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Porous structure of crystalline polymers by exclusion
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Abstract

We investigated the morphology of high-density polyethylene (HDPE) and poly(vinylidene fluoride) (PVDF) crystallized under carbon
dioxide (CO2) by light scattering measurements and microscopic observations. The crystallization of HDPE was delayed and the ordering of
the spherulite was smaller by dissolving CO2 rather than air at ambient pressure. A fine-layered porous structure having a size of 500 nm
was obtained in HDPE, while a large rod-like porous structure radiating in the spherulite was obtained in PVDF. Such a characteristic porous
structure is attributed to the exclusion of CO2 from the crystal growth front to the intercrystalline amorphous region and the growth of bubbles by
the supersaturation of CO2 in the constrained amorphous region. The exclusion effect is covered by the KeithePadden theory through consid-
eration of the self-diffusion in polymereCO2 systems; the exclusion and the growth of bubbles occur as lamellar stacks in HDPE whereas they
occur as bundles of lamellar stacks in PVDF.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Carbon dioxide; Crystallization; Porous structure
1. Introduction

Carbon dioxide (CO2) can dissolve into polymers. In poly-
mers, the dissolved CO2 causes plasticizing effects such as
depression of glass transition temperature and enhancement of
chain mobility. Such plasticizing effects are expected to con-
trol crystalline morphology [1e3] and the rate of crystalliza-
tion [4e9]. Spherulites were obtained by melt-crystallization
of polypropylene under CO2 after the CO2 was dissolved
at room temperature, while a mosaic crystalline texture con-
sisting of regularly arranged long and straight lamellae was
obtained by melt-crystallization after the CO2 was dissolved
at high temperature above the melting temperature, as an
example see Ref. [3]. The crystallization rate of polymers,
estimated by a high-pressure differential scanning calorimetry
and infrared spectrometry, increases with increasing CO2
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pressure by dissolving CO2 in poly(vinylidene fluoride)
[4], polycarbonate [5], poly(ethylene terephthalate) [6,7], poly
(ether ether ketone) [8], and isotactic polypropylene [9]. Such
accelerated crystallization has been explained by the enhance-
ment of the chain mobility for crystallization due to the plasti-
cizing effect.

However, microscopically, the crystallization behavior of
polymers under CO2 is expected to be fundamentally different
from that under air at ambient pressure. In the crystallization of
polymers under CO2, CO2 should diffuse away from a crystal
growth front, i.e., the exclusion should at least occur in the order
of lamellar size. This situation is similar to that demonstrated in
a mixture of a crystalline polymer and an amorphous one [10e
17]. The result is complicated diffusion so that the crystalliza-
tion kinetics and crystalline morphology differ from that under
air at ambient pressure. Recently, we found that crystallization
of polypropylene (PP) was delayed by the dissolution of CO2;
the delay in the crystallization was interpreted by the Hoffmane
Lauritzen theory through consideration of the exclusion of
CO2 from the crystal growth front [18].
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In this paper, to understand the exclusion effect of CO2 on
crystallization kinetics and crystalline morphology, we inves-
tigate the isothermal crystallization of high-density poly-
ethylene (HDPE) under CO2 over a wide pressure range by
time-resolved Hv light scattering using a high-pressure cell
and characterize the morphology by analyzing the light scat-
tering results and microscopic observations. The results are
discussed on the basis of the KeithePadden theory involving
the exclusion effect of CO2. The crystalline morphology
of poly(vinylidene fluoride) (PVDF) obtained under CO2 is
also presented for deeper understanding of the exclusion effect
of CO2.

2. Experimental

The HDPE pellets used in this study were supplied by
Mitsui Chemicals, Inc. (HZ1705J, Mw¼ 67,000). PVDF
powder was supplied by Kureha Chemical Industry Co., Ltd.
(KF1000, Mw¼ 70,000). In order to obtain a film specimen
with a thickness of 50 mm, the HDPE pellets and PVDF
powder were compression-molded between the two cover
glasses at 190 �C and 200 �C for 5 min, respectively, and were
then quickly quenched in a water bath.

In order to investigate the isothermal crystallization of
HDPE under CO2, a light scattering apparatus was installed
above a specially designed high-pressure observation cell con-
structed of stainless steel with an inner volume of 20 mL
(Taiatsu Techno Co. Ltd.), which was described in our previ-
ous paper [19]. Two sapphire glass windows were mounted
on the cell. A film specimen (1.5 cm� 1.5 cm) was placed
on the sapphire window positioned at the lower part of the
cell. The temperature was raised to the desired melting
temperature Tm to melt the crystallites. After the crystallites
were melted, high-pressure CO2 was injected into the vessel
with a syringe pump (NP-KX-500J, Nihon Seimitsu Kagaku
Co., Ltd.) and kept there for 1 h so that the CO2 would dis-
solve into the specimen. The pressure proof of this cell is
20 MPa. After melting, the specimen was cooled to the desired
crystallization temperature Tc; melt-crystallization occurred at
Tc. A polarized HeeNe laser with a wavelength of 632.8 nm
was applied vertically to the film specimen in the cell. The
scattered light was passed through an analyzer and then
onto a highly sensitive charge-coupled device (CCD) camera
with a sensor of 512� 512 pixel having dimensions of
13.3� 8.8 mm (Princeton Instruments, Inc., TE/CDD-512-
TKM-1). This sensor provides time-resolved measurement of
two-dimensional angular distribution of scattered light with
512 one-dimensional data points in a time scale of 0.2 s. We
employed Hv geometry in which the optical axis of the ana-
lyzer was set perpendicularly to that of the polarizer. The input
data from the CCD camera was digitized by the ST-13X con-
troller. The digitized data were stored in a personal computer
for further analysis.

In order to obtain the crystallized specimen under high-
pressure CO2 above 20 MPa, a 50 mL stainless steel pressure
vessel with a pressure proof of 50 MPa (Taiatsu Techno Co.
Ltd.) was used. The inner diameter of the vessel is 45 mm
and the outer diameter is 70 mm. The crystallized specimen
was obtained under CO2 by use of the method described above.

The crystallized specimen thus obtained was depressurized
to ambient pressure and cooled to room temperature. The crys-
tallized specimen was then observed under a polarized optical
microscope (Olympus BH50) equipped with a sensitive tint
plate having an optical path difference of 0.53 mm. Micro-
scopic images of the specimen were recorded by a digital cam-
era (Olympus DP11) and stored in a personal computer. The
Hv light scattering measurement for the crystallized specimen
was also performed under air at ambient pressure by using the
CCD camera system described above.

The morphology of the crystallized specimens was also
observed under a SEM (Hitachi S2100A). For observation,
the specimen was fractured in liquid nitrogen and sputter-
coated with platinum.

3. Results and discussion

Small spherulites, several micrometers in size, were
obtained by cooling high-density polyethylene (HDPE) film
to the crystallization temperature of 120 �C after dissolution
of CO2 at a temperature above the melting temperature. Since
the spherulites were too small to discuss crystalline morphol-
ogy based on observations by the polarized optical micro-
scope, the crystallization kinetics and crystalline morphology
obtained under CO2 will be discussed in the following para-
graphs in terms of Hv light scattering.

The Hv light scattering pattern from the HDPE spherulites
was of a circularesymmetric type, i.e., there was no azimuthal
angle dependence. This suggests that the optical axes of the
crystals are randomly oriented in the spherulite. In this case,
therefore, to discuss the kinetic aspect of the crystallization,
it is convenient to employ the integrated scattering intensity
in Hv mode, i.e., the invariant QHv defined by [20e22]:

QHv ¼
ZN

0

IðqÞq2dq ð1Þ

where I(q) is the intensity of the scattered light at the scatter-
ing vector q; q¼ (4p/l)sin(q/2), l and q being the wavelength
of the light and the scattering angle, respectively. QHv is
described by the mean square optical anisotropy d:

QHvf
�
d2
�
¼ Fsðar� atÞ2 ð2Þ

where Fs is the volume fraction of the spherulites, and ar and
at are the radial and tangential polarizabilities of the spheru-
lites, respectively. Hence, QHv is expected to increase with
an increasing volume fraction of the spherulites and then
levels off when the spherulites are volume-filled [21,22].

Fig. 1 shows the time variation of invariants QHv for HDPE
crystallized at various CO2 pressures at 120 �C. QHv increases
with time and levels off, as expected from Eq. (1), i.e., Fs

increases and attains its maximum value when the spherulites
fill the whole space. The crystallization period is 300 s under
CO2 at 15 MPa and is 150 s under CO2 at 10 MPa, while it
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is 90 s under air at ambient pressure, for instance. The results
suggest that the crystallization of the HDPE is delayed by the
dissolving CO2.

According to the HoffmaneLauritzen theory on polymer
crystallization [23,24], the growth rate of crystallite G is
given by:

Gfbg exp

�
�Kg

TcDTf

�
ð3Þ

where bg is the mobility term that describes the transportation
rate of the crystallizable molecules at the growth front, Tc is
the crystallization temperature, DT ¼ T�m � Tc is the degree
of supercooling (T�m being the equilibrium melting tempera-
ture), f is the correction factor given by 2Tc=ðT�m þ TcÞ, and
Kg is the nucleation constant. As demonstrated in our previous
paper [18], the change in the growth rate with CO2 pressure is
not attributed to the change in Kg. Since the melting tempera-
ture of the HDPE was 134 �C and the change was little by
absorbing CO2, the change in the DT does not contribute to
the change in the growth rate. Thus, the delay in crystallization
under CO2 might be ascribed to the decrease of bg with an
increase in the CO2 pressure.

bg is proportional to the diffusion coefficient in the second-
ary nucleation process. The crystal growth process in polymer
is described as consisting of two elementary processes: the
deposition of the first stem on the growth front (surface nucle-
ation process) and the attachment of subsequent stems in the
chain on the crystal surface (surface spreading process). We
denote the diffusion coefficients in the surface nucleation pro-
cess and the surface spreading process by DM and DS, respec-
tively. In the neat crystalline polymer, it has been assumed that
there is no distinction between DM and DS [23,24]. However,
in the crystallization of polymers under CO2, the situation
should be different because of the exclusion of CO2 from
the crystal growth front, as for mixtures of a crystalline poly-
mer and an amorphous one [10e17]. In other words, the two
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Fig. 1. Time variation of invariants QHv for HDPE crystallized at 120 �C under

CO2 of various pressures.
competitive processes should control diffusion in the second-
ary nucleation process in the crystallization of a HDPEe
CO2 system in which CO2 is dissolved in HDPE: the attach-
ment of the crystalline polymer onto the crystal surface and
the exclusion of CO2 from the surface. This competitive situ-
ation can be characterized by mutual diffusion. On the other
hand, surface spreading may be controlled by the rate of pull-
out of residual segments in the crystalline chain from the
melt near the growth front. This can be characterized as the
self-diffusion of polymers plasticized by CO2. Since the self-
diffusion of polymers usually increases with an increase in
the CO2 pressure and it is opposite to the experimental results,
the bg might be governed by mutual diffusion.

The mutual-diffusion coefficient in the HDPEeCO2 system
may be given by a phenomenological equation for polymer
mixtures suggested by Alfonso and Russell [13]:

DMf
�
1�fCO2

� DHDPEDCO2

DHDPE þDCO2

ð4Þ

where f is the volume fraction and D is the diffusion coeffi-
cient for HDPE and CO2. Eq. (4) claims that the mutual diffu-
sion is generally governed by the slower moiety at low fCO2

.
The calculated results for DM obtained from Eq. (4) are

shown in Fig. 2 as a function of fCO2
and pressure P. Here,

fCO2
is proportional to the pressure of CO2 and the value of

fCO2
is calculated from the data of CO2 dissolved in HDPE

obtained by Sato et al. [25]. Because DCO2
has an order of

magnitude of 10�1 cm2/s and DHDPE has one of 10�8 cm2/s,
we have assumed DCO2

=DHDPE ¼ 107. DM decreases with in-
creasing fCO2

as the pressure of CO2 increases. Thus, the de-
crease in bg with pressure might be attributed to the decrease
in DM caused by the exclusion effect of CO2. The decrease in
bg by the exclusion effect of CO2 might cause the delay of the
crystallization by the dissolving CO2.
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As shown in Fig. 1, the invariant QHv of the crystallized
HDPE obtained under CO2 is much smaller than that under
air at ambient pressure. According to Eq. (2), QHv is related
to the polarizability difference (ar� at). Since (ar� at) is
ascribed to the intrinsic anisotropy of the crystalline region
and the orientation function for the optical axis of the crystal-
line region, the small value of QHv is caused by the low orien-
tation of the optical axis in the spherulite. This suggests that
the ordering in the spherulite obtained under CO2 is much
smaller than that under air at ambient pressure.

As demonstrated before, the Hv light scattering pattern was
circular and symmetric. In this case, light scattering intensity
IHv is described by an assumption of random orientation [26]:

IHvfhdi2
ZN

0

f ðrÞsin qr

qr
4pr2dr ð5Þ

where f(r) is the correlation function of orientation fluctuation
in an optical axis at separation distance r. Assuming that f(r) is
given by the exponential correlation function:

f ðrÞ ¼ expð � r=aÞ ð6Þ

where a is the orientation correlation distance, the angular
dependence of IHv is described by the DebyeeBueche type
scattering function [20,27e29]:

I
�1=2
Hv ¼ 1

A
þ a2

A
q2 ð7Þ

where A is constant and a is the orientation correlation distance.
The orientation correlation distance a is described by [29]:

a¼ 2d

332
ð8Þ

where d is the size of lamellar stack. 3 is the average angle
between the optical axes of neighboring lamellar stacks and
is a parameter describing the degree of disorder for the
arrangement of lamellar stacks [30]. Hence, we can employ the
orientation correlation distance a as a measure of the ordering
in the spherulite.

As shown in Fig. 3, the plot of IHv
�1/2 vs q2 yielded straight

lines as expected from Eq. (7). The orientation correlation dis-
tance a can be obtained from the slope and the intercept in the
plots of IHv

�1/2 vs q2. The pressure dependence of a thus ob-
tained is shown in Fig. 4. The value of a of crystallized
HDPE obtained under CO2 is much smaller than that obtained
under air at ambient pressure. The results support the change
of the ordering in the spherulite by dissolving CO2, i.e., the
ordering in the spherulite obtained under CO2 is much smaller
than that obtained under air at ambient pressure. This may be
attributed to the exclusion of CO2 from the crystal growth
front to the amorphous region, as for mixtures of a crystalline
polymer and an amorphous one [10e17].

Figs. 5 and 6 are SEM micrographs of HDPE obtained by
crystallization at 120 �C under various pressures of CO2.
A layered porous structure having a size of 500 nm is seen,
and the pore is enclosed by an interconnected phase. The
pore size is much smaller than that obtained by conventional
foaming of melt HDPE in which the pore size is of several
10 mm [31]. This structure is similar to that obtained by ex-
tracting the amorphous phase of HDPE using hot xylene or
fuming nitric acid, i.e., the pore is obtained by extracting the
amorphous phase and is enclosed by the interconnected lamel-
lar stacks remaining after the extraction [32,33]. Since the
pore size is larger than the next-neighbor distance of the
lamellae in which the size is of several nm [34], the porous
structure shown in Figs. 5 and 6 might consist of layered
pores enclosed by interconnected lamellar stacks. The pore
size increases with an increase in CO2 pressure at low CO2
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Fig. 5. SEM micrograph of HDPE crystallized at 120 �C under CO2 of various pressures: (a) 3 MPa and (b) 30 MPa.
pressures below 5 MPa (Fig. 5(a)), but the change with CO2

pressure becomes slight at higher pressures (Figs. 5(b) and
6). This result corresponds to that of the ordering in the spher-
ulite demonstrated in Fig. 4, suggesting that pore development
is caused by the exclusion of CO2.

There might be two possibilities for the development of the
pore: one is the foam that develops in the amorphous region
between the lamellar stacks during depressurization after crys-
tallization; the other is exclusion of CO2 during the crystalli-
zation before the depressurization. If the former is the case,
changing the depressurization rate will change the shape and
size of the pore. The result in Fig. 6 contradicts this, i.e.,
pore size and shape were not changed when the depressuriza-
tion rate was changed. Thus, the latter possibility seems to be
more realistic, that is, the pore is attributed to the exclusion of
CO2 during the crystallization before depressurization.

Fig. 7 is a schematic illustration of the exclusion of CO2

and the development of the pore during the crystallization of
HDPE under CO2. CO2 is dissolved in HDPE during the
melt state (Fig. 7(a)). When HDPE is cooled to the crystalliza-
tion temperature below the melting temperature, crystalliza-
tion occurs. Since the CO2 cannot be dissolved in the
crystals, CO2 is excluded from the growth front of the crystals
to the intercrystalline amorphous region (Fig. 7(b)). Due to the
exclusion, the concentration of CO2 in the intercrystalline
amorphous region becomes greater than that in the melt state
(Fig. 7(c)). When the concentration of the CO2 in the amor-
phous region exceeds supersaturation, bubbles nucleate and
grow, resulting in a porous material as in the case of foaming
[31,35e42] (Fig. 7(d)). When the exclusion occurs in a scale
of lamellar stacks, bubbles grow in the amorphous region
between the lamellar stacks. Because of the constraint by the
neighboring lamellae, the growth of bubbles is stopped within
the amorphous region between the lamellar stacks. Thus, the
structure around the pore is similar to that of the lamellar
stack, as shown in Figs. 5 and 6, while a large amount of
porous material in a spherical shape is obtained in the area
without constraint by the foaming amorphous polymers.

The exclusion of CO2 can be quantitatively discussed in
terms of the parameter d suggested by Keith and Padden
[10,11]:

d¼ D

G
ð9Þ

where d is the distance in which the non-crystalline component
can be excluded from the crystal growth front, D is the diffu-
sion coefficient of the non-crystalline component (CO2), and
G is the growth rate of the crystalline polymer. The diffusion
coefficient of the non-crystalline component D is expressed by
the self-diffusion of CO2 which describes the diffusion of CO2

in molten HDPE. The self-diffusion coefficient may be given
by [43,44]:

Df
�
DHDPEfHDPE þDCO2

fCO2

�
ð10Þ

The calculated result for D obtained from Eq. (10) is shown
in Fig. 8 as a function of CO2 pressure. D increases steeply at
low CO2 pressures below 2 MPa and then increases gradually
with increasing CO2 pressure. Since the change in D is small
with CO2 pressures above 5 MPa, the changes in pore size and
Fig. 6. SEM micrograph of HDPE obtained at various depressurization rates after crystallization at 120 �C under CO2 of 15 MPa: (a) 0.5 MPa/min and (b) 5 MPa/s.
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Fig. 7. Schematic of pore development during crystallization under CO2.
the ordering in the spherulite are slight at high CO2 pressures
above 5 MPa, as shown in Figs. 4e6. Since the distance of the
exclusion d increases as D increases, pore size increases and
the ordering in the spherulite decreases as d increases.

Fig. 9 shows SEM micrographs of HDPE obtained under
CO2 by isothermal crystallization at 120 �C and quenching
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Fig. 8. Calculated curve of diffusion coefficient for non-crystalline component

D in HDPEeCO2 and PVDFeCO2 systems as a function of CO2 pressure.
with a water bath from the melt state. The pore size of the
quenched specimen is smaller than that obtained by isothermal
crystallization at a high temperature. The temperature of
crystallization during the quenching is lower than that of iso-
thermal crystallization. According to Eq. (9), it is expected
that the lower the temperature of crystallization, the smaller
is D and the larger is G, then the smaller could be the distance
of the exclusion d. This might explain the small pore in HDPE
obtained by quenching under CO2. The result supports the
exclusion of CO2 during crystallization under CO2.

It is well known that the dissolution of CO2 in PVDF is
larger than that in HDPE [44,45]. The calculated results for
D of PVDF obtained from Eq. (10) are also shown in Fig. 8
as a function of CO2 pressure P. The D of PVDF is larger
than that of HDPE. Hence, it is expected that the distance of
the exclusion d in PVDF is larger than that in HDPE.

Fig. 10 shows the polarized optical micrographs of PVDF
crystallized at 150 �C under various CO2 pressures. Compact
spherulites having a clear Maltese cross pattern and banding
pattern are obtained by crystallization under air at ambient
pressure (Fig. 10(a)). Similarly, compact spherulites are devel-
oped under CO2 at 15 MPa (Fig. 10(b)). However, the Maltese
cross pattern is more diffuse and the period of the banding is
longer compared to those obtained under air at ambient pres-
sure. The diffuse Maltese cross pattern is attributed to the
randomness of the orientation of the lamellar stacks. As the
CO2 pressure increases, the Maltese cross pattern becomes
more diffuse, and the mottling of the regions where no light
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Fig. 9. SEM micrograph of HDPE crystallized under CO2 of 15 MPa: (a) isothermal crystallization at 120 �C and (b) quenching from 150 �C in water bath.

Fig. 10. Polarized optical micrograph of PVDF crystallized at 150 �C under CO2 of various pressures: (a) under air at ambient pressure, (b) 15 MPa, (c) 25 MPa

and (d) 40 MPa.
is transmitted appears (Fig. 10(c)). When PVDF is crystallized
at CO2 pressures above 35 MPa, large rod-like pores having
sizes of 10 mm in diameter are obtained within the spherulite
(Fig. 10(d)). The pores are arranged radially from the center
of the spherulites. The pore size is much larger than that obtained
in HDPE. The difference might be caused by the different D
calculated from Fig. 8. Such a characteristic porous structure
might be due to the exclusion of CO2 from the growth front of
the bundle of lamellar stacks during spherulite growth. These
results also support the exclusion effect of CO2 on the crystalline
morphology of polymers.

4. Conclusion

We found that a fine-layered porous structure was obtained
in HDPE and a large rod-like porous structure radiating in the
spherulite was obtained in PVDF by crystallization under CO2.
Such a characteristic porous structure is attributed to the
exclusion of CO2 from the crystal growth front to the inter-
crystalline amorphous region and the growth of bubbles by the
supersaturation of CO2 in the constrained amorphous region.
Due to the exclusion, the crystallization rate is delayed and
ordering in the spherulite decreases. The exclusion of CO2

and the development of pores can be qualitatively explained
by the KeithePadden theory through consideration of self-
diffusion in polymereCO2 systems.
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