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ABSTRACT: The effects of poly(vinylidene fluoride) (PVDF) component on the crystallization kinetics,
crystalline structure, phase transition, and morphology of polymorphic poly(butylene adipate) (PBA) in their
miscible PVDF/PBA binary blends have been investigated. The polymorphism of PBA can be regulated upon
blending with PVDF. The incorporated PVDF faciliates the formation of PBA oa-crystal, which is probably
attributed to the thermodynamic and kinetic contributions. From the crystallization kinetics, it was found
that a small amount of PVDF acts as a nucleating agent and can accelerate the crystallization of PBA, while
a large amount of PVDF hinders the crystallization of PBA due to the confinement effect. In addition, the
addition of PVDF greatly accelerates the - to a-form phase transition of PBA upon annealing the PBA
pB-form at higher tmeperataure (48 °C). However, the large amount of PVDF decelerates the phase transition
to a certain extent. The possible reasons for these phenomena were also proposed.

Introduction

In order to improve the mechanical and physical properties of
polymeric materials, which depend strongly on the morphology
and crystalline structure, many works have been conducted on
the polymer blending and copolymerization. Because of the
simpleness and economy, the blending method has been widely
employed in the property modification of polymers."> For
example, the ternary blend, thermoplastic starch (TPS)/poly-
(lactic acid) (PLA)/poly(butylene adipate-co-terephthalate)
(PBAT), exhibits a dramatic improvement in elongation at break
with increasing the PBAT content.! After addition of PBAT, the
foaming rate of PLA/PBAT blend is raised by nearly 50% than
that of the pure PLA foams.? Upon blending with poly(ethylene
succinate) (PES), the elongation at break of PLA is improved
significantly in the PES/PLA binary blend pair.*

Poly(butylene adipate) (PBA) is a representative biodegrad-
able linear aliphatic polyester that has potential biomedical
applications.” PBA can crystallize into two kinds of crystalline
phase, denoted as the oa-form (the crystallization temperature
T, > 32 °C) and the S-form (T, < 28 °C).° "' The PBA f-form
can completely transform into the a-form upon heating or
annealing at higher temperature.>® Although the PBA o-form is
thermodynamically stable, it shows the faster biodegradation.
The PBA f-form is considered to be kinetically stable and shows
the slower degradation rate than the a-form."?

Several studies have been reported to increase the crystal-
lization rate and to control the polymorphism of PBA."*!* It has
been reported that the inclusion complex (PBAIC) between PBA
and a-cyclodextrin (a-CD) can effectively enhance the crystal-
lization rate of PBA. With introduction of PBAIC, the full
a-form crystal of PBA is preferentially formed.'® With introduc-
tion of nucleating agents, such as talc, the nucleation of the PBA
o-form crystal can be faciliated. Besides, the crystallization rate
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of the PBA a-form crystalis also increased.'* Addition of another
nucleating agent, multimethylbenzilidene sorbitol (TM6), is also
favorable for the formation of the PBA a-form crystal.'® Thus,
the reduction of T, and enhancement of crystallization rate may
be important for PBA to form the thermodynamically more
stable a-crystal.

The epitaxial crystallization of PBA on the polyethylene (PE)
or isotactic polypropylene (iPP) substrate results in the formation
of the PBA f-crystal at any crystallization conditions due to the
perfect lattice matching between the PBA f-crystal and the PE or
iPP crystal.'®!” This way can be a good choice to obtain the PBA
B-crystal with lower biodegradation rate.'* In addition, the so-
called nuclei-memory effect'® and complicated melting behavior®
also influence significantly the polymorphism of PBA, which
depends on the maxium melting temperature (7},.x). It has been
reported that the PBA f-crystal could be transformed into the
a-crystal at a specific Thay (e.g., 55 °C) at which the PBA
a-crystal nuclei has not been erased completely.'® Thus, the
formed crysatal is found to be the o-crystal and T, does not affect
the type of crystals. That is to say, only the a-crystal has the
memory capacity in the molten state while the S-crystal does not.
These methods have provided potential ways to control and
regulate the crystalline modification of PBA.

Poly(vinylidene fluoride) (PVDF) is a semicrystalline and
industrially important polymeric material which is used as
protective layers and coating under severe physical conditions
and chemical environments." It is known that PVDF can exist
in three crystal types, which have been denoted as the o, 5-, and
y-form.® PVDF melt-crystallized at below 160 °C is found to
produce the spherulites of a-form.*' The a-form can transform
into the 5-form by the orientation during the tensile process. The
PVDF y-form develops by melt-crystallization at above 160 °C or
under the high pressure.***

In order to improve the mechanical property of PBA, the blend
of PVDF/PBA has been prepared and investigated. The modulus
and extensibility of PBA are increased after blending with PVDF.>?
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Besides, the phase behavior, miscibility, and moryhology of
the PVDF/PBA blend system have been studied.”* % It was
found that PVDF is miscible with PBA and PBA can be
distributed in the interspherulitic or interlamellar/interfibrillar
region of PVDF matrix depending on the content of the PVDF
component (Cpypr).

PVDF shows the melting point (7},) of ~165 °C and the crys-
tallization temperature (7;) of ~140 °C.% The T, and T of PBA
are 50—60 and ~30 °C, respectively.'®!* The T}, and T, of PVDF
are respectively much higher than those of PBA. Thus, their
crystallization and melting behavior can be investigated sepa-
rately in the PVDF/PBA blend. The PVDF/PBA blend system
presents the different semicrystalline and/or amorphous state in
the different temperature regions. Above the melting point of
PVDF (T pypr), the blend is in a homogeneous and single-
phase melt state. Decreasing the temperature to 7' < Ty, pypr
leads to the crystallization of PVDF component, resulting in the
transition from the fully amorphous and homogeneous state to
the semicrystalline/amorphous two-phases state. Further low-
ering to the temperature below the melting point of PBA (7 <
Tm.pBa), the PBA component crystallizes as well, bringing the sys-
tem from the semicrystalline/amorphous into the semicrystalline/
semicrystalline three-phase state, that is, the crystalline PVDF,
the crystalline PBA, and the amorphous PVDF/PBA mixed
phase. Of course, the blend system can also be directly quenched
from the homogeneous melt state of 7" > Ty, pypr to T < Ty, pea
(that is, one-step crystallization) without undergoing the above-
mentioned two-step crystallization. Therefore, the PVDF/PBA
crystalline/crystalline blend, in which two components have
remarkably different 7,,,s and Ts, could be an interesting system.
For this system, we can investigate the effect of the crystallization
conditions of the high-T,, component on the crystallization
behavior and crystalline structure of the low-T, component.

It is well-known that the crystallization conditions affect
significantly the crystalline structure, which is closely related to
the mechanical and physical properties and biodegradability of
biodegradable polymer.® In the poly(butylene succinate) (PBS)/
poly(ethylene oxide) (PEO) blend pair, the crystallization beha-
vior of the PEO component has been found to be highly affected
by the crystallization temperature (7 pps) and the content of PBS
(Cpgs). Upon blending with PBS, PEO shows one, two, or three
crystallization peaks, that is, the fractional crystallization, which
significantly depends on T pgs and Csz.28 The same issue will
be easily proposed for the PVDF/PBA blend pair. How do the
crystallization conditions of PVDF affect the crystallization
behavior of PBA? Furthermore, it is more important that, in this
article, the polymorphism and phase transition of PBA are first
investigated in its semicrystalline/semicrystalline binary miscible
blend. This blend pair is also anticipated to establish a model
system to control and regulate the structure of polymorphic
polymer in its semicrystalline/semicrystalline miscible blend.

In this work, the Cpypp-dependent crystallization and melting
behavior of the PBA component in the PVDF/PBA blend were
investigated by differential scanning calorimetry (DSC). The effects
of PVDF on the crystalline structure of PBA were elucidated by
wide-angle X-ray diffraction (WAXD) and Fourier transform
infrared (FTIR) spectroscopy. The phase transition of the PBA
component by annealing in this blend system was also investi-
gated by WAXD. Finally, the morphologies of the PVDF and
PBA components in this blend system were oberved by polarized
optical microscopy (POM).

Experimental Section

Materials. PBA (M, = 12000) was purchased from Kanto
Chem. Co. (Japan). Before use, the PBA sample was first
purified by precipitating into ethanol from the chloroform
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solution. After being isolated by ultracentrifugation, it was
dried completely in the vacuum oven at 40 °C for 1 week. PVDF
(M,, = 180000) was purchased from Aldrich Chemical Corp.
and used as received.

The PVDF/PBA blends with different compositions were
prepared by solution casting using N,N-dimethylformamide
(DMF) as a common solvent. The solutions of PBA and PVDF
(the initial concentrations of both polymers are 2 g/100 mL)
were mixed with different volume proportions and well stirred.
Then, these mixed solutions were cast on the Teflon dishes. After
the evaporation of solvent at 80 °C for 1 day, the resultant films
were further dried in the vacuum oven at 40 °C for 1 week. Thus,
the blends marked as 10/90, 25/75, 50/50, 75/25 and 90/10 were
prepared with the first numeral referring to Cpypp.

Measurements. Differential Scanning Calorimetry (DSC).
The thermal behavior of PVDF/PBA blend was measured by
a Pyris Diamond DSC instrument (Perkin-Elmer Japan Co.,
Tokyo, Japan) equipped with a Perkin-Elmer intracooler 2P
cooling accessory. The temperature and heat flow were cali-
brated using an indium standard with nitrogen purging. For the
nonisothermal crystallization, PBA, PVDF, and their blends
were melted at 200 °C for 2 min to eliminate the thermal history.
Then, they were cooled at a rate of 10 °C/min to —50 °C,
followed by reheating to 200 °C at a heating rate of 10 °C/min.
For the isothermal crystallization, the samples were rapidly
quenched from 200 °C to the desired crystallization temperature
of PBA (T.pga) at a cooling rate of 100 °C/min, followed by
reheating to 200 °C at a heating rate of 10 °C/min.

To determine the glass transition temperature (7,), PVDF/
PBA blends was analyzed by a DSC 220 system (Seiko Instru-
ment, Tokyo, Japan). After the samples were held at 200 °C for
2 min, they were quenched to —120 °C using liquid nitrogen,
followed by reheating to 200 °C at a rate of 10 °C/min, and the
DSC curves were recorded. The T, value was determined as the
temperature of the middle point of the transition.

Wide-Angle X-ray Diffraction (WAXD). In order to prepare
the film samples for the WAXD measurement, the samples
sandwiched between two iron plates with the thickness of 1 mm
were pressed for 2 min at 200 °C under 5 MPa on the hot press
(TOYOSEIKI Co., Tokyo, Japan). For the isothermal crystal-
lization, the pressed sample films were quickly thrown into the
water bath preset to the 7, pga. For the PBA annealing experi-
ment at 48 °C, the pressed sample films were first thrown into the
water bath preset to 18 °C to obtain the pure PBA fS-form and
then were transferred into the vacuum oven with 48 °C for
various times (10, 30, and 60 min). After the completion of the
isothermal crystallization or annealing, the sample films were
used for the WAXD measurement. The WAXD patterns were
recorded on a Rigaku RU-200 with Ni-filtered Cu Ka radiation
(A = 0.1542 nm), worked at 40 kV and 200 mA (Rigaku Corp.,
Tokyo, Japan). The WAXD patterns were collected between
Bragg angles of 5°—50° at a scanning rate of 1° min~ .

Fourier Transform Infrared (FTIR) Spectroscopy. The trans-
mission FTIR measurements were carried out on the AIM-8800
automatic infrared microscope (Shimadzu, Kyoto, Japan). The
samples for FTIR measurements were prepared as follows: the
samples sandwiched between two pieces of BaF, slides were first
heated to 200 °C on the hotstage (FP82HT, Mettler-Toledo
International Inc., Switzerland), held at this temperature for
2 min to remove the thermal history, and then quickly trans-
ferred on the other hotstage (Linkam-600, Japan High Tech Co.,
Ltd. Fukuoka, Japan) preset to the desired 7. In order to avoid
the temperature variation and the thermal lag as far as possible,
the hot stage is connected with a set of cooling equipment with
liquid nitrogen. To avoid the effect of the temperature on FTIR
spectra, these IR spectra were scanned and collected at 20 °C. All
the FTIR spectra were collected at an accumulation of 32 scans
and a resolution of 2 cm ™.

Polarized Optical Microscopy (POM). POM observation was
performed on a BX90 microscopy (Olympus Co., Tokyo, Japan)



8612  Macromolecules, Vol. 43, No. 20, 2010

neat PBA

PVDF/PBA=10/90 b

25/75
50/50

TRy, /-

75125 /7 \/

90/10 — \/
vl

neat PVDF
10 0 10 20 30 40 100 110 120 130 140 150

§ PVDF/PBA=90/10 @

-1510-5 0 5101520

-—=Exotherm

b

Endotherm —

PVDF/PBA=90/10

10/90 0 15 30 45 60 75

Y| S —
Shoss M ~—~"]
© (7525 ]
2 [s0r10 -
w
neat PVDF I N
10 20 30 40 50 60 140 150 160 170
Temperature

Figure 1. DSC cruves of (a) nonisothermal crystallization and (b) sub-
sequent heating for PBA, PVDF, and their blends with various com-
positions. The thermograms were normalized by the content of PBA
component with exception of those of neat PVDF. The insets in panels a
and b show the enlarged curves of PBA component with Cpypr = 90%.

equipped with a digital camera. The blend samples were sand-
wiched between two glass slides and melted at 200 °C for 2 min in
a hot stage (Linkam-600). During melting, the samples were
pressed slightly to form a thin film with a thickness of ~0.1 mm.
Then, they were quickly transferred to the other hot stage
(FP82HT) preset to 145 °C and kept at this temperature for a
desired time to crystallize the PVDF component, followed by
being quenched to 45 °C to crystallize the PBA component. The
photographs were recorded after the complete of crystallization.

Results and Discussion

Nonisothermal Crystallization Analysis by DSC. Figure 1
shows the DSC nonisothermal crystallization curves and the
subsequent heating curves of PBA, PVDF, and their blends
with different Cpyprs. The crystallization (Figure la) and
melting peaks (Figure 1b) in the low-temperature region
are related to the PBA component and those in the high-
temperature region to the PVDF component. The T, pypr
and Ty, pypr are markedly higher than those of PBA. During
the cooling process, the crystallization of PVDF component
has finished before reaching 7. ppa. It can be clearly ob-
served that the crystallization and melting temperatures of
the PBA and PVDF component are strongly dependent on
the blend composition. In addition, only a single and com-
position-dependent Ty is discerned for the blends (Table 1),
confirming that PVDF is miscible with PBA.

In Table 1 are listed the crystallization temperature (7)
and enthalpy (AH,.) during the nonisothermal crystalliza-
tion, the melting enthalpy (AH,,), and the relative crystal-
linity (X.') for the PBA and PVDF components in the blends.
The crystallization and melting enthalpies of PBA and
PVDF have been normalized from their weight percents.
As shown in Table 1, except for the blend with Cpypg =
90%, the T, vlaues of PBA component in the blends are
higher than that of the neat PBA, indicating that the addition
of PVDF accelarates the crystallization of PBA.

When Cpypr = 50 and 75%, the predominant crystal-
lization peak with a shoulder peak (denoted as arrow in
Figure 1a) becomes much broader, indicating that the larger
amount of PVDF hinders the crystallization of PBA.
Interestingly, for the blend with Cpypr = 75%, a weak
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crystallization peak is discerned at ~18 °C (denoted as arrow
in Figure la) apart from the predominant crystallization
peak at ~35 °C. This suggests that the large amount of
PVDF results in the fractional crystallization of PBA com-
ponent. Moreover, for the blend with Cpypr = 90%, the
PBA component shows a wide crystallization peak at about
6 °C (shown in the inset of Figure la), suggesting that the
excess amount of PVDF dramatically impedes the crystal-
lization of PBA component. On the other hand, with in-
creasing the Cpypg, AH. and AH,, of the PBA component
decrease compared to those of the neat PBA, indicative of
the decrease in the relative crystallinity (X.') of the PBA
component.

On the basis of the SAXS analyses,”*?’ it has been found
that with an increase of Cpypr in the PVDF/PBA blends the
PBA componentis gradually entrapped into the interlamellar/
interfibrillar region from the interspherulitic region of the
PVDF matrix. Therefore, the fractional crystallization and
well-separated crystallization peaks of the PBA component
in the blends with the different Cpypgs are probably attrib-
uted to the PBA dispersed in the interlamellar/interfibrillar
and interspherulitic region of the PVDF matrix.

With increasing the Cpga, the T, value of the PVDF
component decreases monotoncially and the crystallization
peak becomes wider, as shown in Figure 1 and Table 1.
Similarly, AH., AH,,, and X. of the PVDF component also
decrease with Cpga. These results also indicate miscibility
between PVDF and PBA.

It is noteworthy that in the PVDF/PBA blend system the
T, of the blend alters relatively slightly from —43.8 °C of the
neat PVDF to —60.2 °C of the neat PBA, as shownin Table 1.
Althoug the PVDF component shows much higher 7, and
T’ than those of the PBA component, its T is quite close to
that of the PBA component and is significantly lower than 7,
of the PBA component. So the effect of T, on the crystal-
lization behavior and phase separation of the PVDF/PBA
blend system can be neglected.

Crystalline Structure of PBA Component Analyzed by
WAXD. Figure 2 shows the WAXD patterns of the PVDF/
PBA blends melt-crystallized at various 7, pgas. As de-
scribed in the Introduction, only the PVDF a-form can be
produced by melt-crystallization at the temperature below
160 °C. Since the diffraction peaks of the PVDF a-form
(shown in Figure 2f) in the WA XD pattern are well-separated
from those of the PBA component, we can investigate the
structural change of the PBA component during the melt-
crystallization at various 7.ppas from these diffraction
patterns. For clarity, only the WAXD peaks of PBA com-
ponent are shown in Figure 2a—e.

As seen in Figure 2a, the PBA pure S-form is developed at
T. < 28 °C and the pure a-form is formed at T, = 32 °C. At
T. = 29-31 °C, a mixture of o- and S-form is developed.
After the addition of small amount of PVDF (i.e., Cpypr =
10% in Figure 2b), the pure o-form is developed at 28 °C,
which is lower than the upper critical formation temperature
of neat PBA (~32 °C). A distinct peak related to the c(110)
peak can be discerned at 7. = 23 °C but not at 22 °C,
indicating that PBA a-form appears at about 7, = 23 °C,
which is much lower than the lower critical formation tem-
perature of neat PBA (~29 °C). Therefore, we concluded that
the incorporation of small amount of PVDF can greatly
lower the T of the PBA o-form. The similar results can also
be found in other cases with Cpypr = 25—75%, being shown
in Figure 2c—e.

At Cpypr = 90%, no diffraction peak assigned to the
PBA component can be observed even at 7, = 0 °C, and only
the (100), (020), (110), and (021) diffraction peaks attributed
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Table 1. Crystallization Temperature (7.), Crystallization and Melting Enthalpy (AH, and AH,,), and Relative Crystallinity (X.) of the PBA
and PVDF Component in the PVDF/PBA Blend System with Different Cpypgs during the Nonisothermal Crystallization and Subsequent
Heating Process

PBA component PVDF component
sample T, (°C) 7. (°C) AH.(J/2) AH,, (J/g) X (%) T.(°C) AH:(J/g) AH,, (J/g) X (%)
neat PBA —60.2 30.3 —60.6 61.5 100
PVDF/PBA = 10/90 —58.5 349 —56.5 57.4 93 113.2 —333 28.7 65
PVDF/PBA = 25/75 —56.1 36.4 —52.3 51.9 84 124.1 —36.1 31.4 71
PVDF/PBA = 50/50 —51.4 35.1 —46.5 43.7 71 133.9 —40.9 342 77
PVDF/PBA =175/25 —47.3 35.4,18.3 —29.2 253 41 134.4 —44.8 37.5 85
PVDF/PBA = 90/10 —45.2 6.3 —4.4 4.8 8 138.3 —48.2 423 96
neat PVDF —43.8 137.9 =513 44.1 100
a gg g 8 neat PBA|  |d §§§ .5 VDFIPBA=50/50 341 PVDF/PBA
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Figure 2. WAXD patterns of the PVDF/PBA blend pair melt-crystallized k] W:;D N =
at various temperatures from the homogeneous melt with the content of £ |curve 8
PVDF of (a) 0, (b) 10, (c) 25, (d) 50, () 75 and (f) 90 wt %, respectively. = | Fitted 5 Amorphous
The diffraction peaks associated with the PBA - and o-form and curve P
PVDF are marked. -
Baseline
26 . X 20 21 22 23 24 25 26
to the PVDF a-form can be found,”” as shown in Figure 2f, 201°

suggesting that it is very difficult for the PBA component to
crystallize completely; that is, the crystallinity of the PBA
component is very low in this case, being in agreement with
the aformentioned DSC results during the nonisothermal
crystallization process. According to the previous SAXS
result,?®?” when Cpypr = 90%, the PBA component is dis-
persed in the interlamellar/interfibrillar region of the PVDF
matrix which is unfavorable for the crystallizaiton of the
PBA component, presenting the solidified matrix and con-
fined space to restrict the chain rearrangement during the
crystallization process.

To illustrate the effects of PVDF on the transition tem-
perature of the PBA a- and -form, the 7, values of the PBA
o- and fS-form are plotted as a function of the Cpypr in
Figure 3. In addition, to follow the T.-dependent crystalline
structural change of the PBA component, the ratios of the
PBA o-form to the PBA crystalline phase (expressed as &%)
in the WAXD pattern at various 7.s have been quantitively
estimated by fitting curve according to the Gauss method.”
The WAXD pattern of the neat PBA melt-crystallized at
29 °C is chosen as an example and the analytical procedure
is shown in Figure 4. Here, a% is defined as the area ratio of
the diffraction peaks related to the PBA o-form to that of the
whole PBA crystalline phase. The results are shown in Figure 5.
From Figures 3 and 5, it can be clearly found that, upon
incorporation of PVDF, the critical 7. of the PBA o-form
decreases. Moreover, the temperature range of the phase
transtion from the - to a-form becomes wider.

Figure 4. Observed and fitted WAXD patterns for the neat PBA melt-
crystallized at 29 °C.

100 PVDF/PBA blend ratio /
80+
60- /
R
S 40-
AN Neat PBA
eal
204 /‘ Y/ os90 /'
0 / : . ’ : ;
20 22 24 26 28 30 32
T./°C

Figure 5. T.-dependent 0% of the PBA component in the PVDF/PBA
blend with different Cpypgs.

Crystalline Structure of PBA Component Analyzed by
FTIR. In our previous study, we have found that the 930
cm ! band is assigned to the characteristic band of the PBA
p-form, and no corresponding characteristic band can be
found for the PBA o-form.> PVDF shows no absorption
peak at around 930 cm™ ! in its FTIR spectrum, enabling
us to differentiate clearly PBA from the PVDF component
in the FTIR spectrum of their blend. Figure 6 shows the
FTIR spectra and their corresponding second derivatives in
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Figure 6. FTIR spectra and their corresponding second derivatives in
the region of 1010—900 cm™ " for the neat PBA and PVDF/PBA blend
with Cpypr = 50% melt-crystallized at various temperatures from
200 °C.

the region of 1010—900 cm ™' for the neat PBA and the
PVDF/PBA blend with Cpypr = 50% melt-crystallized at
different Ts.

As seen in Figure 6a(1), apart from two band shifts (from
961t0959and 911t0909 cm ™ ! bands), the neat PBA samples
melt-crystallized at <32 °C show a peak at 930 cm ™', char-
acteristic of the f-form (denoted as arrow), reflecting that the
PBA p-form can be found at T, < 32 °C. That is, the pure
o-form appears at 7. = 33 °C for the neat PBA. This can be
more clearly observed from the second derivatives shown in
Figure 6a(2). As shown in Figure 6b, at Cpypg = 50%, two
features in the FTIR spectra should be addressed. First, a
new peak at 976 cm™ ' assigned to the PVDF a-form®
appears. Second, the 930 cm ! band can be discerned at
T. < 28 °C; that is, the pure a-form of the PBA component
appears at T, = 29 °C, which is lower than 33 °C for the neat
PBA. The similar results can be found in other compositions
with exception of Cpypr = 90% where no absorption peak
related to the PBA component can be discerned.

Isothermal Crystallization Analyzed by DSC. The iso-
themral crystallization and the subsequent melting behavior
of the PBA component have also been investigated in detail.
The Avrami kinetic parameters (the Avrami exponent n, the
crystallization half-time #, », and the crystallization rate con-
stant k) of the neat PBA and the PBA component in this
blend system melt-crystallized at various T s were analyzed
by using the Avrami equation®' ™3 (the DSC isothermal
crystallization curves are not shown). Here, the DSC crystal-
lization behavior observed at three 7.s—25, 30, and 35 °C—
are selected as examples, and their Avrami kinetic para-
meters are summarized in Table 2. The Avrami exponent (1)
is strongly influenced by the mode of nucleation, that is,
homogeneous or heterogeneous nucleation, and the dimen-
sion of the crystal growth. It is a combined function of the
time dependence of nucleation (n;) and the number of
dimension (n,) in which crystal growth occurs and can be
expressed as n = n; + n,. 2 Nucleation is either instanta-
neous, e.g., heterogeneous nucleation with ; ~ 0 with nuclei
appearing all at once in the early stage of crystallization, or
sporadic, e.g., homogeneous nucleation with 7; ~ 1 with the
number of nuclei increases with time.>? n, = 1,2, and 3
represent respectively one-, two-, and three-dimensional
growth. In practice, the obtained n value by the Avrami
equation is not an integer for some uncertain factors.

For the neat PBA sample, the experimentally estimated n
values are all close to 4 regardless of the T, value, indicating
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that the neat PBA spherulites grow with a three-dimensional
manner in a homogeneous growth mode. When Cpypr = 10
and 25%, the n values are close to 3, suggesting that the PBA
crystals still grow with a three-dimensional manner but in a
heterogeneous growth mode. With Cpypr = 50 and 75%,
the n values are close to 2, revealing that the PBA crystals
develop mainly with a planar two-dimension manner in the
solidified PVDF matrix; that is, the PBA crystal in a rela-
tively narrow space, as in this case, could not grow freely in a
three-dimensional manner. In addition, the 7, values de-
crease and the k values increase for the PBA component with
Cpvpr = 10 and 25% compared to those of the neat PBA at
the same T, indicating that the small amount of PVDF
increases the crystallization rate of PBA component. It is
notable that when Cpypr = 50%, the ;> and k values of the
PBA component are nearly the same to those of the neat PBA
at the same T,; when Cpypr = 75%, the crystallization rate
of the PBA component decreases rather than increases,
suggesting that the large amount of PVDF would greatly
hinder the crystallization of the PBA component. If the
excess amount of PVDF (Cpypr = 90%) is incorporated,
the PBA component cannot crystallize at all.

With combination of the aforementioned nonisothermal
crystallization data and the previously reported SAXS
results,’®?” the dual effect of PVDF on the crystallization
behavior of the PBA component can be proposed. That is,
first, the small amount of PVDF in the solid state serves as
the nucleating agent to accelerate the crystallization of the
PBA component for presenting the foreign surface to PBA
where the heterogeneous nucleation occurs, which results in
the enhancement of nucleation rate of the PBA component.
Second, the large amount of PVDF acts as the solidified
matrix to provide many confined and restricted spaces to
hinder the crystallization of the PBA component, which is
unfavorable for the PBA component to adjust its chain
packing during the crystallization process.

Figure 7 shows the melting curves of the neat PBA and
the PBA component after melt-crystallization at different
T.peas. From Figure 7a, it can be seen that the -form of the
neat PBA melt-crystallized at 7. = 29 °C shows two melting
peaks denoted as Ty,; and Tyy». In the temperature region of
30—32°C, a mixture of the PBA a- and -form develops, and
it shows three melting peaks denoted as Ty,5, Tine, and Tiy7
with the intensity of the melting peak 7,7 gradually decreasing.
With a further increase in T, (i.e., 33 °C), the pure o-form
develops with two melting peaks denoted as 7,3 and Tpng. It
can be found that from Figure 7a these two melting peaks
(T and T)y) of the PBA B-form are slightly higher than the
corresponding two peaks (7,3 and T},,4) of the o-form. The
DSC result is also similar to the previous reports.®* Upon
addition of small amount PVDF (for example, Cpypr =
10 and 25% as shown in Figure 7b,c), the formation
temperature of the pure a-form (33 and 32 °C) changes
little as compared to that of the neat PBA (33 °C). How-
ever, the temperatures at which the PBA a-form appearsin
the above two cases (<22 °C) are greatly lower than that
for the neat PBA (30 °C). With further increasing the
Cpvpr to 50 and 75%, the T, for the pure a-form (30 °C)
decreases by 3 °C compared to that for the neat PBA. It can
be also concluded that PVDF is favorable for the forma-
tion of the PBA a-form. With Cpypr = 90%, as shown in
Figure 7f, almost no PBA melting peak can be observed
even at 7. = 0 °C, reflecting again that the crystalliz-
ability of the PBA component significantly decreases in
this blend.

It needs to be mentioned that the DSC results mentioned
in Figure 7 are not always the same to the WAXD results
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Table 2. Avrami Kinetics Parameters of the Isothermal Crystallization for the PBA Component in the PVDF/PBA Blend with Different Cpypgs

isothemal crystallization of PBA

25°C 30 °C 35°C
TY of the PBA
sample n 11> (min) k (min™ 1) n t1/> (min) k (min~ ") n t1/> (min) k (min~ 1) o-form crystal (°C)
neat PBA 3.7 0.35 9.3 4.1 0.49 6.4 3.9 1.7 0.94 61.3
PVDF/PBA = 10/90 2.8 0.21 19.1 32 0.28 11.5 2.9 1.1 1.35 57.9
PVDF/PBA = 25/75 2.6 0.25 12.7 2.8 0.31 9.1 2.8 0.9 1.87 54.4
PVDF/PBA = 50/50 2.2 0.33 9.7 22 0.46 6.9 2.4 1.6 1.01 55.8
PVDF/PBA = 75/25 1.9 0.38 8.4 2.1 0.53 5.3 2.1 2.1 0.81 56.2

PVDF/PBA = 90/10 —¢
“Unable to be estimated.

a neat PBA T T
T (oC) m m2
0 T
B T o7

d PVDF/PBA=50/50
T_(°C)

g g E| 22 " TN\ |
8| 30y S T U
5[ 3208 { 3

0] 330 ST\, & M

b PVDF/PBA=10/90 - / e PVDF/PBA=75/25

|| T.C0 / RRARS)

S —— E| 22aw) ~—\__|
TRV i A
g 5| 20@s NN |
G| 3% 5[ 30 |

¢ PVDF/PBA=25/75 f PVDF/PBA=90/10

l 7,(C) é 7.(C)

5 _%\/\/L gl o
5[ 3 ) I T
& M S

40 45 50 55 60 65 40 45 50 55 60 65
Temperature/°C Temperature/°C

Figure 7. DSC heating curves of the neat PBA and the PBA component
in the PVDF/PBA blend quenched from 200 °C and melt-crystallized at
various 7Ts.

shown in Figure 2, especially for the formation temperature
of the pure a-form. It is probably attributed to the difference
of the cooling rate between the WAXD and DSC measure-
ment. For the WAXD measurement, the sample is directly
thrown into the water bath preset to the desired 7, pgas.
However, for the DSC measurement, it needs a short time to
get to the 7 ppas even at a high cooling rate of 100 °C/min.
Furthermore, there is a possibility that the crystallization of
the PBA S-form has finished before reaching the predeter-
mined 7.ppas due to its own significantly great crystal-
lization rate which is probably further increased by the
PVDF component. This point could be confirmed from the
DSC isothermal crystallization curves (data not shown).
Therefore, upon the incorporation of PVDF, it seems that
no pure PBA S-form develops during the cooling process in
the DSC measurement. All of the WAXD, FTIR, and DSC
results indicate that the crystalline structure of the PBA
component is affected by the miscible blending with PVDF,
and an addition of PVDF is favorable for the formation of
the PBA o-form.

From the viewpoint of thermodynamics, the equilibrium
melting point (7%) of the neat PBA and the PBA component
in this blend is expected to provide the evidence of the
depression of T, for the PBA a-form. A simple and exten-
sively accepted method, that is, the Hoffman—Weeks
method,** was utilized to draw a plot of T, vs Ty, to estimate
the 79, of the PBA a-form. As the pure PBA B-form cannot
be obtained in the PVDF/PBA blend system in the DSC
measurement with the cooling rate of 100 °C/min, the T
value was not estimated for the f-form. Here, the first
melting temperature of the pure PBA a-form is chosen for

the determination of 75. The experimental data can be
extrapolated to the intersection with a line of 7, = T, and
the temperature at the intersection is the 7°.. The T2, values
are listed in Table 2. It can be found that after blending with
PVDF all the 7%, values of the PBA a-form with exception of
Cpvpr = 90% (57.9, 54.4, 55.8, and 56.2 °C) are lower than
that of the neat PBA (61.3 °C). That is, an addition of PVDF
results in the depression of 79, of the PBA a-form, which is
also an indicative of miscibility between PVDF and PBA.
Accordingly, the depression of 7% upon blending would shift
correspondingly the crystallization temperature window
to the low-temperature region and thus decreases the
critical 7,.%

However, the change in the 72 value of the PBA o-form
upon incorporation of PVDF is relatively samll with low-
ering of 3.4—6.8 °C. Therefore, it is probably concluded that,
in addition to the thermodynamic effect, the kinetics maybe
an important contribution for the crystalline structure upon
blending. According to the classical metastable theory,”>¢
the metastable phases are considered to fall into one of the
multiple local free energy minima in the Gibbs free energy
profiles and will ultimately transform into the thermodyna-
mically stable state of global free energy minimum. Among
the crystal forms, all but one are metastable state at a specific
temperature and pressure. As a metastable phase, the foma-
tion of the PBA f-crystal is usually due to the kinetic effects
which provide a favorable pathway for the polymer to fall
into the local free energy minimum.”*>*® Because of the
kinetically preferential growth of the PBA S-form and the
reduction of the surface free energy of nucleus upon blending
with PVDF, it is favorable for the formation of the PBA
a-form at the lower T..

Phase Transition of PBA upon Annealing. To investigate
the effect of PVDF on the PBA phase transition, the neat
PBA and PVDF/PBA blend system were annealed at 48 °C
for various periods after melt-crystallization at 18 °C to
produce the pure S-form. As shown in Figure 8a, after
annealing at 48 °C for 10 min, almost no diffraction peak
related to the a-form can be discerned for the neat PBA.
When the annealing time is increased to 30 or 60 min, only a
very weak shoulder peak associated with the o (110) peak
can be observed, indicating that after annealing at 48 °C
for 1 h only a small amount of the PBA f-form can be
transformed into the a-form. However, upon incorpora-
tion of small amounts of PVDF, i.e., 10%, the S-form is
dramatically quickly and completely transformed into the
pure o-form in the time length of less than 10 min, as
presented in Figure 8b, suggesting that PVDF could sig-
nificantly accelerate the PBA phase transition from the 8- to
the a-form.

When Cpypr = 25%, as shown in Figure 8c, most of the
p-form has been transformed into the o-form after anneal-
ing for 10 min, and only a very weak peak related to the
B (110) diffraction (denoted by arrow) can be detected.
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Figure 8. WAXD patterns of the PVDF/PBA blend first melt-
crystallized at 18 °C and then annealed at 48 °C for various periods.
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Figure 9. Annealing time-dependent a% of the PBA component in the
PVDEF/PBA blend with different Cpypgs.

The predominant peak is attributed to the o (110). If the
annealing time is raised to 30 min, the S-form can be com-
pletely transformed into the a-form. With further increasing
Cpvpr to 50%, as shown in Figure 8d, a small amount of the
PBA f-form still resides after annealing for 30 min; that is,
the whole phase transition needs longer time annealing in
this case. When Cpypr = 75%, it costs more than 60 min
annealing to finish the whole phase transition, though most
of the S-form has been transformed into the a-form with
60 min annealing. Anyway, the rate of phase transition of the
PBA fS-form in the blend system is still greatly larger than
that of the neat PBA. If Cpypr = 90%, no diffraction peak
related to the PBA component is detectable even annealing at
48 °C for 60 min.

To quantitatively evaluate the phase transition process,
the ratio of the PBA o-form to the PBA crystalline phase
(a%) of the neat PBA and the PBA component in this blend
system annealed at 48 °C for various times have been calcu-
lated according to the analytical procedure, as shown in
Figure 4. The results are presented in Figure 9. From
Figure 9, it can be clearly observed that, with exception of
the case with Cpypr = 90%, the addition of PVDF highly
speeds up the rate of the PBA phase transition from the - to
o-form. After annealing at 48 °C for 60 min, the amount of
the transformed o-form for the neat PBA is less than 20%,
which is significantly lower than those in other four cases
with Cpypr = 10, 25, 50, and 75%. On the other hand, the
large amount of PVDF would decelerate the phase transition
of PBA to a certain extent. Upon annealing for 10 min, the
PBA f-form has been completely transformed into the
a-form in the blend with Cpypr = 10%, while the amounts
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of the transformed a-form are 91, 71 and 42% for the three
blends with Cpypr = 25, 50, and 75%, respectively.

On the basis of the above WAXD results, the effect of
PVDF on the phase transition of PBA can be summarized as
two points. First, PVDF is favorable to the phase transition
of PBA from the f- to a-form during the annealing process
and significantly shortens the period of phase transition,
compared to that of the neat PBA. On the other hand, the
small amount of PVDF greatly accelerates the phase transi-
tion while the large amounts of PVDF would decelerate the
phase transition. The reasons are probably attributed to
three points. First, the enough energy is needed to overcome
the energy barrier for the phase transition.” It has been
reported” that the annealing at 40 °C for 1 h only results in
the thickening of the lamellar and could not realize the phase
transition of the PBA -form for not enough energy available
for the phase transtion; that is, the accumulated energy after
annealing at 40 °C for 1 his still lower than the critical energy
barrier used for the phase transition. Upon addition of
PVDF, the critical T, of the PBA a-form decreases, suggest-
ing that the critical energy barrier for the phase transition
decreases, too. Accordingly, at the same annealing tempera-
ture (in this case, T, = 48 °C), because of the greater
temperature difference of (7, — 7¢,) in the presence of PVDF,
it can provide more energy to speed up the phase transition of
the PBA. Therefore, the obtained energy during the anneal-
ing is the predominant driving force to realize the phase
transition. Second, because of the physically confined
effect of the solidified PVDF matrix in the PVDF-rich case, it
is unfavorable for the adjustment of the PBA molecular
chain during the phase transition for the different packing
manner between the PBA 8- and a-form. Third, the large
amount of PVDF, acting as a diluent, probably hinders the
structural adjustment of the PBA component and decreases
the transition rate to a certain extent.

Morphology Observation by POM. To observe the phase
distribution of PVDF and PBA in these blends, their mor-
phologies were investigated by POM. Here, the POM micro-
graphs of the PVDF/PBA blends with Cpypr = 10, 50, and
90% are chosen as representatives. The blend samples were
first quickly cooled from 200 to 145 °C and kept at this
temperature for 24 h to completely crystallize the PVDF
component, then quenched to 45 °C, and kept at this
temperature for 3 h to crystallize the PBA component.

From Figure 10a, it can be found that because of the
diluting effect of the PBA component at 145 °C, the very
small amount of PVDF is distributed (denoted as arrow) in
the molten PBA. With being quenched to 45 °C to crystallize
completely the PBA component, as shown in the Figure 10b,
apart from the small amount PVDF spherulite, the bright-
ness which is attributed to the refringence of the large
amount of the PBA spherulite becomes greatly stronger,
suggesting that the predominant region is occupied by the
PBA spherulites and PVDF is only sporadically dispersed
among the PBA spherulites. It is documented that the PVDF
a-crystal shows the monoclinic unit cell with dimensions
of a = 0.496 nm, b = 0.964 nm, ¢ = 0.468 nm;>’ the PBA
a-crystal is packed in a monoclinic cell with dimensions of
a=0.673nm,b = 0.794nm, ¢ = 1.416 nm, and the S-crystal
possesses the orthorhombic unit cell w1th dimensions of ¢ =
0.506 nm, b = 0.735 nm, ¢ = 1.467 nm.°® The length of the ¢
axis of the PBA a-crystal is about thrice that of the ¢ axis of
the PVDF a-crystal, and the length of a axis of the PBA
fB-crystal is relatively close to that of a axis of the PVDF
a-crystal. The relatively good lattice matching between the
PVDF a-crystal and PBA suggests that the PBA crystals
probably grow on the surface of the PVDF crystal which acts
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Figure 10. POM micrographs of the PVDF/PBA blend with Cpypr = 10% (a, b), 50% (c, d), and 90% (e, ). The blend samples were first cooled to
145 °C and kept at this temperature for 24 h to completely crystallize the PVDF component from 200 °C and then quenched to 45 °C to crystallize the

PBA component.

as the nucleating agent by an epitaxial mechanism. Similar
phenomena have been reported for zinc phenylphosphonate
(PPZn)/poly(L-lactide) (PLLA) composite®® and the uracil/
poly[(3-h;/droxybutyrate)-co-(3-hydroxyhexanoate)] (PHBHHXx)
system.>” In addition, it can be observed that the size is much
lower and the density is much larger for the PBA spherulite
upon incorporation of a small amount of PVDF than those
of the neat PBA at 45 °C (data not shown), probably reveal-
ing that a small amount of PVDF as a nucleating agent
speeds up the crystallization of PBA.

With increasing the amount of PVDF, i.e., Cpypr = 50%,
the very narrow gaps (namely, the molten PBA) among the
spherulites of PVDF can be observed, as shown in Figure 10c,
indicating the PVDF fills in the predominant region in
this case. With decreasing the temperature to 45 °C, it can
be more clearly seen that PBA is restricted among the
PVDF spherulites, as denoted in the ellipse in Figure 10d.
The limited space probably impedes the motion of the
molecular chains during the phase transition for the PBA
component.

Further increasing the content of PVDF to 90%, PVDF
melt-crystallized at 145 °C forms the compact and directly
impinged spherulite with a closed structure and occupies
completely the whole region, as shown in Figure 10e. Even
if the temperature is decreased to 45 °C (Figure 10f), no
enhanced brightness related to the PBA spherulite can be
found. In this case, PBA is completely entrapped into the
interlamellar/interfibrillar region of the PVDF matrix. By
the POM and atomic force microscopy (AFM) measure-
ments, the PBA component has also been found to be

dispersed in the interspherulitic, interlamellar, and interfi-
brillar region of the PBS matrix in the PBS/PBA blend
depending on the content (Cpgs) and the crystallization
temperature (7. pgs) of the PBS component.

Conclusion

A small amount of PVDF increases the crystallization rate
of PBA, but a large amount of PVDF decreases the crystal-
lization rate of PBA. These dual effects of PVDF on the
crystallization behavior of the PBA component can be con-
cluded. First, a small amount of PVDF in the solid state serves
as the nucleating agent for PBA component. Second, the large
amount of PVDF acts as the solidified matrix to provide many
confined and restricted spaces to hinder the crystallization of
the PBA component.

From the WAXD and FTIR analyses, it was found that PVDF
decreases the T, of the PBA o-form; namely, the PBA poly-
morphism can be regulated by PVDF. This can be related to the
thermodynamic and kinetic effects. From the WAXD analysis of
the phase transition during the annealing treatment, it was found
that PVDF significantly accelerates the phase transition of the
PBA component from the - to a-form, as compared to the neat
PBA, whereas a large amount of PVDF would decelerate the
phase transition. This is mainly ascribed to three points: (1) the
decrease of critical energy barrier (or the supply of more enengy),
(2) the physically confined effect of the large amount of the
solidified PVDF, and (3) the diluting effect of the large amount of
PVDF. In conclusion, PBA polymorphic crystalline structure can
be controlled by blending with PVDF.
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