, column 5). The la 
values derived for the samples analyzed in the “flat-on” 
geometry are listed on Table 3.

The “edge-on” SAXS patterns of several composi-
tions shown in Figure 6 also indicate that all the samples 
have their crystalline phase oriented. Furthermore, this 
orientation is much stronger than in the previous results 
obtained in the film plane, as indicated by the appearance 
of narrow scattering arcs of high intensity. The orientation 
of the crystalline phase along the thickness direction of 
the film is a well-known phenomenon called “fountain 
effect” as described by Mavridis et al. [31]. Regarding the 
SAXS results of Figures 5 and 6, it can be observed that the 

Table 3 L and la values derived from the SAXS and DSC patterns.

Sample   L (nm) 
“Flat-on”

  la (nm) 
“Flat-on”

  L (nm) 
“Edge-on”

  la (nm) 
“Edge -on”

PVDF   9.4   5.77   9.3   5.67
nPVDF2.5   9.6   5.97   9.5   5.87
nPVDF4   8.5   4.94   8.7   5.14
nPVDF5   9.8   6.24   9.8   6.24
nPVDF7.5   9.4   5.84   9.4   5.84
nPVDF10   9.8   6.24   9.9   6.34
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semicrystalline nanostructure of the PVDF matrix resem-
bles the well-known “shish-kebab” structure [32, 33].

Table 3 also includes the L and la values calcu-
lated from the “edge-on” SAXS patterns. It can be seen 
that these two sets of values are very similar to those 
obtained for the samples in the “flat-on” geometry. In 
addition to this, both L and la slightly increase with the 
clay content.

It is important to note that, in the SAXS patterns, there 
is no sign of the thinner lamellar population. This proba-
bly means that these lamellae are almost isolated, so they 
cannot form sufficiently large stacks.

Thus, the clay presence seems to change the perfec-
tion of the semicrystalline nanostructure of PVDF while 
slightly increasing the degree of crystallinity.

3.3   Macromechanical and micromechanical 
properties

3.3.1  Tensile resistance

The Young’s modulus, the yield point, and the stress and 
strain at break are reported in Table 4 for all the composi-
tions. From these results, it can be inferred that the incor-
poration of clay in different weight percentages in PVDF 
has not significantly affected its tensile properties. Thus, 
only the Young’s modulus E slightly increases in composi-
tions with the highest clay contents, that is, from 5 to 10 
wt.%. The sample with 2.5 wt.% clay shows the highest 
values for the tensile strength, tensile stress, and elonga-
tion at break. In addition, most of blends with clay present 
yield stress values sy similar to that of pure PVDF. The 
sample with 4 wt.% clay is the one with lowest values of 
E and sy.

The results presented in Table 4 show that the new 
material is less stiff and less rigid than pure PVDF. This is 
attributed to the interaction between the polymer chains 
and the clay nanolayers.

Table 4 Tensile properties of PVDF and n PVDFx compositions.

Sample   Tensile 
strength (N)

  Tensile 
stress (MPa)

  Modulus E 
(MPa)

  Elongation 
at break (%)

PVDF   72   38.2   994   744
nPVDF2.5   112   43.3   901   859
nPVDF4   49.1   17.4   636   351
nPVDF5   44.1   39.5   1190   686
nPVDF7.5   33.6   35.8   1190   509
nPVDF10   31.9   25.3   1090   303

Table 5 Impact strength results of PVDF and nPVDFx compositions.

Samples   ak (J/m2)   an (J/m2)   K = (ak/an) × 100 (%)  Observation

PVDF   23   39.5   58  Failure
nPVDF2.5   5.5   59   9  Failure
nPVDF4   6   14.5   41  No failure
nPVDF5   27   27   100  No failure
nPVDF7.5   17   17   100  No failure
nPVDF10   6   27   22  Failure

3.3.2  Impact strength

The notch sensitivity refers to the tendency of the material 
to break or crack on impact when the material is affected 
by a crack, fissure, or break. A high sensitivity denotes 
ductility, while a low sensitivity denotes pliability brittle-
ness of the material.

Table 5 shows the notch sensitivity for the different 
compositions versus the clay loading. The notch sensitiv-
ity values decrease with the clay content of 2.5 wt.%, but 
the unnotched value presents the highest impact strength, 
which means that, although the material is quite rigid and 
presents a brittle behavior, the clay nanolayers can stop the 
crack propagation. The sample with 4 wt.% clay shows a 
moderate notch sensitivity, with acceptable ak and an values. 
Two possibilities could explain this behavior: the first one is 
related to the preparation method by compression molding 
that does not ensure the isotropy compared to the neat PVDF 
material, and the second one could be attributed to the 
dispersion range of the total exfoliation that changes com-
pletely the spatial order of nanocomposite instead of giving 
rise to a stiff and tough material. The samples with 5 and 
7.5 wt.% clay present the most interesting impact strength 
results for ak and an, since their values are similar. In this 
case, we do not have a clear explanation for this behav-
ior, but we can say that they seem to be isotropic. Finally, 
a decrease of the notch sensitivity is observed for 10 wt.% 
clay, but the ak and an values are lower and acceptable. On 
the other hand, as it was explained above, the tensile results 
show that the sample with 4 wt.% clay content presents a 
decrease in the modulus and in the yield stress, accompa-
nied with a not so high elongation at break.

3.3.3  Microhardness

The microhardness H behaves in a very similar way to the 
crystallinity: H slightly increases in a linear way with the 
organoclay content (Figure 7).

The hardness of a polymer can be expressed in terms 
of its crystalline Hc and amorphous Ha components, 
according to the additivity law [34]:
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Figure 7 Hardness dependence of the functionalized clay content 
for PVDF/clay nanocomposites.

 c aH H H ( 1- )α α= +
 (4)

In this expression, is the degree of crystallinity of the 
polymer. On the contrary, the crystal hardness Hc is related 
to the crystal thickness lc through the expression [35]:

 c c cH H /( 1 b/l )∞= +
 (5)

in which cH ∞  is the hardness of an infinitely thick crystal, 
and the b-parameter is defined as [35]:

 eb / h=σ ∆
 (6)

with se being the surface free energy, and Dh is the energy 
required for the plastic deformation of the crystals.

From the data presented on Table 2, it is clear that there 
is no variation in the melting temperature Tm of the differ-
ent samples. Thus, as it was above indicated, the crystal 
thickness of all compositions is practically constant and 
is equal to 3.6 nm. Therefore, the crystalline hardness Hc 
is practically constant, and Equation (5) is obeyed. This is 
the reason for the good correlation between the crystal-
linity and the microhardness for all the range of composi-
tions studied (Figure 8).

4  Conclusions
 – By employing the innovative method described in this 

study, it is possible to prepare the PVDF/clay nano-
composites using raw clay in only one step.

 – In all the studied PVDF/clay nanocomposites, the 
polymeric matrix shows only the α-form.

 – The slight increase of crystallinity with the clay con-
tent could be explained by the possible nucleating 
effect of the clay nanoparticles.

 – The diffractogram of PVDF with 2.5 (nPVDF2.5) is the 
only one that does not show the (001) clay peak. This 
could mean that total clay exfoliation is reached for 
this composition.

 – The SAXS results reveal that practically all crystalline 
lamellae within the samples are oriented.

 – The mechanical behavior of the PVDF/clay nanocom-
posites is less stiff and less rigid than that of the PVDF 
matrix. This is attributed to the interaction between 
the polymer chains and the clay nanolayers. More-
over, this interaction is thought to be responsible for 
the slight increase of the microhardness with the clay 
content.

 – There is a good correlation between the crystallinity 
degree and the microhardness for the whole range of 
compositions.
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