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Abstract

The oriented crystallization of poly[(R)-3-hydroxybutyrate] (PHB) in the miscible blends with poly(vinylidene fluoride) (PVDF) was
investigated with various compositions. The PVDF/PHB blend films were prepared by solution casting and subsequent melt-quenching in ice
water. Oriented films of the blends were prepared by uniaxially stretching the melt-quenched film at 0 °C in ice water using a hand-operated
stretching apparatus. The oriented blend films were heat-treated at a fixed length in order to crystallize PHB in the oriented state. The crystal
orientation and the lamellar textures of the obtained samples were studied with wide-angle X-ray diffraction (WAXD), and small-angle X-ray
scattering (SAXS), respectively. The SAXS measurements showed that a considerable amount of molecular chains of PHB are excluded from the
lamellar stacks of PVDF and exist in the interfibrillar regions in the oriented films of the blends. The cold crystallization of PHB in the interfibrillar
region results in the orientation of PHB crystals, and the type of crystal orientation depends upon the composition of the blends. For the
PVDF/PHB =4/6-7/3 blends, the crystal a-axis of PHB is highly oriented parallel to the drawing direction and the crystal c-axis (molecular chain
axis) in PHB crystals is perpendicular to the drawing direction, i.e. orthogonal to the chain axis of the crystals of PVDF. It is considered that the
a-axis orientation is induced by the confinement of crystal growth in the interfibrillar nano-domains. For the PVDF/PHB =2/8-3/7 blends,
however, the crystal c-axis of PHB is primarily oriented in the drawing direction, suggesting that the stressed molecular chains of PHB are

crystallized with the molecular orientation retained.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer blends have attracted the attention of a lot of
scientists because of wide application in various fields. The
structure control of polymer blends is essential for improving
their macroscopic properties. The orientation of polymer
chains is one of the important factors in regulating the physical
properties of polymer blends. The orientation control of the
polymer chains in the polymer blends has been extensively
studied in past decades because of the possibility to produce
unique orientation textures that cannot be formed in single-
component polymeric materials. The oriented crystallization of
polymer blends has been examined for some miscible
crystalline/amorphous polymer blends [1-4]. Prud’homme
et al. have studied the crystallization and orientation behavior
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of poly(e-caprolactone) (PCL) in the miscible blends with
poly(vinyl chloride) (PVC) [1,2] and reported that crystal-
lization under strain leads to a crystalline orientation
perpendicular to the strain direction under most conditions,
whereas a parallel crystalline orientation is observed under
conditions where crystallization is rapid and the draw ratio is
high. We have examined the oriented crystallization of an
isotactic polystyrene (iPS)/poly(phenylene oxide) (PPO) blend
and produced a unique orientation texture containing highly
oriented iPS crystals and nearly isotropic PPO chains [3]. More
recently, Park et al. studied the oriented crystallization of
poly[(R)-3-hydroxybutyrated] (PHB) in the blend with cellu-
lose propionate (CP) under strain. It was shown that the manner
of oriented crystallization of the PHB component varied from
the c-axis oriented growth to the a-axis oriented crystal growth
with increasing the CP content [4]. A number of studies have
been reported on the oriented crystallization of immiscible
polymer blends consisting of two crystalline polymers, such as
polypropylene (PP)/polyethylene (PE) [5-7], PP/isotactic
poly(butene-1) [8], PP/nylon 11 [9], polyethylene glycol
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(PEG)/nylon [10], PCL/PE [11], and poly(vinylidene fluoride)
(PVDF)/nylon 11 [12,13]. If a component with lower melting
temperature is crystallized in the oriented matrix of the other
component with higher melting temperature, some unusual
orientation textures are induced in the dispersed phase.

On the other hand, the structural control of crystal-
line/crystalline polymer blends possibly produces new types
of lamellar morphologies. However, only a limited number of
systems is known to us for miscible crystalline/crystalline
polymer blends. Manley et al. have recently reported the
miscibility, phase behavior, crystallization kinetics, and
lamellar morphologies of a miscible crystalline/crystalline
blend, PVDF/poly(1,4-butylene adipate) (PBA) [14—18]. Nishi
et al. have studied the miscibility, crystallization kinetics, and
spherulitic morphology of various crystalline/crystalline
polymer blends such as poly(1,4-butylene succinate) (PBSU)/
PVDF [19], poly(vinylidene chloride-co-vinyl chloride)
(PVDCVC)/PBSU [20,21], and poly(ethylene succinate)
(PES)/poly(ethylene oxide) (PEO) [22]. They demonstrated
the presence of interpenetrated spherulites for PBSU/PVDCVC
and PES/PEO blends by optical microscopy and atomic force
microscopy observations. PVDF/PHB blends are also known
as miscible blend pairs in the molten state, but are crystallized
independently into their own crystal lattice. Liu et al. studied
the crystallization behavior and spherulitic morphology of
PVDF/PHB blends and discussed the lamellar morphologies in
relation to their spherulitic morphologies [23,24]. Chiu et al.
discussed the morphology of the lamellar stacks of PVDF/PHB
blends on the basis of the results of small-angle X-ray
scattering (SAXS) [25].

We have recently studied the oriented crystallization of the
PBSU/PVDF blend, a miscible crystalline/crystalline polymer
blend [26]. The crystallization of PBSU in the confined
domains of an oriented blend with PVDF produced a new type
of lamellar morphology, in which the two components are
segregated in nano-sized domains and are oriented mutually
opposite directions. In this work, the oriented crystallization
was applied to forming an orthogonal orientation texture in a
miscible crystalline/crystalline blend, PVDF/PHB. The
oriented films of the blend are obtained by drawing the melt-
quenched film in which the molecular chains of PHB keep their
amorphous structure. The molecular chains of PHB are
isothermally crystallized in the oriented blend films under
constraint above room temperature. The crystal orientation and
the lamellar morphologies are characterized by wide-angle
X-ray diffraction (WAXD) and small-angle X-ray scattering
(SAXS), respectively.

2. Experimental section

2.1. Materials and sample preparation

The powder of PVDF with M,,=530,000 and that of PHB
with M, = ~500,000 were obtained from Scientific Polymer
Products, Inc. (Ontario, USA), and Aldrich Chemical
Company, Inc. (St. Louis, USA), respectively. The PVDF/PHB
blends with various weight ratios were prepared by casting an

N,N' -dimethylformamide solution with a concentration of 2%.
The cast films were dried at 90 °C under vacuum for two days
to remove the solvent. The blends were then hot pressed at
185 °C to a film with a thickness of 200 pm, followed by rapid
quenching in ice water. PVDF was crystallized during the melt-
quenching process, whereas the molecular chains of PHB
retained their amorphous structure in the melt-quenched film.
The oriented films were prepared by uniaxially stretching the
melt-quenched films to the highest elongation, Ay, at 0 °C in
ice water using a hand-operated stretching apparatus. The
values of A, increased from 4.8 to 6.4 with increasing the
PHB content from 30 to 80 wt%. The melt-quenched films
were treated in the ice water bath as much as possible during
the drawing experiment in order to prevent the crystallization
of PHB. It was confirmed by the measurements of WAXD that
the molecular chains of PHB were not crystallized in the drawn
films immediately after the drawing experiments. In the next
step, the drawn samples were heat-treated with a fixed length
for 2 h at temperatures 10 °C below the cold-crystallization
peak in differential scanning calorimetry (DSC) heating curves
(Fig. 1) in order to crystallize PHB isothermally. The
isothermal time-scan of DSC shows that the crystallization
was completed in 15-30 min at temperatures 10 °C below the
cold-crystallization peak. The isothermal process at each
crystallization temperature was set for longer than the time
required for the crystallization of PHB in order to ensure that
all the crystals were formed during the isothermal process at
the designated temperature.
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Fig. 1. DSC curves of melt-quenched samples of PVDF, PHB, and PVDF/PHB
blends during the heating process at 10 K/min.
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2.2. Characterization

Differential scanning calorimetry was measured with a
Perkin—Elmer (MA, USA) DSC-7 differential scanning
calorimeter calibrated with the melting temperatures of indium
and zinc. DSC measurements were carried out under nitrogen
flow at heating and cooling rates of 10 K/min.

The WAXD measurements were conducted using Cu Ko
radiation (40 kV, 150 mA) with a wavelength of 0.1542 nm
generated by an X-ray diffractometer, Rigaku (Akishima,
Japan), Ultrax 18SF. The WAXD images were measured with
an imaging plate, Rigaku RAXIS-DS3C and the equatorial
profiles were obtained directly from the imaging plate. On the
other hand, meridional WAXD profiles were measured with a
goniometer and a scintillation counter, because meridional
reflections are not exposed on the imaging plate for highly
oriented samples. The azimuthal intensity distribution for a
crystal reflection was also measured with a goniometer and a
scintillation counter by rotating the samples at a fixed angle
of 26.

SAXS were measured with fine-focused Cu Ka radiation
(45 kV, 60 mA) generated by an X-ray diffractometer, Rigaku,
Ultrax 4153A 172B. A scattering angle resolution of 26 =0.09°
was achieved with a pair of beam-focusing mirrors, Confocal
MAX Flux Optics and three collimation slits. The SAXS
images were detected with an imaging plate detector, Rigaku
RAXIS-DS3C. The SAXS profiles were obtained directly from
the imaging plate.

3. Results and discussion
3.1. Thermal properties

Fig. 1 shows the DSC curves of the melt-quenched samples
of PVDF, PHB and PVDF/PHB blends during the heating
process. The DSC curves were normalized by sample weight.
The WAXD measurement shows the crystallinity of PVDF in
the melt-quenched films of the blend, whereas PHB keeps its
amorphous structure in the melt-quenched films. The
exothermic peaks around 40-60 °C show that PHB crystallizes
during the heating process for pure PHB and PVDF/PHB
blends with a weight ratio of 1/9-5/5, but the crystallization of
PHB is restricted for the blends with higher PVDF content. The
glass transition temperature (7) of PHB is observed around
0 °C and gradually shifts to lower temperatures with increasing
PVDF content. The melting temperatures (7},,) of pure PVDF
and PHB are 160 and 176 °C, respectively, whereas the melting
peaks in the blend decrease with respect to the melting peaks of
the pure polymers owing to the miscibility of the blends. Chien
et al. [25] and Liu and Jungnickel [23,24] reported the
miscibility and crystallization behavior of the PVDF/PHB
blends. The results of this work also support the miscibility of
the blend system.

Fig. 2 shows the DSC curves of PVDF, PHB and PVDF/
PHB blends during the cooling process from the molten state.
The results of the DSC curves indicate that both PHB and
PVDF crystallize during the melt-crystallization process for
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Fig. 2. DSC curves of PVDF, PHB, and PVDF/PHB blends during the cooling
process from the molten state at 10 K/min.

the PVDF/PHB =2/8-5/5 blends but the crystallization of the
minor component is restricted outside the composition ranges.
PVDF is crystallized in the first step, and PHB crystallizes in
the pre-existing morphology of PVDF. The crystallization
temperatures (7.) of PVDF and PHB decrease in the blends
with increasing the content of the counter component, owing to
the dilution effects.

3.2. Crystal orientation

Fig. 3 shows the WAXD patterns of the PVDF/PHB blends
crystallized under the highest elongation. The samples are
drawn in ice water to the highest draw ratio and PHB was
crystallized in the oriented films at the highest draw ratio with a
fixed length at temperatures 10 °C below the crystallization
peaks of the DSC curves. The equatorial profiles obtained
directly from the WAXD images are shown in Fig. 4 with the
assignments of the observed reflections. The WAXD reflec-
tions of the o and B crystalline forms of PVDF are observed in
Figs. 3 and 4, indicating that the two crystalline forms of PVDF
coexist in the oriented samples of PVDF and PVDF/PHB
blends. The o crystalline form exhibits 100, 020, and 110
reflections at 20=17.9, 18.4, and 20.1°, respectively, on the
equator, whereas the B crystalline form shows 110 and 200
reflections at 26=20.8° on the equator. The #k0 reflections of
the o and B crystalline forms of PVDF are observed on the
equator, indicating that the crystal c-axis (molecular chain
axis) of the two crystalline forms of PVDF are oriented in the
drawing direction for all blend samples. On the other hand, the
molecular chains of the melt-crystallized PHB are packed in an
orthorhombic crystal lattice with the parameters a=0.576 nm,
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Fig. 3. WAXD images of PVDF/PHB blends crystallized at the highest elongation, Ay.x: (a) PVDF/PHB=5/5 A,,.x=4.9, (b) PVDF/PHB=4/6 A,,.x=5.1, (c)
PVDF/PHB =3/7 Apax=5.7, (d) PVDF/PHB=2/8 A,,.,=6.4. The reflections of PHB are indexed in (a) and (c).

b=1.320 nm, and ¢=0.596 nm [27]. The 020, 110, and 002
reflections of PHB are clearly observed at 20=13.5, 17.0, and
30.3°, respectively, in the WAXD image (Fig. 3) and the
equatorial profiles (Fig. 4). The WAXD images indicate that
the types of crystal orientation of PHB changes with blend
composition. For the PVDF/PHB =4/6-7/3 blends, the spots of
the 110 reflection (20=13.5°) are located at 20-30° from the
meridian along the azimuthal angle and the 020 reflection
exhibits intense spots on the equator (Fig. 3). Furthermore, the
002 reflection is observed in the equatorial WAXD profiles of
the samples (Fig. 4). These results suggested that the crystal
a-axis of PHB is oriented in the drawing direction and that the
crystal c-axis (molecular chain axis) is perpendicular to the
drawing direction for the PVDF/PHB =4/6-7/3 blends. The
020 reflections are observed also on the meridian for PVDF/
PHB =5/5-7/3, suggesting that a small amount of the b-axis
orientation coexists with the g-axis orientation for the samples.
The PVDF/PHB =2/8-3/7 blends, however, exhibits a strong
110 reflection on the equator and its intensity in the meridional
range markedly decreases (Fig. 3). The crystal c-axis of the
samples with PVDF/PHB =2/8-3/7 is mainly oriented in the
drawing direction, because the 110 and 020 reflections lie on
the equator.

Fig. 5 shows the meridional WAXD profiles of the PVDF/
PHB blends measured with a goniometer scan. The 001
reflection of the P crystalline form of PVDF and the 002
reflection of the o form are observed at 35.0 and 38.9°
respectively. Only the reflection of the B crystalline form is

observed for the highly oriented pure PVDF, whereas the two
crystalline forms coexist in the PVDF/PHB blends. The
relative intensity of these reflections suggests that the crystal-
linity of the a crystalline form decreases and that of the
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Fig. 4. Equatorial WAXD profiles of PVDF and PVDF/PHB blends crystallized
at highest elongation.
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Fig. 5. Meridional WAXD profiles of PVDF and PVDF/PHB blends
crystallized at the highest elongation.

crystalline form increases with increasing PVDF content. The
appearance of the 002 reflection of PHB confirms that the
crystal c-axis of PHB is oriented in the drawing direction for
the PVDF/PHB =2/8-3/7 blends.

The intensity profiles of the WAXD reflections along the
azimuthal angle were obtained after the background correc-
tions. The intensity distribution, 1(6,¢) is expressed as a
function of the Bragg angle, 6, and the azimuthal angle, ¢. The
subtraction of the background intensity was carried out as
follows

1((p)c = I(gp’ (P)_I(abl’ (P)Cl _I(abz’ (p)CZ 9]
O
Ci=——"— 2
Ll + 0y @
01
Cy=—"— 3
27 Oy + O ©

I(6,,,9) is the azimuthal intensity distribution of the crystalline
reflection of interest, whose peak is observed at 8, and I(0,,,9)
and 1(0,,,¢) are the intensity distributions of backgrounds at
(9;,1 and (9;,2 (0;,1 <0p<0h2)'

Fig. 6 shows azimuthal intensity profiles of the 020 and 110
reflections of PHB for the PVDF/PHB =5/5 blend. The 020
reflection of PHB shows peaks at +90° (transverse direction),
indicating that the crystal b-axis is oriented perpendicular to
the drawing direction. The peaks at +23° (near meridian) for
the 110 reflection of PHB suggest that the crystal a-axis of PHB
is oriented in the drawing direction, because the reciprocal
lattice vector of the 110 reflection of PHB is tilted 23.6° away
from the crystal a-axis. The Hermans—Stein orientation
function, f, for the crystal axes of PHB is calculated from
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Fig. 6. Azimuthal angle profiles of WAXD reflections for the PVDF/PHB =5/5
blend crystallized at highest elongation, A,,.x=4.9: (—) 020 reflection of PHB;
(= --) 110 reflection of PHB; (- - -) 001 reflection of the B crystalline form of
PVDF.

the corrected intensity distribution
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the orientation function of the crystal b-axis, f;,, can be
calculated from the azimuthal intensity distribution of the 020
reflection. The orientation function of the crystal c-axis, f,., was
calculated from the azimuthal intensity profiles of the 110 and
020 reflections by use of the Wilchinsky equation [28].
The value of f, was obtained from the relationship of the
orientation functions of the crystal axes for the orthorhomibic
crystal lattice

Ja+fo +fe =00 (6)

The calculated values of f,, f;, and f. are 0.76, —0.32, and
—0.44, respectively, and indicate the high degree of
orientation of the crystal g-axis parallel to the drawing
direction for the PVDF/PHB=5/5 blend. The azimuthal
intensity profile for the 001 reflection of the B crystalline
form of PVDF is also plotted in Fig. 6, which shows that the
crystal c-axis of the B crystalline form is highly oriented in the
drawing direction.

Fig. 7 shows azimuthal intensity profiles of WAXD
reflections for the PVDF/PHB = 3/7 blend. The 020 reflection
shows intense peaks at +90°, similar to the PVDF/PHB =5/5
blend. However, the intensity profile of the 110 reflection
for the PVDF/PHB =3/7 blend is much different from that
for the PVDF/PHB=5/5 blend. The 110 reflection for the
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Fig. 7. Azimuthal angle profiles of WAXD reflections for the PVDF/PHB =3/7
blend crystallized at the highest elongation, Ap.x=5.7: (—) 020 reflection of
PHB; (- - -) 110 reflection of PHB; (- - -) 001 reflection of the B crystalline
form of PVDF; (- ——) 002 reflection of the a crystalline form of PVDF.

PVDF/PHB =3/7 blend exhibits intense peaks at +90°
(transverse direction), and weak meridional peaks at +23°.
Although the a-axis orientation coexists with the c-axis
orientation, the fraction of the c-axis orientation is higher than
that of the a-axis orientation for the PVDF/PHB =3/7 blend.
The orientation functions, f,, f;,, and f,., for the PVDF/PHB = 3/7
blend are —0.18, —0.33, and 0.51, respectively, and confirm
that the major mode of the crystal orientation is the c-axis
orientation in the drawing direction. Fig. 7 includes the
azimuthal intensity profiles for the 002 and 001 reflections of
the o and B crystalline forms, respectively, of PVDF. It is
difficult to determine the orientation function, f,., for the PVDF
crystals because of the overlaps of these reflections with
neighboring reflections. The azimuthal intensity profiles,
however, indicate that the crystal c-axis of the o and f
crystalline forms of PVDF is highly oriented in the drawing
direction.

3.3. SAXS results

Fig. 8 shows the Lorentz-corrected SAXS profiles of
isotropic samples of the PVDF/PHB blends prepared by
melt-quenching and cold-crystallization. The SAXS intensity
was normalized by the sample thickness and exposure time,
after subtracting air scattering. PVDF and PHB exhibit a SAXS
peak at g=0.7 and 0.95 nm ', respectively, which correspond
to long periods, L=9.0 and 6.6 nm, respectively. On the other
hand, the PVDF/PHB blends show an intense peak at g=0.3—
0.55nm ™' (L=11-21 nm) and the peak position shifts to the
lower g range (i.e. longer L) with increasing the PHB content.

PVDF/PHB=
2/8

Fig. 8. SAXS profiles of isotropic samples prepared by melt-quenching and
cold-crystallization: (- - -) PVDF; (- - —) PHB; (—) PVDF/PHB blends.

The scattering intensity of the blends is much higher than those
of PVDF and PHB, indicating that the magnitude of electron
density fluctuation significantly increases for the blend relative
to the pure polymers. The long period for the PVDF/PHB =5/5
blend is approximately the sum of the long periods of the pure
polymers. It was considered that the amorphous molecular
chains of PHB are incorporated between the lamellae of PVDF
during melt-quenching and further crystallized in the thick
interlamellar regions of PVDF crystals during heat-treatment.
Thus, the crystallization of PHB in the isotropic films of PVDF/
PHB blends forms a lamellae inclusion structure in which the
lamellae of PVDF and PHB are alternately stacked. Chiu et al.
reported that melt-crystallization of PVDF/PHB blends
generated two kinds of lamellar stacks with one containing
primarily PVDF lamellae and the other consisting of PHB
lamellae [25]. However, only the lamellar inclusion structure
exists for the present samples, because the amorphous chains of
PHB were mainly incorporated between the lamellae of PVDF
during the melt-quenching process. The lamellar inclusion
structure has also been reported for other miscible crystalline/
crystalline polymer blends, such as PVDF/PBA [17,18],
PVDF/PBSU [26], and PEO/PBSU [29].

Fig. 9 shows the SAXS images of the PVDF/PHB blends
crystallized at the highest elongation. A very strong scattering
can be observed in the equatorial direction in addition to the
meridional scattering. The scattering in the equatorial direction
indicates that large electron density fluctuation is induced
perpendicular to the stretching direction and that periodic
structures are formed perpendicular to the stretching direction.
Fig. 10 shows the meridional SAXS profiles obtained directly
from the SAXS images. The drawn film of pure PVDF shows
a SAXS peak at ¢=0.90 nm ! (L=7.0 nm), whereas the
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Fig. 9. SAXS images of PVDF/PHB blends crystallized at the highest
elongation, Apax. (@) PVDF/PHB =5/5 A.x=4.9; (b) PVDF/PHB =4/6 Apax=
5.1; (¢) PVDF/PHB =3/7 Ayax=5.7; (d) PVDF/PHB =2/8 A;,0x=6.4.

corresponding SAXS peak shifts to ¢=0.65-0.75 nm ™' (L=
8.4-9.7 nm) for the oriented films of the PVDF/PHB =4/6-7/3
blends. The long periods of the oriented PVDF/PHB blends are
longer than that for the oriented PVDF, but are shorter than
those for the isotropic PVDF/PHB blends with same
composition (Fig. 8). It is considered that the SAXS peak
originates from the lamellar stacks of PVDF crystals
containing the molecular chains of PHB in the amorphous
layer. On the other hand, intense SAXS peaks are observed
at ¢g=1.0nm~ ' (L=6.3nm) for the oriented samples of
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Fig. 10. Meridional SAXS profiles of oriented samples crystallized at the
highest elongation: (- - -) PVDF; (—) PVDF/PHB blends.

PVDF/PHB =2/8 and 3/7 blends. The SAXS peak is attributed
to the lamellar stacks of PHB crystals with c-axis orientation,
because the peak position is close to that of pure PHB.

As shown above, the lamellar morphology of the oriented
crystallized samples of PVDF/PHB blends is different from
that of isotropic blends. Fig. 11 shows a schematic illustration
for the morphology changes during stretching. Amorphous
chains of PHB are included in the interlamellar regions of the
thick lamellae of PVDF for the isotropic films. However, the
molecular chains of PHB are considerably excluded from
the lamellar stacks of PVDF and exist in the interfibrillar
regions in the oriented films of the blends. The interfibrillar
exclusion morphology might be stabilized for the oriented
samples, because tie-molecules should be produced between
crystallites and act as stress transmitters during drawing. The
segregation of the lamellar stacks during stretching was
reported for PVDF/PBSU blends [26]. The long period is
markedly decreased by drawing the films of PVDF/PHB
blends, but is still longer than the long period of pure PVDF
because of the presence of a small amount of molecular chains
of PHB in the interlamellar region of PVDF.

Fig. 12 shows the equatorial SAXS profiles obtained directly
from the SAXS images. The oriented samples of PVDF/PHB
blend exhibit the intense equatorial scattering, whereas, the
drawn film of PVDF does not show any significant scattering
in this range. The densities of PVDF and PHB are 1.8 and
1.2 g/lem®, respectively. If we consider the large density
difference of PVDF and PHB, it is reasonable to attribute the
intense equatorial scattering to the periodic arrangement of the
PHB-rich and PVDF-rich fibrillar domains, as shown in Fig. 11.
A shoulder is observed at g=1.2-1.3 nm ™' (L=4.8-5.2 nm)
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Fig. 11. Schematic illustration for transformation of lamellar morphologies
during stretching.
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Fig. 12. Equatorial SAXS profiles of oriented samples crystallized at the
highest elongation: (- - -) PVDF; (—) PVDF/PHB blends.

for the equatorial profile of PVDF/PHB =4/6-7/3 blends. The
shoulder can be assigned to the stacks of a few lamellae of PHB,
because the shoulder is observed only for the samples with
perpendicular orientation of PHB crystals. It is considered that
the lamellae of PHB are crystallized in the fibrillar domains
that are periodically arranged perpendicular to the drawing
direction.

3.4. Mechanism for orientated crystallization

It is important to consider the mechanism of the formation
of the unique orientation textures. Crystal growth, such as
epitaxial crystallization [9—11], trans-crystallization [8,12,13],
crystallization under thermal shrinkage stress [5-7], and
confined crystallization [4,26,29], has been proposed as a
possible mechanism for the formation of the orientation
textures. For example, epitaxial crystallization has been
considered to form oriented structures in some immiscible
crystalline/crystalline polymer blends [9—11]. However, the
possibilities of lattice matching are not found for PVDF and
PHB crystal lattices. Furthermore, crystal orientation of PHB
depends upon the blend composition, suggesting that the other
mechanism is working for the PVDF/PHB blend. Therefore,
the epitaxial crystallization of PHB on the surface of PVDF
crystals can be ruled out. Trans-Crystallization has been often
used to interpret the oriented crystallization in crystalline
polymer blends [8,12,13]. We have reported that a new type of
orientation texture of PVDF crystals has been developed in the
oriented blend of PVDF/Nylon 11 due to trans-crystallization
[12,13]. However, the size of the domains, in which

trans-crystallization occurs, is much larger than the nano-
sized domains formed in miscible crystalline polymer blends.

Another mechanism that should be considered is the
confinement of crystal growth in the nano-sized domains. It
was reported that crystal orientation was induced by the
confinement of crystal growth in the narrow channels formed
between inorganic fibers [30,31] or the drawn polymer matrix
[32]. We have recently studied the oriented crystallization of
PBSU in the oriented blend with PVDF at various tempera-
tures. The confinement of the crystal growth of PBSU in the
nano-sized interfibrillar domains results in a unique orthogonal
orientation texture [26]. More recently, Park et al. studied the
oriented crystallization of PHB under uniaxial drawing in
miscible blends with cellulose propionate (CP), and developed
a unique orientation texture with lamellar stacking perpen-
dicular to the drawing direction [4]. The orientation behavior
was interpreted as originating from intramolecular nucleation
and confined crystal growth. The confined crystal growth in the
nano-sized domain is considered as a possible mechanism for
the formation of orthogonal orientation of PVDF/PHB blends,
because the molecular chains of PHB are confined in narrow
regions.

The mechanism of orientated crystallization is summarized
in Fig. 13. The lamellar stacking structures in the figure are
illustrated based on the SAXS results (Figs. 10 and 12). The
molecular chains of PHB are partially excluded from the
lamellar stacks of PVDF and reside in the interfibrillar regions.
For PVDF/PHB =4/6-7/3, the crystalline morphology of
PVDF mainly acts as a stress transmitter during heat-treatment
and the molecular chains of PHB may be partially relaxed
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Fig. 13. Schematic illustration for composition effects on oriented crystal-
lization of PHB in PVDF/PHB blends.
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during heat-treatment, because a major component is able to
form a continuous phase. The crystallization of PHB occurs
mainly in interfibrillar regions and crystal growth is considered
to proceed along the fibrillar axis, i.e. drawing direction,
because of the confinement of crystal growth. Birley et al.
suggested that the chain-folded crystals of PHB grow along the
crystal a-axis [33]. Thus, the confined crystallization of PHB in
inerfibrillar regions results in the ag-axis orientation of PHB
crystals along the fiber axis. The mechanism of oriented
crystallization for the PVDF/PHB blends is considered to be
similar to that for the PHB/CP blends reported by Park et al.
[4]. The rigid chains of CP form elongated narrow regions for
the confined crystallization of PHB in the case of PHB/CP
blend, whereas the oriented lamellar stacks of PVDF constitute
the nano-domains in the interfibrillar regions for the PVDF/
PHB blends. On the other hand, the molecular chains of PHB
become stressed during crystallization under stress with
increasing PHB content, as shown in Fig. 13. The stressed
molecular chains of PHB will crystallize in the nano-domains
with the orientation retained for the PVDF/PHB=2/8-3/7
blends. Thus, the oriented crystallization of PHB in the
oriented films of the PVDF/PHB blends is determined by the
balance of the confinement of crystal growth and the
orientation of stressed molecular chains during crystallization.
The former exceeds the latter for PVDF/PHB blends with
lower PHB content, whereas the latter is more effective than
the former for oriented crystallization at higher PHB content.

4. Conclusions

Unique orientation structures of lamellar crystals were
developed by oriented crystallization of PHB in the oriented
films of the PVDF/PHB blends. The SAXS measurements
show that a considerable amount of molecular chains of PHB
are excluded from the lamellar stacks of PVDF and exist in the
interfibrillar regions in the oriented films of the blends. The
cold-crystallization of PHB in the interfibrillar region results in
the orientation of PHB crystals, and the type of orientation
depends upon the composition of the blends. The crystal a-axis
of PHB is highly oriented in the drawing direction for the
PVDF/PHB =4/6-7/3 blends, whereas the crystal c-axis
(molecular chain axis) is primarily oriented in the drawing
direction for the PVDF/PHB =2/8-3/7 blends. It is considered
that the a-axis orientation is induced by the confinement of
crystal growth in the interfibrillar nano-domains and that
the ag-axis, the axis of crystal growth, is oriented parallel to
the fiber-axis of the nano-sized fibrillar domains. Thus, the

lamellar crystals of the two polymers are oriented in mutually
opposite directions. On the other hand, the oriented molecular
chains of PHB are crystallized with the molecular orientation
retained during heat-treatment for the PVDF/PHB =2/8-3/7
blends.
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