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Abstract

Supercritical CO2 fluids (SCF CO2) assisting melting of poly(vinylidene fluoride) (PVDF) and the SCF CO2 pressure affecting surface and
bulk morphology, melting and crystallization of PVDF were investigated by means of SEM, AFM, FTIR, WAXD, DSC and SAXS. Three SCF
CO2 conditions at 84, 283, and 476 atm all at 140 �C for 30 min were studied. Morphological changes, induced by melting of PVDF under SCF
CO2 and recrystallization during depressurization of CO2, were found. The level of the CO2-assisted melting of PVDF was found to increase
with increasing pressure. SEM and AFM images showed that the 84 atm of CO2 assisted melting on the surface of PVDF film while both 283 and
476 atm of CO2 gave rise to melting of the whole film. FTIR spectra and WAXD patterns found that the hot-pressed PVDF film exhibited pre-
dominant a-crystalline form, which is one of the reported four crystalline forms including a, b, g, and d forms, and did not transform to other
crystalline form(s) upon the SCF CO2 treatments although they lowered the bulk crystallinities of PVDF. SEM images showed that the SCF CO2

treatments at 283 and 476 atm resulted in foam formations in PVDF, with smaller foam cells resulting from the lower pressure treatment. SAXS
data found that the thickness of crystalline layer in the lamellar stacks increased while that of amorphous layers insignificantly changed
after SCF CO2 treatments at 283 and 476 atm, as compared with untreated PVDF. SAXS and DSC data suggested the presence of a bimodal
distribution of crystal size of PVDF after SCF CO2 treatments.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Supercritical CO2 fluids (SCF CO2) have attracted much
attention because the environmentally friendly, chemically in-
ert, inexpensive, and nonflammable carbon dioxide can be an
alternative to substitute for organic solvents to reduce environ-
mental pollutions. The solubility of polymers in SCF CO2 is,
however, very low due to a lack of strong interactions between
polymer and CO2 and to a very low entropy driving force for
mixing CO2 with polymers of high molecular weights. The
SCF CO2 used as a solvent for synthesis, modification, and
processing of polymers is thus qualitatively different from
the organic solvents. Although very few polymers were
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reportedly soluble in SCF CO2, especially true for crystalline
polymers, some polymers with carbonyl groups [1e5], ether
linkages [6], or CeF linkages [7e12] have specific interac-
tions with CO2 that give rise to CO2 dissolutions in polymers
to plasticize the amorphous phase or to depress melting tem-
perature of the crystalline phase. For crystalline polymers,
SCF CO2 can thus assist melting at a much lower temperature
than the normal melting temperatures (Tms) of the polymers.
In previous reports [13e15], for example, two crystalline
polymers including poly(ethylene oxide) (PEO) and polycap-
rolactone (PCL) were found to melt in SCF CO2, depending
on pressure, at 32 and 35 �C, respectively, which are much
lower than their Tms near 60 �C. Recrystallizations of these
SCF CO2-assisted melted crystalline polymers during depres-
surization of the SCF CO2 could lead to different morphol-
ogies from those performed in air.
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Poly(vinylidene fluoride) (PVDF) is an industrially impor-
tant crystalline polymer having a high Tm at 160e180 �C. The
crystalline PVDF reportedly has at least four polymorphs
including the nonpolar a phase, the polar b, g, and d phases
[16e23]. Extensive studies of PVDF in its piezoelectric, ferro-
electric, and pyroelectric properties have been reported
[24e27]. In addition to other methods, PVDF could also be
synthesized in SCF CO2 through dispersion polymerizations
of vinylidene fluoride [28e31]. Microcellular foams of
PVDF could be produced using SCF CO2 [32]. In SCF CO2,
melting temperature of PVDF was reportedly depressed by
23 �C at 483 bar by in situ measuring dilation of the polymer
as a function of temperature and pressure [33]. At a higher or
lower pressure than 483 bar, the depression of melting temper-
ature was reduced. The morphological changes of PVDF
following these in situ measurements of dilation in SCF CO2

were not investigated.
In the present study, we aim to investigate the morphology

along with melting and crystallization behavior of PVDF fol-
lowing SCF CO2 treatments. We first attempt to see whether
the SCF CO2 assists the melting of this high-Tm PVDF and
how the SCF CO2 pressures affect surface and bulk morphol-
ogy, melting and crystallization of PVDF by means of scan-
ning electron microscopy (SEM), atomic force microscopy
(AFM), Fourier transform infrared spectrometry (FTIR),
wide angle X-ray diffraction (WAXD), differential scanning
calorimetry (DSC) and small angle X-ray scattering (SAXS).
Three high pressures of CO2 at 84, 283, and 476 atm all at
140 �C are studied. These pressures of CO2 are chosen be-
cause their corresponding densities at 140 �C are, respectively,
0.1, 0.5, and 0.7 g/cm3, all falling in the region of the super-
critical fluid, to investigate into effects of the density of CO2

on surface and bulk morphology, melting and crystallization
of PVDF. It will be seen that PVDF melts under 283 and
473 atm of CO2 at 140 �C, a much lower temperature than
its Tm near 160 �C. The CO2-assisted melting of PVDF
recrystallizes during depressurization of CO2, leading to an
increased thickness of crystal layers but an insignificant
change in thickness of amorphous layers.

2. Experimental section

2.1. Materials and sample preparations

Poly(vinylidene fluoride) (PVDF) pellets with Mw¼
530,000, Tg¼ ca.�39 �C, and Tm¼ ca. 160 �C were acquired
from Aldrich Chemical Company and used as received. The
lower melting temperature of this particular PVDF grade
reflects a relatively high head-to-head defect content. The
head-to-head defect content ranges 3.5e6 mol% under practi-
cal synthesis conditions [34]. According to Refs. [34e37], the
melting temperatures (Tms) of PVDF without annealing de-
crease with increasing the head-to-head content. Table 1 lists
these reported Tms of PVDF as a function of the head-
to-head content. Thus, the PVDF used in this work has the
head-to-head content of about 5.5 mol%. PVDF pellets were
compression molded at 190 �C in a hot press into sheets of
0.5 mm thickness. The sheets formed were then moved into
an oven of 200 �C for melting, followed by moving into
another oven of 140 �C for isothermal crystallization. The
time for isothermal crystallization at 140 �C was 3 days for
complete crystallization as determined by DSC. The isother-
mally crystallized PVDF samples were then subjected to iso-
thermal CO2 treatments at three pressures (including 84, 283
and 476 atm), all at 140 �C for 30 min.

2.2. CO2 treatment

The CO2 treatments of samples were performed in a super-
critical extractor supplied by ISCO (Lincoln, Nebraska) with
a model SFX 2-10 which was equipped with a syringe pump
with a model 260D. The PVDF samples were put in a
10-cm3 cell located inside the extractor pressurized by the
equipped syringe-type pump at 84, 283, or 476 atm. The
extractor was controlled at 140 �C prior to the pressurizing.
These pressures were chosen to study because their corre-
sponding densities are 0.1, 0.5, and 0.7 g/cm3, respectively,
all falling in the region of the supercritical fluid. The treatment
time was 30 min. Preliminary tests showed that the 30 min
of treatment time was able to reach the equilibrium solubility
of CO2 in the samples. After the treatments, the cell was
depressurized at a controlled constant volumetric flow rate to
ambient pressure. The samples after the CO2 treatments and
complete evacuation of the CO2 inside the samples by vacuum
heating showed a negligible weight change, indicating that
neither CO2 resided inside the samples nor any part of the
samples was dissolved away.

2.3. SEM and AFM analyses

SEM was used to examine surfaces and cross-sections (pre-
pared by freezing the specimen in liquid nitrogen and breaking
it) of PVDF specimens before and after SCF CO2 treatments.
AFM was used for close-up investigations of the specimen
surface.

2.4. DSC measurements

DSC (DSC 2010, TA Instruments) was used to measure melt-
ing temperatures and heats of fusion of the 140 �C-crystallized

Table 1

Head-to-head content and corresponding melting temperatures of various

PVDF samples

Head-to-head (%) Tm (�C) Reference

3.5 180, 176.4 [34,37]

3.9 175.4 [35]

4.06 174.5 [37]

4.2 174.2, 173.8 [35,36]

4.7 169.0 [35]

4.8 168.9, 167.4 [35,36]

5.1 166.5 [36]

5.31 162.1 [37]

5.5 162.0, 159.9 [35,36]
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PVDF samples before and after SCF CO2 treatments. DSC data
were obtained from the first heating scans from 0 to 230 �C at a
heating rate of 10 �C per min. Volume fractions of bulk crystal-
linities (fc) of PVDF were calculated from mass fractions of
bulk crystallinities (uc), which were determined by dividing
the heat of fusion of a sample by the heat of fusion of perfectly
crystalline PVDF. The heat of fusion of perfectly crystalline
PVDF is 104.5 J/g [38].

2.5. FTIR and WAXD analyses

FTIR (Bio-Rad FTIR, FTS 155) with a resolution of
2 cm�1 and WAXD were used to analyze the crystalline
phases of the PVDF specimens before and after SCF CO2

treatments. The WAXD patterns of PVDF specimens were
analyzed using wavelength of 1.542 Å as an X-ray source.
Specimens for WAXD analysis, performed at room tempera-
ture, were mounted on a goniometer scanning at 2�/min.

2.6. SAXS measurements

SAXS was used to measure the long periods, thickness of
crystal layers, and thickness of amorphous layers of lamellar
stacks of PVDF specimens before and after SCF CO2 treat-
ments. All SAXS measurements were performed at room tem-
perature, using 1.542 Å X-ray source. The distance from the
sample to the detector was 186 cm long. Data were acquired
and processed in a computer. The intensity profile was output
as the plot of the scattering intensity (I ) as a function of the
scattering factor, q¼ (4p/l) (sin(q/2)) (q¼ scattering angle).

3. Results and discussion

3.1. Surface morphology of PVDF

Fig. 1 shows the appearance of pure PVDF before and after
CO2 treatment at three pressures at 140 �C. These PVDF sam-
ples in Fig. 1 look gray (brown in Web) in color. The sample
that swells after CO2 treatments at 283 and 476 atm is associ-
ated with foam formations at these pressures as verified by the
SEM images of the cross-section of samples in Fig. 2. As can
be seen in Fig. 2, the cross-sections of the sample do not show
foam formation before and after CO2 treatment at 84 atm
whereas the foam formation is found for samples after CO2

treatment at 283 and 476 atm. These foam formations provide
evidence of dissolution of CO2 in PVDF. Since PVDF is a
crystalline polymer, the CO2 dissolution in PVDF suggests
that PVDF melts at 283 and 476 atm. From Fig. 1, the
84 atm-CO2-treated sample looks smoother on its surface
and less transparent than the untreated sample. This finding
suggests that the 84 atm-CO2 assists the melting of the
PVDF surface. From Fig. 2, much more broken foam cells
are obtained from the 476 atm-CO2 treatment than the
283 atm treatment, indicating that the dissolved amount of
the 476 atm CO2 in PVDF is more than that of the 283 atm
CO2. The SEM images as shown in Fig. 3 provide close-up
observations of the sample surface before and after CO2
Fig. 1. Pictures of the 140 �C-crystallized PVDF after CO2 treatment at 140 �C
for 30 min at three treatment pressures: (a) control, (b) 84 atm, (c) 283 atm,

and (d) 476 atm.
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Fig. 2. SEM images of the cross-section of the 140 �C-crystallized PVDF after

CO2 treatment at 140 �C for 30 min at three treatment pressures: (a) control,

(b) 84 atm, (c) 283 atm, and (d) 476 atm.
Fig. 3. SEM images of the surface of the 140 �C-crystallized PVDF after CO2

treatment at 140 �C for 30 min at three treatment pressures: (a) control, (b)

84 atm, (c) 283 atm, and (d) 476 atm.
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treatments. The high level of reflection in Fig. 3b suggests that
the 84 atm-CO2-treated sample has smoother surface than the
untreated sample. The finding from Fig. 3c and d that the 283
and 476 atm-CO2 treatments give rough sample surfaces is as-
sociated with the foam formation following these treatments,
as can be also seen in Fig. 2c and d. To further examine the
surface structure of the sample, AFM is used. Fig. 4a shows
AFM image of rough surface of the untreated sample although

Fig. 4. AFM images of the surface of the 140 �C-crystallized PVDF after

CO2 treatment at 140 �C for 30 min at three treatment pressures: (a) control,

(b) 84 atm, (c) 283 atm, and (d) 476 atm.
this rough surface cannot be clearly seen from the less magni-
fied SEM images in Fig. 3. As can be seen in Fig. 4b, the
surface of the 84 atm-CO2-treated sample is smooth although
indentations are found on the surface. This smooth surface
suggests that the 84 atm-CO2 can melt the surface and result
in a decrease of the roughness of the CO2-untreated sample.
The surface roughness increases by increasing treatment pres-
sure as can be seen in Fig. 4c and d due to the foam formation
as discussed previously (Fig. 2c and d).

3.2. Crystalline phase of PVDF

PVDF has been found to have at least four crystalline
phases, a (Form II), b (Form I), g (Form III), and d (Form
II0). These different forms are distinguished by the conforma-
tion of CeC bonds along the polymer main chain. The a phase
has alternating trans and gauche bonds (TGT�G), the b phase
has all trans bonds (TTTT), the g phase has a gauche bond
every fourth repeat unit (T3GT3

�G), and the d phase is very
similar to the a-crystalline phase except that every other chain
is rotated. The IR spectra of these four crystalline phases have
been reported [17,20e23,39e43]. The characteristic bands of
the a phase are 530 cm�1 (CF2 bending), 615 and 765 cm�1

(CF2 bending and skeletal bending), 796 cm�1 (CH2 rocking),
and 976 cm�1 (CH2 twisting); the b phase are 510 cm�1 (CF2

bending) and 840 cm�1 (CH2 rocking); the g phase are 512,
776, 812, 833, and 840 cm�1. Unless used in conjunction
with other techniques such as wide angle X-ray diffraction, IR
spectra are usually difficult to separate features arising from
trans sequences in the b or g phases. By annealing, however,
the g phase presents some characteristic bands very distinct
from those presented by the b phase. Although the 840 cm�1

band is common to both phases and the 512 cm�1 band of the
g phase is very close to the 510 cm�1 band of the b phase, the
776, 812, and 833 cm�1 bands are exclusively of the g phase.
IR spectrum of the d phase is essentially indistinguishable
from the a phase, except for small frequency shifts.

Fig. 5 shows IR spectra of the 140 �C-crystallized PVDF
before and after CO2 treatments at three pressures. As can
be seen in Fig. 5, the 763 and 795 cm�1 bands that correspond
to the a phase are present in all four samples. The character-
istic band of the b phase at 840 cm�1 and the characteristic
bands of the g phase at 776, 812, 833, and 840 cm�1 are
absent in all four samples; therefore, the 140 �C-crystallized
PVDF without and with CO2 treatments at three pressures
all exhibit a phase. Although the CO2 treatments at three pres-
sures studied do not induce transformation among crystalline
forms, the amount of a phase decreases with increasing CO2

pressures. If the band at 875 cm�1 (CH2 bending) is used as
an internal standard [23], the ratios of A795/A875 and A763/
A875 can serve as an index of the a-crystal phase content,
where A795 is the absorbance of the 795 cm�1 band, A763 is
the absorbance of the 763 cm�1 band, and A875 is the absor-
bance of the 875 cm�1 band. As can be seen in Fig. 6, both
ratios indicate that the amount of the a-crystal phase present
in the sample is monotonically down as the pressure increases.
The finding of a decrease in the amount of the a-crystal phase
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is supported by the DSC data in the degree of crystallinity as
will be discussed later. The predominant presence of the
a-crystal phase is supported by WAXD in Fig. 7 as well. As
can be seen in Fig. 7, the diffraction angles of WAXD at
20.5� [44] that corresponds to b is missing whereas the diffrac-
tion angles at near 18, 19.5, and 26.5� that correspond to the
a phase are present [44]. The sharpness of these present dif-
fraction peaks is found to decrease with increasing CO2 pres-
sures, indicating that the degree of crystallinity of PVDF
decreases with increasing CO2 treatment pressure.

3.3. Melting and crystallization of PVDF

From close-up inspection on the surface and bulk of
PVDF samples using SEM and AFM as discussed above, the

Fig. 5. FTIR spectra of the 140 �C-crystallized PVDF samples before and after

CO2 treatments at 140 �C for 30 min at three treatment pressures: (a) control,

(b) 84 atm, (c) 283 atm, and (d) 476 atm.
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Fig. 6. The absorbance ratios (R) of A795/A875 and A763/A875, as calculated

from FTIR spectra in Fig. 5, of the 140 �C-crystallized PVDF as a function

of CO2 pressures. The 875 cm�1 band is used as an internal standard. A795/

A875 and A763/A875 thus serve as an index of the amount of a phase in

PVDF, where A795 is the absorbance of the 795 cm�1 band, A763 is the absor-

bance of the 763 cm�1 band, and A875 is the absorbance of the 875 cm�1 band.
CO2-treated PVDF is found to melt on its surface at 84 atm
and in its bulk at 283 and 476 atm. This CO2-assisted melting
of PVDF solidifies accompanying with crystallization during
depressurization of CO2. DSC was used to examine the
morphology of PVDF after crystallization. Fig. 8 shows DSC
curves of the first heating scans for the 140 �C-crystallized
PVDF before and after CO2 treatments at 140 �C at three pres-
sures. As shown in Fig. 8, before CO2 treatments, the 140 �C-
crystallized PVDF sample exhibits a melting endotherm at
163.6 �C. After CO2 treatments at 84 atm, the melting temper-
ature of PVDF is depressed to 157.9 �C and the degree of
crystallinity is down from 67 to 60% (Table 2). Since the
84 atm-CO2-treated PVDF results in melting only on its
surface (Figs. 1e4), the depression of Tm and the decrease
of degree of crystallinity for the sample following recrystalli-
zation after the CO2 treatment suggest that the CO2 might have
penetrated into the amorphous layers of the lamellar stacks
to relax the crystals, leading to disordered lamellar stacks as
will be verified by the slightly broader Lorentz-corrected
SAXS profile for the 84 atm-CO2-treated PVDF than for the

Fig. 7. WAXD of the 140 �C-crystallized PVDF samples before and after

CO2 treatments at 140 �C for 30 min at three treatment pressures: (a) control,

(b) 84 atm, (c) 283 atm, and (d) 476 atm.

Fig. 8. DSC heating curves of the 140 �C-crystallized PVDF samples before

and after CO2 treatments at 140 �C for 30 min at three treatment pressures:

(a) control, (b) 84 atm, (c) 283 atm, and (d) 476 atm.
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untreated PVDF later in this report. The 283 and 476 atm-CO2

treatments do not depress the melting temperatures of PVDF
further, however. The 283 atm-CO2-treated PVDF gives
a small peak at 168.2 �C in addition to the main melting
peak at 160.1 �C. Given that the CO2 treatment does not
give rise to transformation among crystalline forms of PVDF
as discussed previously, the presence of the 168.2 �C peak
suggests that bigger sized crystal lamellae are present in the
CO2-treated sample. DSC is further used to examine this broad
distribution in crystal size as shown in Fig. 9. The CO2-treated
samples had been annealed at 140 �C for 3 days before the
DSC measurements in Fig. 9. As can be seen in Fig. 9, instead
of a normal distribution, the endotherms showed multiple
peaks or shoulders for all three CO2-treated samples after an-
nealing. The 283 atm-CO2-treated sample exhibited the same
high endotherm at 168.2 �C but relatively big in magnitude
after annealing. The 476 atm-CO2-treated sample after anneal-
ing gave a high endotherm at near 175 �C. Although the g
phase having a higher melting temperature than the a phase
[43,45] may be obtained by annealing the a phase, this a to

Table 2

The melting temperaturesa (Tms), heats of fusiona (DH ), volume fractional

crystallinitiesa (fc), long periodsb,c (L), crystal layer thicknessc (lc), and amor-

phous layer thicknessc (la) of the 140 �C-crystallized PVDF samples before

and after CO2 treatments

CO2

pressures

Tm

(�C)

DH

(J/g)

fc

(%)

L (peak)b

(nm)

L (correlation)c

(nm)

lc
(nm)

la
(nm)

Control 163.6 74.2 67 7.3 6.6 4.3 2.3

84 atm 157.9 67 60 7.6 6.5 4.3 2.2

283 atm 160.1,

168.2

68 61 11.4 11.5 9.0 2.5

476 atm 160.9 59 55 11.8 11.8 8.8 3.0

Treatments at 84, 283, and 476 atm all at 140 �C for 30 min.
a Data were obtained from DSC measurements.
b Data were calculated from the Bragg’s law (L¼ 2p/qmax) from the

Lorentz-corrected SAXS profiles in Fig. 10.
c Data were obtained from the SAXS 1-D correlation function in Fig. 11.

Fig. 9. DSC heating curves of the annealed PVDF at 140 �C for 3 days that

have been CO2-treated at 140 �C at (a) 84 atm, (b) 283 atm, and (c) 476 atm

for 30 min.
g transformation occurs by annealing between 175 and
185 �C [45]. In this work, the much lower annealing tempera-
ture of 140 �C suggests that the high endotherms in Fig. 9 are
not attributed to the g phase. FTIR data find no characteristic
bands of the g phase either. Therefore, DSC data in Figs. 8 and
9 reveal that the crystal size of the CO2-treated samples was
multi-model in distribution. SAXS data in the later discussion
support this revelation.

3.4. Bulk morphology of PVDF

In an attempt to investigate the bulk morphology of the
CO2-treated PVDF, SAXS was used. Fig. 10 shows the
Lorentz-corrected SAXS profiles of the 140 �C-crystallized
PVDF samples before and after CO2 treatments at 140 �C at
three pressures. The scattering peak maximum (qmax) of the
PVDF shifts to a slightly lower value following the 84 atm-
CO2-treatment and significantly lower values following the
283 and 476 atm-CO2-treatments, indicating that the weight-
average long periods (L) calculated from the Bragg’s law
(L¼ 2p/qmax) are slightly up for the 84 atm-CO2-treated sam-
ple and significantly up for the 283 and 476 atm-CO2-treated
samples. The calculated L values are 7.3, 7.6, 11.4 and
11.8 nm for the untreated, and the treated at 84, 283, and
476 atm, respectively. The Lorentz-corrected SAXS profile
of the 84 atm-CO2-treated PVDF is slightly broader than
that of the untreated, suggesting a slightly broader size distri-
bution of the lamellar stacks following the treatment. The pro-
files for the 283 and 476 atm-CO2-treated PVDF become
much broader and are seemingly composed of two overlapped
peaks with qmax values at near 0.55 for the major peak and
0.85 for the minor one, suggesting the presence in these sam-
ples of a bimodal size distribution of the lamellar stacks.

In the lamellar stack model with sharp phase boundary, the
long period represents the sum of the crystal thickness (lc) and

Fig. 10. Lorentz-corrected SAXS profiles of the 140 �C-crystallized PVDF

samples before and after CO2 treatments at 140 �C for 30 min at three treat-

ment pressures: (-) control, (B) 84 atm, (:) 283 atm, and (,) 476 atm.
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the amorphous layer thickness (la). An increase in long period
may thus stem from the thickening of the crystal layer or the
amorphous layer or both. The one-dimensional (1-D) correla-
tion function is utilized here to reveal the composition depen-
dences of la and lc [13,14]. The 1-D correlation function, g(z),
is given by [46]:

gðzÞ ¼
RN

0
IðqÞq2 cosðqzÞdq
RN

0
IðqÞq2 dq

ð1Þ

where I(q) is the scattering intensity obtained from the SAXS
measurement, q¼ (4p/l) (sin(q/2)) (q¼ scattering angle), and
z is the direction normal to the lamellar interface. Fig. 11
shows one-dimensional correlation functions of the 140 �C-
crystallized PVDF before and after CO2 treatments at three
pressures. The broader first-minimum peak and first-maximum
peak for the 283 and 476 atm-CO2-treated samples in Fig. 11
indicate that the size distributions of lamellar stacks for these
two CO2-treated samples are much broader than those for the
untreated and 84 atm-CO2-treated samples. The correlation
functions of the 283 and 476 atm-CO2-treated samples in
Fig. 11 apparently consist of the contributions from the pres-
ence of a bimodal size distribution of the lamellar stacks in
the samples as suggested from Fig. 10. The long period (L)
may be realized by locating the first maximum in the 1-D cor-
relation function [13,14]. The thickness of the thinner layers
(l1) of the lamellar stacks is given by the intersection between
the straight line extended from the self-correlation triangle and
the baseline in the 1-D correlation function [13,14]. The aver-
age thickness of the thicker layer is then given by l2¼ L�l1.
The l1 and l2 can be assigned to la and lc, respectively, because
the volume fractional crystallinities of PVDF without and with
CO2 treatments are all larger than 0.5 (Table 2).

The lc, la, and L obtained from the 1-D correlation function
in Fig. 11 together with L calculated from the Bragg’s law

Fig. 11. One-dimensional correlation functions of the 140 �C-crystallized

PVDF before and after CO2 treatments at 140 �C for 30 min at three pressures:

(a) control, (b) 84 atm, (c) 283 atm, and (d) 476 atm.
(L¼ 2p/qmax) from the Lorentz-corrected SAXS profiles in
Fig. 10 are tabulated in Table 2. As can be seen in Table
2, lc is larger than la. The CO2 pressure variation of la values
is insignificant, although foam formation is observed after the
283 and 476 atm-CO2 treatments. This is because the foam
cells of a size near 20 mm (Fig. 2c and d) do not affect the
SAXS results. The CO2 pressure variation of lc values is
significant, however. Both the 283 and 476 atm-CO2 treat-
ments give a significant increase in lc. The lc value is up
from 4.3 nm for the untreated PVDF to 9.0 and 8.8 nm for
the 283 and 476 atm-CO2-treated PVDF. This significant
increase in lc may be responsible for the observed high
melting endotherm at 168.2 �C in Figs. 8 and 9 for the
283 atm-CO2-treated and annealed PVDF and the one at
175 �C in Fig. 9 for the 476 atm-CO2-treated and annealed
PVDF. The missing high melting endotherm for the
476 atm-CO2-treated PVDF in Fig. 8 might be associated
with a much less amount of the bigger sized lamellae in
the sample.

In this work, the PVDF samples were melted under high-
pressure CO2 treatments and recrystallized during depressur-
ization of CO2. The finding that PVDF having Tm of about
160 �C melted in supercritical CO2 at 140 �C was associated
with the presence of interactions between CO2 and the CeF
bonds of the PVDF molecules. The interactions of CO2 with
polymers containing CeF bonds have been observed by Four-
ier transform infrared (FTIR) spectroscopy [1]. Kazarian and
coworkers [1] have suggested that polymers containing CeF
bonds can have electrostatic intermolecular interactions with
CO2. Upon depressurization of CO2, the CO2-assisted melting
of PVDF could solidify accompanying with crystallization
because both the solvent power and temperature of CO2 de-
creased with decreasing pressure. Since the depressurization
from a high pressure to ambient pressure took few minutes
in this study, the temperature dependence of crystallization
of PVDF is thus a strong function of time, leading to a broad
crystal size distribution.

4. Conclusions

The semicrystalline poly(vinylidene fluoride) (PVDF) hav-
ing molecular weight of 530,000 and melting temperature of
about 160 �C could melt in SCF CO2 at 140 �C depending
on CO2 pressure. The level of the CO2-assisted melting of
PVDF was found to increase with increasing pressure. The
CO2-assisted melting of PVDF crystallized upon CO2 depres-
surization and resulted in an increased thickness of crystal
lamellae but an insignificantly changed amorphous layer
thickness. The 190 �C hot-pressed PVDF film exhibited pre-
dominant a-crystalline form and gave no transformation
among the reportedly four crystalline forms (a, b, g, and d)
upon the SCF CO2 treatments. The SCF CO2 treatments at
283 and 476 atm at 140 �C resulted in foam formations in
PVDF, with the smaller foam cells resulting from the lower
pressure treatment. A bimodal crystal size distribution of
PVDF was found after the SCF CO2 treatments.
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