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ABSTRACT: The nanostructure of stretched and non-
stretched PVDF samples was studied by small-angle X-ray
scattering (SAXS). The crystallinity of the samples was
determined by wide-angle X-ray diffraction (WAXD) and
differential scanning calorimetry (DSC), and crystalline
phases by Fourier transform infrared spectroscopy (FTIR).
The nanostructure can be described by a lamellar stacking
of crystalline and amorphous layers, with a fairly well
defined long period D and a diffuse-boundary in the inter-
face between the crystalline and amorphous phases. The
crystallinity of the stretched sample was found to be
greater than that of the nonstretched sample. The long
period D and the thicknesses of the crystalline lamellae Tc

were found to be greater in the stretched sample than

those in the nonstretched sample. The thickness of the dif-
fuse-boundary was evaluated as being � 1.4 nm in the
nonstretched sample and 1.1 nm in the stretched sample.
It was concluded that the growth of the thickness of the
crystalline layer induced by the stretching process (stretch-
induced crystallization) occurs partially at expense of the
diffuse boundary and also by the coarsening of the struc-
ture with the stretching process, because of the diminution
in the surface area to volume ratio observed. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 125: 527–535, 2012
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INTRODUCTION

Poly(vinylidene fluoride), PVDF, is a semicrystalline
polymer used in many technological applications
due to its important pyroelectric and piezoelectric
properties when polarized. PVDF can be crystallized
into at least four different polymorphous structure,
named a, b, c, and d. The structure of each one of
these phases is well documented in the literature.1

Wisniewski2 employed the constant current tech-
nique3 to determine the hysteresis loop and showed
that the remnant polarization of b-PVDF has a stable
and metastable component; the latter relaxes within
� 12 h after removal of the external electric field.
Recently, it has been demonstrated4,5 that drawing
of PVDF films, in the a or in the b phases, increases
the stable remnant polarization and reduces its
metastable component.4,5 Previous works demon-
strated that stretching a-PVDF films also reduces the
intensity of the dielectric relaxation ac.

6,7 This relaxa-

tion is observed by dielectric spectroscopy at low
frequencies and attributed by several authors to the
orientation of dipoles in the polymer crystalline
region.8–13 With base in those results, it was sug-
gested that the metastable polarization, as well as,
the dielectric relaxation ac should be caused by di-
polar orientation in the interfacial amorphous-crys-
talline region of the PVDF.5 The existence of this
interfacial region was firstly evidenced by Flory.14 In
the intermediated region, between the crystalline
and amorphous phases, the polymer chains are less
organized and not strongly linked as in the crystal-
line one. The dipoles contained in that interface
have an intermediate mobility between that of crys-
talline and amorphous region. With stretching, those
interface regions decrease and the crystalline region
increases, reducing the metastable polarization and
the dielectric relaxation ac and increasing the stable
remnant polarization of the PVDF; the latter being
linked to the crystalline region of the polymer. How-
ever, until the present we have no knowledge of any
work that has verified the influence of the stretching
in the amorphous, in the interphase and crystalline
regions of a-PVDF. The objective of the present
work was to verify the nanostructural modifications
a-PVDF caused by the stretching process using
Small-Angle X-Ray Scattering (SAXS) technique.
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MATERIALS AND METHODS

Sample preparation

PVDF films with thickness of 50 lm were purchased
from Bemberg Folien GmbH. The non-stretched 50
lm films were used as-received and denominated
sample A. A second sample were uniaxially drawn
from the 50 lm films at a temperature of 130�C,
draw ratio R ¼ 4 and rate of 5 mm/min by using
the device described in Ref. 15. This stretching con-
dition was used because it practically does not cause
the a!b phase transformation, and oriented a phase
predominates.16–18 The resulting films with thickness
of � 12 lm were denominated sample B. In other to
prepare the samples A and B for the SAXS experi-
ment, small circular discs were cut and randomically
joined to produce a thickness of 400 lm, which was
estimated as the ideal attenuation for SAXS trans-
mission experiment. An important result from
this sample preparation methodology is that the film
orientation was missed.

Equipment

Fourier transform infrared spectroscopy (FTIR) spec-
tra were obtained in Thermo Scientific model Nicolet
iS10, in the wave number range between 400
and 1000 cm�1 at a resolution of 2 cm�1. Wide-angle
X-ray diffraction (WAXD) analysis was carried out
with a Rigaku Rotaflex (Mod. RU200B) diffractome-
ter, operated at 40 kV and 80 mA with CuKa radia-
tion (k ¼ 1.54 Å). Patterns were recorded in the 2y
range of 10–40�. The degree of crystallinity of sam-
ples A and B was determined by X-ray diffraction as
a ratio of crystalline area to total area of the diffrac-
togram. Differential scanning calorimetry (DSC)
analyses were carried out using a Perkin–Elmer
DSC-7, calibrated with In, in atmosphere of purified
N2 (10 mL/min) and heating rate of 10�C/min. The
degree of crystallinity of samples was also deter-
mined by comparing the enthalpy of fusion of the
sample obtained by DSC with that of 100% crystal-
line PVDF-a (104.5 J/g).19 Small-Angle X-Ray Scat-
tering (SAXS) experiments were carried out using
synchrotron radiation with a wavelength k ¼ 0.1608
nm at the SAXS beam line of the LNLS synchrotron
radiation facility, Campinas, Brazil. The beam was
monochromatized by a silicon monochromator and
collimated by a set of slits defining a pin-hole geom-
etry. A 2D position-sensitive x-ray detector was used
to obtain SAXS intensity from isotropic systems as a
function of the modulus of the scattering vector q ¼
(4p/k)sin(e/2), where e ¼ 2y is the scattering angle.
The experimental setup allowed us to obtain SAXS
data from q0 ¼ 0.069 nm�1 up to qm ¼ 1.68 nm�1 in
intervals of q ¼ 6.52 � 10�3 nm�1. The data were
corrected by sample attenuation and parasitic scat-

tering, and normalized with respect to the beam
intensity.

RESULTS AND DISCUSSION

Sample characterization

Samples were characterized by means of FTIR to
verify the crystalline phase(s) present. Spectra are
shown in Figure 1.
It can be seen that sample A contains predomi-

nantly the a phase, evidenced by the characteristic
bands of this phase: 408, 532, 614, 764, 796, 855, and
976 cm�1.20,21 After drawing (Sample B) weak bands
appeared at 510 and 840 cm�1 characteristic of the b
phase.20,21 Thus, drawing carried out at 130�C with
R ¼ 4 has little effect on the crystalline phase of the
sample, as observed in previous works.16–18 Under
these conditions the c-axis of the crystalline chains is
preferentially oriented parallel to drawing with
minor a!b transformation, as shown in a previous
work.16

Samples A and B were also submitted to X-ray
diffraction (WAXD) and the diffractograms are
shown in Figure 2. Both samples displayed strong
peaks at 2y ¼ 17.8, 18.4, and 20.1 attributed to the
diffractions in the (100), (020), and (110) planes,
respectively, all characteristic of the a phase.22 The
weak peaks at 25.6, 36.0, and 37.2 attributed to the
diffractions in the (120), (200), and (210)/(040) planes
respectively are also characteristic of the a phase.22

The difference between the intensities of the peaks
corresponding to each plane for the two samples is
due to the increase in crystallite orientation and
degree of crystallinity, both caused by drawing.
These results confirm those obtained by FTIR. The
degree of crystallinity, or the volume fraction of the

Figure 1 FTIR spectra of samples A and B. The charac-
teristic absorption bands of the a and b phase are indi-
cated in the figure. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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crystalline phase fc, of samples A and B evaluated
by X-ray diffraction was 47 and 62%, respectively.

The mass fraction of the crystalline phase fm of
the samples A and B evaluated by DSC was 53 and
58%, respectively, which correspond to the volume
fraction of the crystalline phase fc equal to 49 and
54%, if we use the relationship fc ¼ fm(q/qc), where
q is the PVDF density (1.78 g/cm3) and qc is the
crystalline a-phase density (1.92 g/cm3).

Table I resumes the values for the crystallinity fc

of the samples A and B as obtained by WAXD and
DSC.

Small-angle X-ray scattering

Bragg’s law

Figure 3(I) shows SAXS patterns for stretched (B)
and nonstretched (A) PVDF samples. The SAXS pro-
files exhibit a very intense scattering peak associated
to the crystalline-amorphous structure of the par-
tially crystalline PVDF.

The data were analyzed in terms of a one-dimen-
sional stack model, the stacks consisting of crystal-
line lamellae separated by amorphous layers. The
correlation function of the electron density heteroge-
neities for a single stack of the ideal lamellar model
varies in one direction only, let x. If c1(x) is the value
of the correlation function in the x-direction then it
could be obtained by Fourier transformation of the

one-dimensional intensity function given by I1(q) ¼
q2I(q), where I(q) is the isotropic three-dimensional
intensity function. The transformation I1(q) ¼ q2I(q)
is known as Lorentz-correction.23 The peak (or
peaks) in the one-dimensional intensity function I1(q)
can be assigned to the Bragg reflection from the
lamellae, so the average value of the long period D,
which is the sum of average thicknesses of the crys-
talline layers Tc and the amorphous layers Ta, can be
obtained from Bragg’s law as23

D ¼ 2p=q�; (1)

where q* is the position of the first order Bragg peak
in the q-space.
Figure 3(II) shows the plots of q2I(q) versus q for

the stretched (B) and non-stretched (A) PVDF sam-
ples. The Bragg peak appears at q* ¼ 0.535 nm�1 for
the stretched sample and at q* ¼ 0.626 nm�1 for the
nonstretched sample. The peak was found broader
in the nonstretched sample. Table II shows the aver-
age values for the long period D together with Tc

Figure 2 WAXD spectra of samples A and B. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

TABLE I
The Volume Fraction of the Crystalline Phase fc of the
PVDF Samples as Determined by WAXD and DSC

Sample fc (WAXD) fc (DSC) fc (Mean value)

A 0.47 0.49 0.48
B 0.62 0.54 0.58

Figure 3 (I) SAXS intensities for stretched (B) and non-
stretched (A) PVDF samples. (II) The Lorentz transforma-
tion for obtaining the one-dimensional intensity I1(q) ¼
q2I(q) characteristic of lamellar systems. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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and Ta as evaluated through Tc ¼ fc D and Ta ¼
(1 � fc)D by using the mean value for fc in Table I.

Porod’s law

The scattering intensity I(q) at high-q from a two-
phase structure with sharp phase boundaries, each
phase occupying respectively the fractions fc and
(1 � fc) of the sample volume V, is given by23

lim
q!1 q4IðqÞ ¼ Kp ¼ ðS=VÞQ=p/cð1� /cÞ (2)

where Kp is a constant, known as constant of Porod’s
law, S is the surface area of the interface between
the phases, so (S/V) represents the surface to
volume ratio, and Q is the invariant given by

Q ¼
Z 1

0

q2IðqÞdq (3)

Porod’s law should be observed at high-q for sharp
phase boundaries since q > 1/T, where T is the min-
imal thickness of the phases, which means Tc and Ta

for the case of the PVDF lamellar structure.
Positive deviations from Porod’s law should occur

when the phases present fluctuations in the electron
densities in a molecular level. In polymeric materi-
als, fluctuations are often three-dimensional and the
contribution to the scattering is a constant value Ib
independent of q. In this case, the Porod law can be
written as.24

lim
q!1 q4IðqÞ ¼ Kp þ Ibq

4 (4)

Figure 4 shows the plots of q4I(q) versus q4 to probe
Porod’s law at high-q for the PVDF samples. The
samples obey reasonable well the eq. (4) at high-q.
The parameters Kp and Q are shown in Table III to-
gether with other evaluated structural parameters.
For the obtaining of Q, the background Ib has been
subtracted from measured intensity I(q) and the inte-
gration of eq. (3) above q ¼ qm ¼ 1.68 nm�1 (the
maximum value of q experimentally accessible in
this available setup) up to the infinity was obtained
by Kp/qm. The surface to volume ratio (S/V) was
obtained from eq. (2) by using the mean value for fc

in Table I.

For a perfectly lamellar structure, we should have
(S/V) ¼ 2/D, so D ¼ 2(V/S) and the average thick-
nesses of the crystalline layers Tc and the amorphous
layers Ta could be evaluated by Tc ¼ fc D and Ta ¼
(1-fc)D, since D ¼ Tc þ Ta. Table III shows that the
values of such structural parameters evaluated from
Porod’s law are in reasonable agreement with the
corresponding values obtained from the Bragg peak
(Table II), but the values from Porod’s law are even
lower than those obtained from the Bragg peak. This
occurs because there is an interface distribution
function so the surface to volume ratio (S/V)
obtained from Porod’s law is more weighted by
the minor distances in the interface distribution
function.

Interface distribution function

It has been well established the concept of the inter-
face distribution in lamellar structures.23,25–28 The
interface distribution function is obtained from the
second derivative c1"(x) of the one-direction correla-
tion function c1(x). The correlation function in the x-
direction is obtained by Fourier transformation
of the one-dimensional intensity function given by

TABLE II
Average Value for the Long Period D Determined from
the SAXS Peak and the Values for the Thicknesses of
the Crystalline Layers Tc and the Amorphous Layers Ta

Evaluated from the Mean Value for fc in Table I

Sample D (nm) Tc ¼ fc D (nm) Ta ¼ (1 � fc)D (nm)

A 10.0 4.8 5.2
B 11.7 6.8 4.9

Figure 4 (I) Plots of Porod’s law for the PVDF samples
with the fitting of eq. (4). (II) Plots after the background
subtraction [I(q) � Ib]. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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I1(q) ¼ q2I(q), where I(q) is the isotropic three-dimen-
sional intensity function. Then,

c1ðxÞ ¼ ð1=QÞ
Z 1

0

q2IðqÞ cosðqxÞdq (5)

and

c001ðxÞ ¼ �ð1=QÞ
Z 1

0

q4IðqÞ cosðqxÞdq (6)

Equation 6 represents the Fourier transform of q4I(q).
The part of the integration of eq. (6) at q !1, corre-
sponding to Porod’s law q4I(q) ¼ Kp, can be sepa-
rated leading to a d-function at the origin of c1(x),
which can be neglected in the calculation of
c1(x).

23,25 Then, the interface distribution function
(IDF) can be obtained by23:

c001 ðxÞ ¼ ð1=QÞ
Z 1

0

½Kp � q4IðqÞ� cosðqxÞdq (7)

Figure 5 shows the interface distribution function
(IDF) for the PVDF samples calculated through eq.
(7) from the SAXS intensity I(q) after the subtraction

of the background Ib and using the Porod’s law
constant Kp of Table III.
We paid particular attention in the parameter

c001(0), which was found to be clearly negative in the
IDF curves for the PVDF samples of Figure 5; c001(0)
was found to be more negative in the nonstretched
(A) sample than that in the stretched (B) one.
Expanding c1(x) in the vicinity of x!0 up to the
second order term, we would have

c1ðxÞ ¼ c1ð0Þ þ c01ð0Þxþ ð1=2Þc001ð0Þx2: (8)

The term c1(0) is naturally equal to 1 by equation 5.
The second c10(0) is negative accounting for the
decrease of c1(x) with x in the vicinity of x!0. It
gives the surface to volume ratio (S/V) of the lamel-
lar system in the case of phases with sharp interface
boundaries through the equation23:

c01ð0Þ ¼ �ðS=VÞ=2/cð1� /cÞ: (9)

The thirst term c001(0) in equation 8, being negative,
would account for diffuse boundaries of the inter-
face between the phases. Formally, c001(0) is related to
the amount of neighboring interfaces with zero dis-
tance, so it should be zero, or at least close to zero,
in the case of a one-dimensional stack of laterally
extended lamellae with sharp phase boundaries.27

From equation 7, c001(0) can be cast as

c001ð0Þ ¼ ð1=QÞ
Z 1

0

½Kp � q4IðqÞ�dq: (10)

Since the integration of eq. (10) has resulted in nega-
tive values for the PVDF samples (the values of IDF
curves at the origin in Fig. 5), we infer that there
should be a diffuse boundary in the system, which
has been likely masked by the background Ib, and
which would be able to render eq. (10) to zero in the
case of the intensity be appropriately corrected by
such a diffuse boundary contribution.
We assumed a sigmoidal-gradient model defined

by a Gaussian smoothing function given by
exp(�r2q2) for such a diffuse boundary correction,
where r is a measure of the thickness of the diffuse
boundary.29 Since the contribution of the diffuse

TABLE III
Structural Parameters Obtained from Porod’s Law for the PVDF Samples

Kp Q S/V D ¼ 2(V/S) Tc ¼ fc D Ta ¼ (1 � fc)D
Sample (Int�nm�4) (Int�nm�3) (nm�1) (nm) (nm) (nm)

A 0.00447 0.0171 0.205 9.8 4.7 5.1
B 0.00402 0.0159 0.193 10.4 6.0 4.4

The values for (S/V) and for the thicknesses of the crystalline layers Tc and the
amorphous layers Ta were evaluated from the mean value of fc in Table I.

Figure 5 Interface distribution function for the PVDF
samples (A and B) as obtained from the SAXS intensity
I(q) after the subtraction of the background Ib. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

STRETCH-INDUCED CRYSTALLIZATION 531

Journal of Applied Polymer Science DOI 10.1002/app



boundary to the intensity should be anyway cor-
rected for the calculation of the interface distribution
function (IDF), then, above a certain value qp of the
measured high-q region, the corrected quantity q4I(q)
should match with the Porod law constant Kp. Then
the correction by the diffuse boundary is only neces-
sary to be carried out up to qp, since the corrected
q4I(q) is equal to Kp for q >qp. These coupled condi-
tions can be synthesized as

Kp � q4pIðqpÞ expð�r2q2pÞ ¼ 0 (11)

and

Z qp

0

½Kp � q4IðqÞ expð�r2q2Þ�dq ¼ 0: (12)

Equations (11) and (12) were solved numerically for
qp and r for the PVDF samples. The thickness LI of
diffuse boundary was assumed as being � 2r29,30

and the values are shown in Table IV. The thickness
of the diffuse boundary in the nonstretched (A) sam-
ple was found to be about 30% larger than that of
the stretched (B) sample, suggesting that the stretch-
ing process diminishes the thickness of the diffuse
interface boundary.

Figure 6 shows the interface distribution function
(IDF) for the PVDF samples after the additional cor-
rection by the diffuse boundary contribution. The
fundamental assumption of such a model is that the
thickness of the crystalline lamella and amorphous
layers vary independently and are described by in-
dependent distribution functions Pc(x) and Pa(x).

25

These independent thickness distribution functions
produce two positive peaks in the IDF function,
where the first maximum can be assigned to the av-
erage thickness of the crystalline lamella Tc and the
second to the thickness of the amorphous layers Ta,
when fc < 0.5, and vice-versa when fc > 0.5.23 In
the case of fc not to be much different from 0.5, the
separation of the peaks is difficult as seem to be the
case of the IDF curves in Figure 6. The first negative
peak in the IDF curve is assigned to the long period
distribution PD(x) which is result of the convolution
of the distribution functions Pc(x) and Pa(x).

23 The
minimum of the PD(x) distribution gives the average
long period D of the lamellar structure. The long
period D obtained from the minima in the IDF

curves in Figure 6 was found to be about 8.2 nm for
the nonstretched (A) PVDF and about 9.8 nm for the
stretched (B) sample. These values are even lower
than those obtained from Porod’s law (Table III)
without either correction by the diffuse boundary.
Since Pc(x) and Pa(x) were found not to be well

resolved in the first positive peak of the IDF curves
of Figure 6, a direct determination of Tc and Ta, and
therefore fc, cannot be obtained with precision.
However, we could get some estimative for these
parameters by making some assumptions. We
assumed that the thickness distribution functions
Pc(x) and Pa(x) are normalized Gaussian centered at
the average thicknesses Tc and Ta with standard
deviations wc and wa, respectively.

25 Then

PcðxÞ ¼ ½1=wcð2pÞ1=2� exp½�ðx� TcÞ2=2wc
2� (13)

and

PaðxÞ ¼ ½1=wað2pÞ1=2� exp½�ðx� TaÞ2=2wa
2�; (14)

and, since PD is the convolution between Pc(x) and
Pa(x),

PDðxÞ ¼ ½1=ðwc
2 þ wa

2Þ1=2ð2pÞ1=2�
� expf�½x� ðTc þ TaÞ�2=2ðwc

2 þ wa
2Þg: (15)

The set of eqs. (13)–(15) has only four independent
parameters, which are Tc, Ta, wc, and wa, or fc, D,
wc, and wa, since fc ¼ Tc/D and D ¼ Ta þ Tc.
The experimental IDF curves in Figure 6 were

then fitted by the sum Pc(x) þ Pa(x) � PD(x), with an
approximately common factor for the sum, to obtain
the parameters fc, D, wc, and wa. Figure 7 shows the

TABLE IV
Diffuse Boundary Thickness Estimated

for the PVDF Samples

Sample r (nm) LI � 2r (nm)

A 0.68 1.36
B 0.53 1.06

Figure 6 Interface distribution function (IDF) for the
PVDF samples after the additional correction by the dif-
fuse-boundary contribution. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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fitting process and Table V the fitted parameters to-
gether with other structural parameters evaluated.

The distances associated to the structural parame-
ters in Table V are in the general smaller than those
corresponding in Table III, which were obtained
from Porod’s law with fc given by the mean value
of Table I, without any correction by the diffuse
boundary. Particularly, the value fc ¼ 0.61 for the
stretched (B) PVDF in Table V is in agreement with
the value from WAXD but the value fc ¼ 0.38 for
the nonstretched (A) sample is very smaller than
those given by either WAXD or DSC.

The discrepancies in the distances evaluated from
IDF curves (Table V) with respect to those evaluated

from Porod’s law (Table III) could be explained by
analyzing more carefully the effect of the diffuse
boundary correction employed in this study.
Because of the diffuse boundary to be masked by
the background contribution at high-q, we only
could correct the intensity up to a not-so-high value
of q, in order to match the conditions stated by eqs.
(11) and (12), but we had no means to correct also
the value of the Porod law constant Kp, which value
could be lower than that given in Table III. A lower
value for Kp certainly yield larger distances associ-
ated to the structural parameters determined from
the IDF curves. We have no sure way to resolve
such a possible diminution in Kp because of the
impossibility to separate completely the background
from the diffuse-boundary effect at high-q in the
present data. However, a first approximation for the
true distances could be obtained by adding an
appropriate function of the diffuse-boundary thick-
ness LI to the distances obtained from the IDF curves
corrected by the diffuse-boundary. A reasonable
approximation for such a correction could be Tc

0¼Tc

Figure 7 Fitting the experimental IDF curves by normal
Gaussian distributions for the thickness of the crystalline
lamella Pc(x), (I), and amorphous layers Pa(x) and their
convolution PD(x), (II). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

TABLE V
Structural Parameters Determined by Fitting the IDF
Curves by Normal Gaussian Distributions for the

Thicknesses of Crystalline Lamella and
Amorphous Layers

Sample fc D (nm) wc (nm) wa (nm) Tc (nm) Ta (nm)

A 0.38 7.8 1.1 1.7 3.0 4.8
B 0.61 9.3 1.7 1.4 5.7 3.6

Figure 8 Fitting of eqs. (13)–(15) to the experimental IDF
curves (points) using the transformation Tc ¼ Tc

0� LI, Ta ¼
Ta

0 � LI, and D ¼ D0 � 2LI to account for a reasonable dif-
fuse-boundary correction. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.
com.]
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þ LI, Ta
0 ¼ Ta þ LI, D

0 ¼ D þ 2LI, and fc
0 ¼ (Tc þ

LI)/(D þ 2LI).
Then the IDF curves were fitted again by eqs.

(13)–(15) solving for the corrected thicknesses Tc
0

and Ta
0, and the long period D0, using the transfor-

mation Tc ¼ Tc
0� LI, Ta ¼ Ta

0� LI, and D ¼ D0 � 2LI.
Figure 8 shows that this transformation yields a
completely equivalent fitting to the IDF curves with
practically the same values for wc, wa, and for the
amplitudes, but with Tc

0, Ta
0, D0, and fc

0 ¼ Tc
0/D0

given in Table VI.
The results obtained for the distances Tc

0, Ta
0, D0

are in better agreement with those presented in
Tables II and III, when compared with those in
Table V. The values of the crystallinity fc

0 are even
in a better agreement with the corresponding mean
values of Table II, when compared with those in
Table V. However, the value fc

0 ¼ 0.41 obtained for
the nonstretched (A) PVDF is still smaller than either
of the values from DSC or WAXD. This suggests
that the crystallinity for the nonstretched sample
could really be smaller than that generally obtained
by others techniques.

CONCLUSIONS

The structure of stretched and nonstretched PVDF
samples can be described by a lamellar stacking of
crystalline and amorphous layers, with a fairly well
defined long period D and a diffuse-boundary in the
interface between the crystalline and amorphous
phases.

The mean values for the thicknesses of the crystal-
line lamellae Tc and the amorphous layers Ta, as
evaluated from different methods employed in this
study, were found to be Tc ¼ 4.4 nm and Ta ¼ 5.5
nm, for the nonstretched sample, and Tc ¼ 6.6 nm
and Ta ¼ 4.8 nm, for the stretched sample, which
correspond to the mean values D ¼ 9.9 nm and 11.4
nm for the long period of the nonstretched and the
stretched sample.

The thickness of the diffuse-boundary was eval-
uated as being � 2r ¼ 1.4 nm for the nonstretched
sample and 2r ¼ 1.1 nm for the stretched sample if
we assume a sigmoidal-gradient model given by
Gaussian smoothing function with standard devia-
tion r for the diffuse boundary. Therefore, in fact

drawing a-PVDF films at 130
�
C and a draw ratio of

4 increases crystallinity and reduces the crystal-
amorphous interphase region, as suggested in previ-
ous work.5

This set of results suggests that the growth of the
thickness of the crystalline layer induced by the
stretching process (stretch-induced crystallization)
occurs partially at expense of the diffuse boundary,
but also by the coarsening of the structure in the
stretching direction because of the diminution of the
surface area to volume ratio observed. We think the
drawing process stretches mainly the amorphous
region in a first stage, forcing mechanically the
alignment of the polymer chains gradually in the
diffuse boundary, which facilities the subsequent
crystallization by temperature activation.
We should emphasize that this paper presents an

original method to probe the diffuse boundary thick-
ness in lamellar polymeric structures which could be
very useful to study similar systems.
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