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Abstract The influence of polyhedral oligomericsilsesquioxane
(POSS) content on the rheological behavior, non-isothermal
crystallization behavior, and on crystal morphology of the
poly(vinylidene fluoride) nanocomposites prepared through melt
blending were investigated in this work. Rheological analysis
showed that the POSS additiondecreased viscosity as compared
to pure PVDF and induced a deviation in the liquid-like behavior
predict by Einstein Suspension Sphere Law. The addition of
POSS into PVDF promoted chances in the crystallization behav-
ior. The crystallization was slower in the nanocomposite with
higher POSS content due to the diluent effect of POSS in this
system. Small angle X-ray scattering (SAXS) patterns showed a
small increasing in the lamellar region of PVDF. The amorphous
region increases significantly with POSS addition. The interface
between the crystalline and amorphous region remains practical-
ly unchanged.
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Introduction

PVDF is an engineering thermoplastic offering excellent ther-
mal and chemical resistance and mechanical strength. It is
seldom considered for applications involving high-speed pro-
cessing, such as injection molding, because it is a high-
melting and slow-crystallizing polymer [1–3]. PVDF exists
in at least four main crystalline structures: α-, β-, γ-, and δ -
crystal forms. They are distinguished by the conformation of
the C-C bond along the chain backbone [4, 5].

Polyhedral oligomeric silsesquioxane (POSS), a hybrid (or-
ganic–inorganic) nanostructured chemical, has been used since
early 2000’s for the preparation of hybrid materials and polymer
matrix nanocomposites [6–8]. POSS molecules are cage-like
structures described by the general chemical structure R(SiO3/2)n,
where n indicates the number of silicon atoms(n = 8, 10 or 12)
[9]. This cage is surrounded by a corona of functional organic
groups and it may be a fully condensed Bclosed^ or an Bopen^
structure [9–11].The incorporation of POSSmolecules into poly-
mer materials may result in enhancements in macroscopic prop-
erties such as increasing of temperature of usage, mechanical
properties, and easy of melt state processing [12, 13].

There are a few studies in literature regarding the incorpo-
ration of POSS into PVDF. In one of them Monticelli et al.
studied the grafting reaction of amino-containing POSS onto
the surface of modified PVDF. The authors used this new
hybrid material as a selective membrane [14]. Zeng and co-
workers [15] performed a simulation study about the miscibil-
ity of binary mixtures of PVDF and six different types of
POSS. The authors used Monte Carlo Simulation approach
for calculation of mixing energies, Flory–Huggins parameter
and Gibbs free energy of mixing.

Martins and co-workers [16] prepared PVDF/POSS nano-
composites through melt blending. They studied the influence
of a POSS with methacrylate radicals on the morphological,
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viscoelastic and thermal properties of PVDF. The POSS
changed the PVDF morphology and microstructure of pure
polymer. These changes reflected in the macroscopic proper-
ties, mainly, in viscoelastic behavior. The addition of POSS
into PVDF also induced the formation of two different crys-
talline phases and increased the degree of crystallinity with the
POSS content. Liu et al. [17] prepared a nanocomposite of
PVDF and trifluoropropyllsobutyl POSS (FPB-POSS) using
solvent evaporation method. They studied the morphology,
crystallization, and thermal properties of this system. The ad-
dition of POSS induced the formation of larger particles of
PVDF chains. Additionally POSS promoted the formation of
higherβ crystalline phase on PVDF. Also FPB-POSS acted as
nanofiller leading to an improvement in mechanical proper-
ties, including hardness and elastic property. Liu and co-
workers [18] conducted a study regarding the morphology,
crystallization, thermal and mechanical properties of
PVDF/Fluoropropyl POSS (FP-POSS) nanocomposites. FP-
POSS exhibited miscibility with PVDF, enhancing its crystal-
linity and the thermal degradation of PVDF was not signifi-
cantly affected by FP-POSS. The authors also reported that
FP-POSS, led to remarkable improvement in mechanical
properties. The maximum of mechanical properties improve-
ment was achieved at 3 wt.% of FP-POSS.

When PVDF is blended with poly(methyl methacrylate)
(PMMA) there is an amorphization effect in the PVDF by the
addition of high PMMA contents. Decreased melt temperature
for the system is also observed [19]. The addition of an amor-
phous polymer to a semi-crystalline one generally modifies the
crystallinity of the latter, at least when their amorphous phases
are miscible [20]. The decrease in melting point of the PVDF
resulting from incorporation of PMMA has been reported in
literature [21, 22], and was attributed to the favorable interac-
tions of semi-crystalline PVDF with amorphous PMMA. An-
other effect observed in this system is the decreasing of crystal-
lization peak temperature (Tc) and crystallization enthalpy
(ΔHc). According to previous studies, the decreasing of Tc of
PVDF when blended with PMMA can be attributed to intermo-
lecular interactions between the carbonyl group of PMMAand
the hydrogen of PVDF [22, 23]. The interactions in
PVDF/PMMAand PVDF/methacrylatePOSS are different than
the ones found in PVDF/FP-POSS nanocomposites [17, 18].

The addition of small particles into polymer causes different
effects depending on the nature of the particle. One of these
effects is the deviation in liquid-like behavior predict by Ein-
stein Suspension Sphere Law [24]. Another effect is that small
particles have the ability to act as nucleating agents in polymer
systems. This trend influences the crystalline morphology by
either hindering or facilitating the host polymer crystallization
process [25]. The presence of organic radicals in POSS cages
interferes in the crystallization process. Moreover, POSS have a
different behavior when compared to small particles due to its
supramolecular nature. Previous studies have shown that POSS

structure remains in the liquid state in the temperature range in
which the polymer crystallizes [26].

It is known from previous studies [16–18] that the addition
of POSS into PVDF induces a change in polymer morpholo-
gy, formation of β crystalline phase and improvement of me-
chanical properties. Nevertheless, the influence of POSS on
the crystallization kinetics under non-isothermal conditions,
the rheological behavior, and the crystal morphology remains
unclear for this nanocomposite.

The aim of this work is to investigate the deviation of the
Einstein Suspension Sphere Law caused by addition of POSS
into PVDF through melt blending. This deviation effects are
correlated with the non-isothermal crystallization kinetics, and
crystal morphology of the PVDF.

Experimental

Materials

PVDF (Solef 6008, specific mass 1.78 g.cm−3, melt flow in-
dex 8 g.10 min−1) used in this work was kindly supplied by
APTA Resinas Thermoplastics in the pellet form. Liquid
POSS was purchased from Hybrid Plastics Inc. The POSS
used in this work contain methacryloxypropyl-groups, com-
mercially named MethacrylPOSS cage mixture (cod. MA
0735, specific mass 1.20 g.cm−3).

Melt processing

The nanocomposites were prepared through melt blending in
a batch mixer (Haake, Rheomix 600p). The experiments were
done at 200 °C, 200 rpm for 10 min. This experimental con-
dition makes it possible to approach the steady-state for all
compositions under experimental conditions. The POSS con-
tent added to PVDF was 0, 1, and 5 wt.%.

Rheological measurements

The flow curves were obtained in an Anton Parr MCR 101
rheometer using cone plate geometry at 200 °C under nitrogen
atmosphere. The dynamic viscosity values were obtained in
the shear rate range between 10−2and 102s−1. The rheological
parameters were estimated by Cross Model in the range of
initial Newtonian viscosities (Eq. 1). The solution of Cross
Model was accomplished using non-linear least-squares
Levenberg–Marquardt algorithm [27].

η ¼ η0
1þ λγj jm ð1Þ

Where η0 is the zero shear viscosity, λ is the time constant and
m is a constant factor.
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Differential scanning calorimetry (DSC)

DSC curves were obtained in a TA Instruments Q 2000
under nitrogen atmosphere (samples mass of 9 to 10 mg
and flow rate of 50 mL.min−1). The melting temperature
and enthalpy were calibrated with indium and zinc
(Tmindium = 156.6 °C; ΔHindium = 28.47 J.g−1). The
samples were heated at 40 °C.min−1to 220 °C followed
by a 5 min isotherm, then cooled to room temperature
at different constant cooling rates (5, 10, 15, and
20 °C.min−1). The heat flow evolving during the crys-
tallization was recorded as a function of time or tem-
perature. The crystallization enthalpy (ΔHc) of the crys-
tallized fraction was calculated from the area of the
DSC exothermal event.

Synchrotron small-angle X-ray scattering (SAXS)

The small-angle X-ray scattering experiments were done
using the beam line, SAXS1 of the National Synchrotron
Light Laboratory (LNLS) in Campinas, Brazil. The SAXS
measurements were performed at room temperature in
transmission geometry with λ = 1.488 Å. The 2D SAXS
spectra were monitored with a photomultiplier and detect-
ed on a marCCD 165 detector (8 × 8 binning) with
sample-to-detector distance of 602 mm. Samples were
placed with their surfaces perpendicular to the direction
of the X-ray beam propagation and parallel to the X-ray
detector. Samples, with dimensions of 10 × 10 × 3.2 mm3,
were cut from the injection molded specimens with con-
trolled cooling. Scattering intensity (I) as a function of
scattering vectors (q) from 0.12 to2.45 nm−1was mea-
sured. Background and parasitic scattering were deter-
mined using an empty holder and subtracted from each
measurement.

The X-ray scattering was experimentally determined as a
function of the scattering vector (q) whose modulus is given
by the following Eq.(2):

q ¼ 4πsinθ
λ

ð2Þ

Whereθ is half the scattering angle (2θ).
This study considered that the scattering objects are

periodical stacks consisting of alternate lamellar crystals
and amorphous layers. The detailed parameters of lamel-
lar structures, such as long period (Lp), thickness of
amorphous layers (La), and thickness of crystalline
layers (Lc), can be extracted from SAXS profiles by
one-dimensional correlation function, γ (r) [28–30].

Linear correlation function was determined according
to the procedure described in the literature [31] using

Lorentz-correction SAXS intensity profiles according to
the following equation:

γ rð Þ ¼

Z
0

∞

I qð Þq2cos qrð Þdq

Z
0

∞

q2I qð Þdq
¼ 1

Q

Z
0

∞

q2I qð Þcos qrð Þdq ð3Þ

Where r is the direction perpendicular to the surfaces of
the lamellae, along which the electron density is mea-
sured. Q is the invariant that represents the electron
density difference between the two phases and it is cal-
culated from the area under the Lorentz-corrected scat-
tering curve. The Porod’s law can be used to describe
the asymptotic behavior of the background-subtracted
SAXS curves at the large q region in the case of an
ideal two-phase model with sharp boundaries at the
crystal/amorphous interface [32].

The lamellar structure parameters can be determined from
the γ(r) function [33]. The average crystalline thickness, Lc

can be obtained by the intersection of straight line dγ rð Þ
dr with

γmax values is obtained by extrapolation to r = 0 of the straight

line dγ rð Þ
dr [29, 33, 34].

The long period, Lp, correspond to the r value that belongs
to the first γ(r) maximum outside the self-correlation triangle.
The minimal value of the long period, Lpmin corresponds to the
double of the r value that belongs to the first γ(r) minimum
[34]. The average soft block (amorphous) thickness is simply

tion of the average interface thickness between crystalline and
amorphous phases using the relationship between the crystal-
line thickness and minimum long period using the following

equation IT ¼ LcχL ¼ L2c
Lpmin

[31, 33, 34].

Results and discussions

Rheology properties

The PVDF/POSS nanocomposite flow curves are presented in
Fig. 1a. All samples presented Newtonian behavior up to
1 s−1. From this shear rate on the samples exhibited shear
thinning behavior. The addition of POSS induced a lower
viscosity as compared to pure PVDF. This fact is related to a
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the baseline at γmin = - A. This baseline is defined as the hor-
izontal tangent at the first γ(r) minimum, which belongs to the
self-correlation triangle. The volume crystallinity,
χv ¼ A

Aþγmax
, is defined as a relation between A and γmax. The

deduced by La = Lpmin - Lc. and the local crystallinity is given

by χL ¼ Lc
Lpmin

. The linear correlation analysis permits estima-



lubricant effect, induced by POSS [16].The rheological pa-
rameters estimated by Cross Model are summarized in
Table 1. For a Newtonian fluid the m assume zero values,
the m values for a pseudoplastic fluid are near 1. The POSS
addition caused increasing in m and λvalues, which indicates
small changing in rheological behavior.

The addition of small particle (d < 10 nm) into a highly
viscous liquid induced a decreasing in zero shear viscosity
(η0) values. The effect of adding small particle in polymer
samples causes a deviation in the liquid-like behavior predict
by Einstein Suspension Sphere Law. This deviation in
Einstein’s liquid-like behavior was observed in this
PVDF/POSS nanocomposite as showed in Fig. 1b. The POSS
structure used in this work has large functional groups meth-
acrylate surrounding the silicon and oxygen structure. POSS
structures with functional groups larger than six carbons are
generally liquid at room temperature. The fact that POSS par-
ticles are small having nanometric scale explains the deviation
in the Einstein Suspension Sphere Law in this PVDF/POSS
system [16].

Non-isothermal crystallization

The non-isothermal crystallization curves at various cooling
rates as a function of temperature of the PVDF/POSS 100/0,
99/1, and 95/5 are shown in Fig. 2. A dependence of the
position and intensity of the exotherms on the cooling rate

can be observed. As the cooling rates increases, the crystalli-
zation temperature range becomes broader and the peak mag-
nitude higher. As expected, the higher the cooling rates the
lower the crystallization peak temperature. Since the crystal-
lization process is time dependent, lower cooling rates give to
the macromolecular chains enough time to change conforma-
tion. This fact results in a less energetic arrangement, and
crystallites are formed at higher temperature.

Table 2 presents the non-isothermal crystallization data for
pure PVDF and PVDF/POSS nanocomposites obtained at dif-
ferent cooling rates. There was a small increasing in Tc values
with the addition of POSS. In the other hand, the melt tem-
perature (Tm) was slightly reduced with the addition of POSS.
These effects are related to the higher mobility of the polymer
chains in the molten state caused by the presence of small
particles which reduces the viscosity, as observed in the rheo-
logical properties.

There are strong intermolecular interactions between the
carbonyl group of PMMA and the hydrogen of PVDF in
PVDF/PMMA blends [21, 23, 35–37]. In the same way,
PVDF/POSS nanocomposites could also present interactions
between the carbonyl groups of methacryl radicals and the
acid hydrogen of PVDF. The nanocomposite with 1 wt.%
POSS content the processing conditions were efficient to
avoid formation of large POSS agglomerates. In the nanocom-
posites with higher POSS contents these conditions could not
be avoid it, because of the strong interaction among POSS
molecules [16]. However, the effects on the melt and crystal-
lization behavior are a less noticeable than the ones observed
in the polymer blend.

The influence of the POSS content on the dynamic solidi-
fication of PVDF/POSS nanocomposites can be monitored
through the crystallization rate coefficient (CRC) parameter,
proposed by Khanna [38], and Di Lorenzo and Silvestre [39].
As the polymer cools down from the molten state, structures
which have symmetrical and short repeating chain segments

Fig. 1 a) Flow curves of PVDF/POSS nanocomposites, b) Einstein particles suspensions prediction

Table 1 Rheological parameters obtained by Cross Model for
PVDF/POSS nanocomposites

PVDF/POSS η0 (Pa.s) λ (s) m R2

100/0 3835.8 0.02 0.88 0.987

99/1 3341.1 0.04 0.98 0.987

95/5 3173.5 0.05 0.98 0.981
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crystallize sooner than those with longer, unsymmetrical, or
branched repeating units. In this method, it is considered the
cooling rate, ϕ, dependence on the exothermic peak

temperature, Tc. It proposes that, once the crystallization be-
gins, it could be hindered by a higher cooling rate. The amount
of hindrance would be the least for the fastest crystallizing
polymer. By plotting the dependence of ϕ against Tc, the slope
should have a larger absolute value for the polymer with faster
crystallization. CRC represents the variation in cooling rate
required for a 1 °C change in the undercooling of the polymer
melt [38, 39].

Another approach can be done through the use of em-
pirical equations to extract quantitative characteristics from
the non-isothermal crystallizations phenomenon [39, 40].
The analysis of the non-isothermal crystallization data can
be done in terms of the degree of undercoolingΔTc, de-
fined as the temperature difference between the tempera-
ture at the onset of crystallization, and Tm in the subsequent
heating scan. The variation of ΔTc with cooling rate,ϕ, is
fitted to the following equation:

ΔTC ¼ PϕþΔT0
c ð4Þ

The crystallization rate coefficient (CRC) and degree of
undercooling (ΔTc

0) are presented in Table 3.

Fig. 2 The non-isothermal crystallization curves at various cooling rates, a) PVDF/POSS 100/0, b) PVDF/POSS 99/1 and c) PVDF/POSS 95/5

Table 2 Tm, ΔHm, Tc, ΔHc,Xc, and t1/2forthe non-isothermal
crystallization of pure PVDF and PVDF/POSS nanocomposites

PVDF/POSS ϕ
(°C/min)

Tm
(°C)

ΔHm

(J/g)
Tc
(°C)

ΔHc

(J/g)
Xc

(%)
t1/2
(s)

100/0 5 173.7 58.2 141.1 58.8 56 75

10 173.1 56.4 138.2 57.7 54 36

15 173.1 56.2 136.1 56.5 54 27

20 173.2 55.5 134.5 56.5 53 25

99/1 5 172.3 59.3 142.5 59.3 57 54

10 172.4 58.1 139.8 58.3 56 29

15 172.7 57.9 137.8 56.8 56 22

20 172.9 55.9 136.5 55.9 54 18

95/5 5 171.9 58.7 143.0 58.5 59 58

10 172.0 57.4 140.2 57.5 58 30

15 172.1 56.1 138.2 56.5 56 22

20 172.1 55.5 136.8 55.8 56 19
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According to the data presented in Table 3, it can be
seen that the crystallization rate coefficient (CRC)
remained the same for the pure PVDF and the nanocom-
posite with 1 wt.% POSS. For the nanocomposite with
5 wt.% POSS content there was a decrease of the CRC
value. This trend indicates that the crystallization is
slower in this material than the other nanocomposites.
This fact is related to the diluent effect of POSS in this
system. The POSS is in liquid state at the crystallization
temperature, so it separates the PVDF chains, interfering
in the crystallization process. The degree of under cooling
(ΔTc

0) for the POSS nanocomposites is lower when com-
pared to the pure PVDF. This indicates that the driving
force for crystallization of PVDF/POSS nanocomposites
is higher than the pure PVDF. The addition of POSS into
PVDF promoted chances in the crystallization behavior.

The relative crystallinity,XT, for all samples as a function of
temperature were calculated using the expression given in
Eq. (5) [41].

XT ¼

Z
T0

T

dHc

dT

� �
dT

Z
T0

T∞

dHc

dT

� �
dT

ð5Þ

wheredHc
dT denotes the measured enthalpy of crystallization

during an infinitesimal temperature interval dT. The limitT0
denotes the initial crystallization temperature and T∞ is the
temperature after the overall crystallization process. Fig. 3
shows the development of relative crystallinity XT with tem-
perature (T) at different cooling rates for PVDF and
PVDF/POSS nanocomposites.

All the curves have similar sigmoidal shapes. The curva-
tures of the lower and upper parts are due to the formation of
nuclei and the spherulitic impingement in the early and late
stages of crystallization, respectively. It is possible to see that
for all materials the curves shifted to the left with an increase
in the cooling rate. These curves are typical of a crystallization
process, where an induction period is followed by a fast re-
gime that slows down during the late stage.

Considering the variation of the peak crystallization
temperature with the cooling rate φ, several mathematical
procedures have been proposed in literature [39]for the
calculation of activation energy, ΔEa. Among them, the
Kissinger’s method [42]has been widely applied. Howev-
er, Kissinger’s method has been formulated for heating
experiments and Vyazovkin [43] has demonstrated that
dropping the negative sign for φ is a mathematically in-
valid procedure that makes the Kissinger’s method inap-
plicable to the processes occurring on cooling. Another
limitation is that this method is applicable only to pro-
cesses whose kinetics can be adequately represented by
a constant value of Ea. and the effective activation energy
of the melt crystallization strongly varies with temperature
[44].Therefore, the differential isoconversional method of
Friedman [45]or the advanced integral isoconversional
method of Vyazovkin [44] are the most appropriate
methods for determining the activation energy during
crystallization process. In this work, the Friedman method
was used and it is given by Eq. (6) [45]

ln
dX T

dt

� �
XTð Þ;i

¼ C−
ΔEa XTð Þ
RT XTð Þ;i

ð6Þ

Where C is a constant related to f(XT) and to the pre-
exponential factor (A). dXT/dtis the instantaneous crystal-
lization rate as function of time at a given relative crys-
tallinity, R is the gas constant, and ΔEa X Tð Þ is the effec-
tive activation energy, which presents the activation ener-
gy at a stage when the crystallized volume fraction isXT.
The local activation energy depends on the activation en-
ergies of nucleation and growth [46].By selecting appro-
priate degrees of crystallinity, the values of dXT/dt at a
specific XT were correlated to the corresponding crystalli-
zation temperature at this XT, e.g.,T XTð Þ ; i to each heating
rate. Plotting the left hand side of Eq. (6) with respect to
1=T XTð Þ ; i a straight line is obtained which slope is equal
to ΔEa

XTð Þ
R: .

The dependence of effective crystallization activation en-
ergy of PVDF and PVDF/POSS nanocomposites on the extent
of relative crystallization degree calculated using the
Friedman’s method is presented in Fig. 4.

Overall the calculated energies are negative and increase
with the extend of melt crystallization and decrease in temper-
ature in both PVDF and PVDF/POSS nanocomposites. This
indicates that as the crystallization proceeds it was more dif-
ficult for the polymer to crystalize. The effective activation
energy (Ea) is higher for the nanocomposites when compared
to the pure PVDF. This fact corroborates with the CRC and
ΔTc

0 results pointing out that the energy barrier for crystalli-
zation of PVDF/POSS nanocomposites is higher than the pure
PVDF. In this case POSS nanoparticles are acting as a barrier

Table 3 Crystallization ratecoefficient (CRC) and degree of under
cooling (ΔTc

0) for pure PVDF and PVDF/POSS nanocomposites

Sample Crystallization
Rate Coefficient
(CRC) (min−1)

Degree of
under cooling
(ΔTc

0) (°C)

PVDF/POSS (100/0) 0.46 27.78

PVDF/POSS (99/1) 0.46 25.66

PVDF/POSS (95/5) 0.40 24.78
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for molecular diffusion making the crystallization process
harder.

Hoffman-Lauritzen equation was modified by Vyazovkin
and Sbirrazzuoli so data obtained by DSC during non-
isothermal crystallization can be used to calculate the

parameters U*and Kg. The Vyazovkin and Sbirrazzuoli Equa-
tion is presented below

ΔEa XTð Þ ¼ U � T2
c

T−T∞ð Þ2 þ KgR
T0
m

� �2−T2−T0
mT

T0
m−T

� �2
T

ð7Þ

Where T is the average temperature associated with the rela-
tive crystallization degree used to calculate, T∞ is the temper-
ature where diffusion stops, and Tm

0 represents the equilibri-
um melting pointing for the polymer. The effective activation
energy as a function of average temperature is shown in Fig. 5.

Fig. 5 shows the dependency of effective activation energy
on average temperature for PVDF and PVDF/POSS nano-
composites. The experimental calculated data are presented
with discrete points while the lines represent the fits of
Eq. (7). The fitting showed uniformity between theoretical
values and experimental data. The effective activation energy
is higher as POSS content increases. The Kg values fitted with
Eq. (7) were in the range of 1.59 × 10−6 to 2.72 × 10−6 K2 and
the U*parameter were in the range of 170 to 352 kJ.mol−1. The
Kg values increased with POSS addition into PVDF. This
trend confirms the assumption that POSS is increasing the
energy barrier for crystallization of PVDF.

Fig. 3 Relative Crystallinity as a function of temperature for a) PVDF/POSS 100/0, b) PVDF/POSS 99/1, c) PVDF/POSS 95/5

Fig. 4 Dependence of effective activation energy and average
temperature on the extent of relative crystallization for PVDF and
PVDF/POSS nanocomposites
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Structural parameters

SAXS is a well-established technique for studying the mor-
phology, shape and size of a multiphase sample, namely ag-
gregates dispersed in liquids, enabling one to obtain structural
information on inhomogeneities of the electron density in the
samples, with a characteristic length of the order of ten to
hundreds of Å [13, 47].

Fig. 6 illustrates the SAXS patterns showing well-
defined Bragg peaks around 0.5 nm−1. The POSS
additionresulted in an increase in scattered intensity in
smaller q values than 0.54 nm−1. The Bragg peak of the
curve with 5 wt.% of POSS was shifted to smaller values
of q, which indicates a slight increase in lamellar long
period. Fig. 6 (b) shows the curves of the linear correla-
tion function obtained by solving Eq. (3). Addition of
POSS results in a small shift to higher r values of the first
minimum and first maximum. These effects are related to
a possible increase in the size of the lamellar structure of
the PVDF.

The addition of the others components into polymer results
in deviations of the two-phase model. In consequence, it is
possible to estimate a parameter called non- ideality (NI),
which is nothing more than a model of the deviation of the
lamellar structures. The non-ideality parameter, defined as:

NI ¼ Lp−Lpmin

Lp

� �2

ð7Þ

In this parameter, a value close to zero means that the
system is behaving close to an ideal two-phase model.
Table 4 shows values of the structural parameters obtained
by applying the two-phase model. The increasing of POSS
contents resulted in higher lamellar long period (Lp), from
9.6 to 10.7 nm. The thickness of the crystalline region, Lc,
was less affected than the amorphous thickness, La. Consider-
ing an experimental error of 5 % the Lc values are practically
the same, showing that the increasing of Lp are more related to
the increasing of amorphous thickness. This explains the fact
that the Tm and Tc values have small variation. This occurs
because the driving force for the crystallization of PVDF is
greater than the PVDF-POSS interactions and therefore POSS
molecules are segregated into the amorphous regions. The
amount of the excluded non-crystalline materials should be
altered with time during the spherulite growth due to the
change in the concentration at the crystal growth front. During
the crystallization process, the change of the exclusion will
cause the modification in crystal morphology with the

Fig. 5 Dependence of the effective activation energy on the average
temperature for PVDF and PVDF/POSS nanocomposites

Fig. 6 SAXS results for PVDF and PVDF/POSS nanocomposites

Table 4 Structural parameters obtained by linear correlation function,γ(r)

PVDF/
POSS

Lp(nm) La(nm) Lc (nm) χv (%) χL (%) IT (nm) NI

100/0 9.60 5.32 3.16 30 37 1.18 0.014

99/1 10.05 5.60 3.16 29 36 1.14 0.016

95/5 10.70 6.20 3.40 31 35 1.20 0.011
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distance from the center of the spherulite. Regarding the crys-
tallinity of the materials, as can be seen in the DSC results, the
addition of POSS hardly affects the values of the crystalliza-
tion enthalpy; therefore, the SAXS analysis also show no
changes in intervals of χv andχL values.

The addition of polymers such as PMMA in PVDFresults
in changes in the lamellar structure of the semi-crystalline
component. Overall, there was an increasing in the lamellar
region of PVDF as the amorphous region increases signifi-
cantly. Thus the size of the interfacial area between the crys-
talline and amorphous region increases, which results in a
heterogeneous system in the transition region. These changes
result in more pronounced deviations in the model and the
two-phase increase in non-ideality parameter. For the
PVDF/POSS system, the interface between the crystalline
and amorphous region is practically unchanged, remaining
with values close to the pure PVDF and similar to those found
in the literature. Similar behavior is found for the non-ideality
parameter.

Thus, due to the small size, the POSS structure is segregat-
ed into the amorphous region. This structure contributes to a
diluent effect during crystallization of PVDF and therefore
causes a decrease in the energy barrier for crystallization.
These and other results in the literature suggest that methac-
rylate POSS has miscibility in the amorphous phase with
PVDF.

Conclusions

The influence of POSS content on the rheological behavior,
on the non-isothermal crystallization behavior, and on crystal
morphology of the PVDF nanocomposites were evaluated
using melt rheology, differential scanning calorimetry and
small angle X-Ray scattering. The addition of POSS induced
a lower viscosity as compared to pure PVDF, which indicates
changing in the rheological behavior. There was a deviation in
the liquid-like behavior predict by Einstein Suspension Sphere
Law. This was because of POSS particles are small in
nanometric range and have methacryloxypropyl-groups
which cause this deviation of expected behavior.

PVDF and PVDF/POSS nanocomposites showed similar
non-isothermal crystallization data. The small differences in
Tc and Tm between pure PVDF and the nanocomposites are
related to the higher mobility of the polymer chains in the
molten state caused by the presence of small particles, which
reduces the viscosity, as observed in the rheological proper-
ties. The addition of POSS into PVDF promoted chances in
the crystallization behavior. The crystallization was slower in
the material with 5 wt.% POSS content. The driving force for
crystallization of PVDF/POSS nanocomposites is higher than
the pure PVDF due to the diluent effect of POSS in this sys-
tem. The analysis of Friedman and Hoffman-Lauritzen

methods indicated that POSS is increasing the energy barrier
for crystallization of PVDF.

The addition of POSS results in small increasing in the
amorphous lamellar region of PVDF. The interface between
the crystalline and amorphous region is practically unchanged,
remaining with values close to the pure PVDF and similar to
those found in the literature. Similar behavior is found for the
non-ideality parameter. The small deviations of Einstein Sus-
pension Sphere Law caused by POSS were not sufficient to
ensure great effects on the non-isothermal crystallization and
crystal morphology of PVDF.
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