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Various Crystalline Morphology of Poly(butylene Succinateeo-butylene Adipate) in Its
Miscible Blends with Poly(vinylidene Fluoride)

Introduction

Miscible crystalline/crystalline polymer blends have received
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Poly(vinylidene fluoride) (PVDF) and poly(butylene succinatebutylene adipate) (PBSA) are crystalline/
crystalline polymer blends with PVDF being the high-component and PBSA being the Ioliy-component,
respectively. PVDF/PBSA blends are miscible as shown by the decrease of crystallization peak temperature
and melting point temperature of each component with increasing the other component content and the
homogeneous melt. The loly; component PBSA presents various confined crystalline morphologies due to
the presence of the highs component PVDF crystals by changing blend composition and crystallization
conditions in the blends. There are mainly three different types of crystalline morphologies for PBSA in its
miscible blends with PVDF. First, crystallization of PBSA commenced in the interspherulitic regions of the
PVDF spherulites and continued to develop inside them in the case of PVDF-rich blends under two-step
crystallization conditions. Second, PBSA spherulites appeared first in the left space after the complete
crystallization of PVDF, contacted and penetrated the PVDF spherulites by forming interpenetrated spherulites
in the case of PVDF-poor blends under two-step crystallization condition. Third, PBSA spherulites nucleated
and continued to grow inside the PVDF spherulites that had already filled the whole space during the quenching
process in the case of PBSA-rich blends under one-step crystallization condition. The conditions of forming
the various crystalline morphologies were discussed.

difference is small-1* Furthermore, interpenetrated spherulites
are occasionally formed in a few miscible pairs of two crystalline
polymers when the two components crystallize simultaneduXly.

much less attention than fully amorphous or amorphous/ ghheryjites of one component continue to grow in the spherulites

crystalline systems; however, they may provide various condi-
tions to study the crystallization behavior and morphology of

of the other component after they contact with each other. The
interpenetrated spherulites formation processes have been found

polymer blend$:16 The difference in the melting poinflg) in poly(3-hydroxybutyrate) (PHB)/polyflactide) (PLLA)?

of the two components has a significant influence on the

poly(butylene succinate) (PBSU)/poly(vinylidene chlorite-

crystallization kinetics and morphology when binary miscible i, chioride) (PVDCVC)8-10 poly(ester carbonate) (PEC)/

crystalline/crystalline polymer blends crystallize from the p|| A 1112

poly(ethylene succinate) (PES)/poly(ethylene oxide)

homogeneous melt. The highy component usually crystallizes (PEO) blendé? and PBSA/PEO blend€.The important factors

first, whose spherulites almost fill the whole space, when the

in realizing interpenetrated spherulites are the difference in the

Tm difference is very large. In such cases, confined crystalliza- |y mejia population density in the different spherulites of the
tion of the lowTm component occurs subsequently in the 1,5 components, the sufficient amount of the melt of one

spatially limited regions inside the spherulites or on the
interspherulitic boarders of the high; component on lowering

the crystallization temperaturédj, which are confirmed by the
increase in the brightness of the spherult@siowever, two
components can crystallize simultaneously depending on blend
composition and crystallization temperature when fhg

component inside the spherulites of the other component, and
the simultaneous spherulitic growth of both components.

The crystallization and morphology of binary miscible
crystalline polymer blends are far away from being really
understood till now. In particular, less attention has been paid
to the crystallization and morphology of the Id-component,
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- which are affected not only by blend composition and crystal-
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large, the simultaneous crystallization of the two components
is impossible. The crystallization of PVDF corresponds to the
transition from the fully amorphous to the amorphous/semi- /\ 100/0
crystalline state. PBSA is still in the melt as an amorphous
diluent throughout the crystallization of PVDF. On further & J\ 80/20
lowering crystallization temperature, the crystallization of PBSA 2 J\ 65135
corresponds to the transition from the amorphous/semicrystalline &
to semicrystalline/semicrystalline state. PVDF always crystal- ¥ _/\ VAN 50/50
lizes during the quenching process before the crystallization £ J\ 35/65
temperatureT) of PBSA is reached, and PBSA crystallizes in § J\ 20/80
the matrix of the pre-existing PVDF crystals.

The crystalline morphology of PBSA in the presence of the ,_’_//\\_— 0/100
pre-existing PVDF crystals was studied by OM. The effects of
blend composition and crystallization conditions of the high- PVDF/PBSA blends
Tm component on the confined crystallization of the ldwy- ——— —— T —————
component were investigated in detail. Three different types of 40 -20 0 20 40 60 80 100 120 140 160 180
crystalline morphologies of PBSA were found. The conditions Temperature (°C)
of forming such morphologies were discussed. Figure 1. DSC cooling traces of PVDF/PBSA blends at 20/min

. ) from the homogeneous melt.
Experimental Section

PVDF and PBSA were purchased from Polysciences, Inc., 100/0
and Aldrich Chemical Co. Inc., respectively, and used as 80/20 W
received. PVDF/PBSA blends were prepared with mutual
solventN,N-dimethylformamide. The solution of both polymers 65/35 ﬁr
(0.02 g/mL) was cast on glass plate at an elevated temperature. M
The solvent was continued to evaporate in a controlled air stream§
for 1 day. The resulting films were further dried in vacuum at g m
50 °C for 3 days to remove the solvent completely. PVDF/ £ m
PBSA blends were thus prepared with various compositions
ranging from 100/0, 80/20, 65/35, 50/50, 35/65, 20/80, to 0/100 = | o/100
in weight ratio, the first number referring to PVDF.

Thermal analysis was performed using a TA Instruments
differential scanning calorimetry (DSC) Q100 with a Universal PVDF/PBSA blends
Analysis 2000. The samples were first annealed at°I®or
3 min to erase any thermal history, cooled+@0 °C at a cooling T T T T T T T T T T T T T T T T T T
rate of 20°C/min, and subsequently heated to 19D at a @0 20020 40 60 80 100 120 140 160 180

Hea

heating rate of 20C/min. The crystallization peak temperature Temperature(°C)
(Tp) was obtained from the DSC cooling traces, whilgwas Figure 2. Subsequent melting behavior of PVDF/PBSA blends at
read from the second heating run. 20 °C/min after cooling from the melt te-70 °C at 20°C/min.

. A polarizing migroscope (Olympus BX51) equipped W.ith a miscibility of PVYDF/PBSA blends could not be determined by
first-order retardation plate and a temperature controller (Linkam measuringT, of the blends conveniently as usual. Therefore
g . ,

THMS 600) was used to investigate the crystalline morphologies the miscibility of PVDF/PBSA blends was mainly evaluated

of PVDF/PBSA blends. Two different crysta!llzatlon conditions, by studying the crystallization peak temperature and the melting
namely, one-step and two-step crystallization, were employed.poim temperature of the blends. Figure 1 shows the noniso-

For the one-step crystallization, PVDF/PBSA blends were thermal crystallization behavior of PVDF/PBSA blends at
quenched directly td below Tr of PBSA from the homoge- 54 oc/min from the homogeneous melt. A well-definggwas
neous melt at a very fast cooling rate. For the two-step found at 132°C for neat PVDE. which shifted to low-
crystallization, PVDF/PBSA blends were cooled to the first temperature range with increasir;g the PBSA content and

crystalllzatlonf tergl\p;[e)r;:atureT{l) k?lf_etween dTth of thle dtwo h decreased to 107C for 20/80 blend. However, the crystalliza-
components for to crystallize and then cooled 10 the y;,, pepayior of PBSA is a little complicated, was found at

_sricond crystallizatic|>|_r1 telmperatu.f"ei) dfo; F;BSfA”tO (;rystallizi around 5C°C for neat PBSA, which remained almost unchanged
e two-step crystallization consisted of the following two phase ., i, increasing the PVDF content up to 50%, of PBSA
transitions, including from amorphous/amorphous to crystalline/ decreased to 39°T for the 65/35 blend. With further increasing

amorphous state ale and from crystalline/amor_pho_us 00 5f the PVDF content], of PBSA could not be found for 80/20
crystalline/crystalline state at,. PBSA must crystallize in the blend, probably due to its too small content in the blend and its

constrained space in the presence of pre-_existing PVDF CrySta"%Neak crystallizability. Subsequent melting behavior of PVDF/
whether one-step or two-step crystallization condition is used. PBSA blends was studied at 2G/min after they finished the

nonisothermal crystallization as shown in Figure 2. Neat PVDF
had aTy, at 165°C, while neat PBSA showed &, at around
Miscibility Study of PVDF/PBSA Blends. DSC experiments 95 °C with a shoulder at 88.3C. Two main melting endotherms
showed that the glass transition temperatiigg ¢f PVDF was were found for PVDF/PBSA blends, corresponding to The
—43.1°C and that of PBSA was-44.8°C at 20°C/min after of PVDF and PBSA, respectively. Double melting peaks;
cooling from the crystal-free melt at 28C/min to —70 °C. at low temperature andl,, at high temperature, were found
Because of the proximity ofgs of the two components, the for PVDF in the blends, which shifted to low-temperature range

Results and Discussion
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Figure 3. Phase behavior of PVDF/PBSA blends.

40

with increasing the PBSA content in the blends, shifted
from 165°C for neat PVDF to 146.7C for 20/80 blend. On
the other hand, PBSA shows a well-defingd for almost all
the samples except neat PBSRK, of PBSA shifted to 82.3C
for 80/20 blend from 95C for neat PBSA.

Matkar and Kyu have recently developed a thermodynami-

cally self-consistent theory to establish binary phase diagrams \"‘

for two crystalline polymer blends by taking into consideration
all interactions including amorphotamorphous, crystal
amorphous, amorphotsrystal, and crystatcrystal interac-
tions18 The Matkar and Kyu theory demonstrated the occurrence
of the dual melting peaks in the binary crystalline polymer

blends. The dual melting peaks reported in the present work
are very clear and also in good agreement with the Matkar and

Kyu theory.

For comparison, the values @} and T, of PVDF/PBSA
blends are summarized in Figure B, and Ty, of the highTp,
component PVDF decreased significantly with increasing the
PBSA content in the blend$y, of the low-T,, component PBSA

while T, of PBSA varied slightly. All the aforementioned results
indicated the miscibility between PVDF and PBSA. The
miscibility was further confirmed by the homogeneous melt of
the blends by OM in the following section.

Crystalline Morphology of PBSA in PVDF/PBSA Blends.
Crystalline morphology of miscible crystalline/crystalline poly-
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Figure 4. Spherulitic morphologies of neat components: (a) neat
PVDF at 150°C for 26 min and (b) neat PBSA at 7& for 60 min.

also decreased in the blends with increasing the PVDF content,example. The sample was first crystallized at 248(T.;) to

study the crystallization of PVDF and then cooled to 10
(Teo) to study the crystalline morphology of PBSA. Figure 5a
shows the PVDF spherulitic morphology after complete crystal-
lization at 148°C for 100 min. PBSA was still in the melt in
this case, and the crystallization of PVDF corresponded to the
transition from the fully amorphous to the amorphous/semi-

mer blends is of great interest from both academic and industrial crystalline state. PVDF showed a typical birefringence pattern
viewpoints. The study of the crystalline morphology in these of negative spherulites with concentric extinction bands. PVDF
blend systems is not only concerned with the effects of blend spherulites remained more or less volume filling, although
composition and crystallization temperature but also related to nonbirefringent space could be found at the spherulitic bound-

the question of how the crystallinity of the one component
affects the crystallization behavior of the other.

Figure 4 shows the spherulitic morphology of neat PVDF
and PBSA. The size of PVDF spherulites at 2&80was around
150um and that of PBSA at 75C had a similar value. Confined
crystalline morphology of the lowr, component PBSA in its
miscible blends with PVDF was studied by OM under different
crystallization conditions. As described in the experimental
section, two different crystallization conditions, namely, one-
step and two-step crystallization, were employed. Crystallization
of PBSA in its miscible blends with PVDF was first studied
under two-step crystallization condition. For the PVDF-rich
blends, the highk, component PVDF spherulites B4 usually
filled more or less the whole space, and the crystallization of
the low-T,, component PBSA al; had to occur in the confined

aries, indicating that most of PBSA was rejected into the
interlamellar and interfibrillar regions of the PVDF spherulites
during the crystallization process of PVDF and few of PBSA
resided in the interspherulitic region. On lowering crystallization
temperature to 70C, belowTy, of PBSA, crystalline morphol-
ogy of PBSA was studied in the presence of the pre-existing
PVDF spherulites. Parts b and c of Figure 5 shows the
crystallization of PBSA at 70C for 2 and 40 min, respectively.
Commencement of the crystallization of PBSA occurred in the
interspherulitic regions of the pre-existing PVDF spherulites by
cooling the sample from 148 to AL. The crystallization of
PBSA continued to proceed in these interspherulitic domains,
up to the point where they were more or less filled with PBSA
crystallites (Figure 5b). PBSA could even crystallize inside the
PVDF spherulites by prolonging the crystallization time. The

space of the pre-existing PVDF spherulites. Figure 5 presentscrystallization of PBSA took place within the PVDF spherulites,

the crystallization process of PVDF/PBSA 50/50 blend as an

which was confirmed by the change of the birefringent pattern
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Figure 5. Crystallization of PBSA in 50/50 blend under two-step
crystallization conditions: (a) crystallization of PVDF at 148 for
100 min, (b) crystallization of PBSA at 70C for 2 min, and (c)
crystallization of PBSA at 70C for 40 min.

Qiu et al.

the values ofT.; and Tco. For instance, it was also found for
65/35 blend withT¢; ranging from 142 and 150C and T,
ranging from 68 to 75C.

For the PVDF-poor blends, PVDF spherulites did not fill the
whole space when the samples crystallized at Aigleven for
a very long time under two-step crystallization condition;
therefore, PBSA may show different crystalline morphology
from that for the PVDF-rich blends. Figure 6 demonstrates the
crystallization of 20/80 blend under two-step crystallization. In
Figure 6a, PVDF spherulites with sparse fibrils or concentric
bands could be observed after the complete crystallization of
PVDF at 146°C (Tcy) for 400 min. At highT.; even for a very
long time, PVDF spherulites could not fill the whole space due
to the depletion of the highn component phase. On cooling
the sample fronT; to Tep, PBSA could crystallize in the left
space. Parts b, ¢, and d of Figure 6 represent a time sequence
of the crystallization of PBSA at 78C after the complete
crystallization of PVDF at 148C for 400 min. A spherulite of
the PBSA phase first nucleated and continued to grow in the
left space when the blend sample was cooled t6@%Figure
6b). The PBSA spherulite with strong birefringence was brighter
than those PVDF spherulites with weak birefringence. Both
PVDF and PBSA showed spherulitic growth for 20/80 blend
under two-step crystallization condition. It must be of great
interest which kind of crystalline morphology will arise when
the PBSA spherulite contacts the PVDF spherulites after longer
crystallization time. With increasing crystallization time, the
growth front of the PBSA spherulite reached the PVDF
spherulites and continued to grow inside the spherulites instead
of the termination of the growth (Figure 6c). The brightness of
the PVDF spherulites increased in the region where PBSA
crystallized and remained unchanged in the area where the
growth front did not reach. The growth of the PBSA spherulite
stopped until it impinged on another PBSA spherulite, which
also penetrated the PVDF spherulites (Figure 6d). The penetra-
tion of the PVDF spherulites by the PBSA spherulites can be
proved by the same discussion as in our previous wbrks.
The increase in brightness obviously indicated that PBSA must
crystallize inside the PVDF spherulites. Otherwise the brightness
of the PVDF spherulites would have been constant if the PBSA
spherulites grew only outside of the PVDF spherulites and just
engulfed them as in the case aefand  forms of isotactic
polypropylené-’ Furthermore, the change of birefringence inside
the PVDF spherulites also confirmed the penetration of them
by the PBSA spherulites instead of forming a layered structure
where the spherulites of the two components merely superposed
on each other as two separate layers in a film. In the latter case,
the image should be a result of the superposition of the
birefringence patterns of PVDF and PBSA spherulites. Thus,
the retardation would increase where they have the same
birefringence and decrease where they have the opposite
birefringence, resulting in the change of the color of the
spherulited113However, the experimental results demonstrated
the increase of the brightness and the unchanged color of the
PVDF spherulites after the PBSA spherulites crystallized inside

of the PVDF spherulites, i.e., the apparent increase of the them, indicating that the penetration process happened instead
brightness of the PVDF spherulites (Figure 5c). It should be of two separate layers crystallization. It should also be noted
noted that PBSA could not crystallize through spherulitic growth that the shape of the growing PBSA spherulite remains circular
in the constrained space of the pre-existing PVDF spherulites, although it penetrates the PVDF spherulites, indicating that the
unlike the bulk crystallization of PBSA from the homogeneous growth rate is almost the same for the left melt on the one hand

melt. Only tiny crystals of PBSA were found within the

and for the internal of the PVDF spherulites (Figure 6¢). The

spherulites or at the boundaries of the spherulites of the PVDF same growth rate during the penetration process in PVDF/PBSA
component. Such confined crystalline morphology was also blend is different from the result in PES/PEO blend in previous
found for other samples with different blend composition and work. In the PES/PEO blend, the growth rate of the PEO fibrils
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Figure 6. Formation process of interpenetrated spherulites in 20/80 blend under two-step crystallization conditions: (a) complete crystallization
of PVDF at 146°C for 400 min, (b) crystallization of 20/80 blend at 76 for 4 min, (c) process of interpenetration of PVDF spherulites by PBSA
spherulite at 75C for 20 min, and (d) process of interpenetration of PVDF spherulites by PBSA spherulite’@tfés 32 min.

was faster inside the PES spherulite during the penetratingsignificantly by the quenching process at 1WYmin (Figure
process than that for the left melt. The increase of the growth 7a). The PVDF crystals with weak birefringence were too small
rate was attributed to the fact that the PEO content in the to be observed clearly by OM. With increasing crystallization
amorphous regions of the PES spherulite would be expected totime at 75°C, several PBSA spherulites with strong birefrin-
be higher than the nominal melt concentration due to rejection gence were found to nucleate and continue to grow within the
of PEO from PES crystal$? In the case of PVDF/PBSA blend, pre-existing PVDF crystals (Figure 7b). The growth of the PBSA
the penetration process probably did not make a significant spherulites proceeded with keeping the spherulitic shape until
influence on the PBSA content inside and outside the PVDF they impinged on other PBSA spherulites (Figure 7c). PBSA-
spherulites, resulting in the growth rate of PBSA spherulite type spherulites finally filled the whole sample. Such type of
remains almost the same. nucleation and spherulitic growth morphology were also found
For comparison, the crystallization of 20/80 blend was also for other blend composition anfi. For instance, 20/80 blend
studied at 75°C using one-step crystallization condition. It showed the similar morphology at between 70 and 86C,
should be noted that PVDF always crystallized during the and the 35/65 blend presented such crystalline morphology at
qguenching process befofie of PBSA was reached even at a T, from 70 to 75°C.
maximum cooling rate of 100C/min. Therefore, the one-step This type of nucleation and spherulitic growth have also been
crystallization process actually consisted of the following phase found in several binary miscible crystalline polymer blends,
transitions. First, the phase transition from amorphous/amor- including PVDF/PBSU blends,PBSU/PVCDC blend§;1°
phous to crystalline/amorphous state occurred during the PEC/PLLA blends}1?PBSA/PEO blend¥! PBSU/PEQ blend¥,
quenching process from the homogeneous meli.tbecause and PVDF/poly(3-hydroxybutyrates-hydroxyvalerate) (PHBV)
PVDF crystallized while PBSA was still in the melt. Second, blends!® The observation of the spherulitic growth of the low-
the phase transition from crystalline/amorphous to crystalline/ T, component is usually difficult in crystalline/crystalline
crystalline state occurred &t after the crystallization of PBSA.  polymer blends because it must crystallize in the matrix of the
Figure 7 demonstrates the crystallization process of 20/80 blendpre-existing crystals of the highy component. Therefore, only
under one-step crystallization condition. The crystals of PVDF tiny crystals of the low¥,, component can grow within the
formed during the quenching process were more or less spacespherulites or at the boundaries of the spherulites of the high-
filling; however, the size of PVDF crystals was suppressed Tp, component. From the aforementioned studies and the related



2788 J. Phys. Chem. B, Vol. 111, No. 11, 2007 Qiu et al.

100pum
e

PVDF

PVDF

(c) (c)
Figure 7. Nucleation and spherulitic growth of PBSA inside the PVDF Figure 8. Crystallization of 35/65 blend under two-step crystallization

spherulites in 20/80 blend under one-step crystallization conditions by conditions: (a) crystalline morphology at 7& for 0 min after the

uenching to 73C directly from the homogeneous melt. Crystallization incomp!ete crystalliza;ipn of PVDF at 148(: for 120 min, (b).
gmes at 3500: @0 mir>1/ (b) 6 min anc? (c) 11 min. &4 nucleation and spherulitic growth of PBSA inside the PVDF spherulites

at 75°C for 15 min, and (c) process of interpenetration of the PVDF
spherulites by the PBSA spherulite at 5 for 20 min.

works, we propose that the possibility of the observation of the

nucleation and spherulitic growth of the loly component the observation of its nucleation and spherulitic growth. In the

within the matrix of the pre-existing crystals of the hig- case of 20/80 and 35/65 blends of this work, the nucleation

component may be related to the following two factors. One is ability of PBSA remained still very low at. ranging from 70

the nucleation ability of the lovil, component, and the other  to 80 °C despite the presence of the PVDF crystals due to its

is the amount of its melt in the matrix of the pre-existing crystals low supercooling. Furthermore, the amount of the PBSA melt

of the highT,, component. The lower nucleation ability and was high since PBSA was 65 and 80 wt % in these blends. On
the higher amount of the melt of the loWy component favor the basis of the aforementioned factors, PBSA nucleated and
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grew within the pre-existing PVDF crystals for the PBSA-rich spherulites impinged on each other. The other is that the

blends at high crystallization temperatures. interpenetration of PVDF spherulites by PBSA spherulites
Finally, the crystallization of PBSA was studied under a occurred when the growing PBSA spherulites reached the

specified crystallization condition by combining one-step and banded PVDF spherulites. It should also be noted that the shape

two-step crystallization conditions. We chose 35/65 blend as of the growing PBSA spherulite remains almost circular

the model sample. The crystallization procedure was as follows. although during the process of penetrating the PVDF spherulites,

The sample was first crystallized at 146 (T.;) for 120 min, indicating that the growth rate is almost the same for the tiny

which was not long enough for the highy component PVDF PVDF crystals on the one hand and for the internal of the PVDF

to complete crystallization due to its slow crystallization rate. spherulites on the other hand (Figure 8c).

Under this condition some of PVDF crystallized through )

spherulitic growth, while the rest of PVDF was still in the melt. Conclusions

The sample was then quenched directly to°T5(Tc2) from Miscibility and crystalline morphology of PVDF/PBSA were

146 °C after the incomplete crystallization of PVDF for 120  studied in this work by DSC and OM. PVDF/PBSA blends were

min. During the quenching process, the rest of PVDF phase in miscible as evidenced by the depressiorToand T, of each

the melt also crystallized and filled the rest of the whole sample component with increasing the content of the other component

beforeT. of PBSA was reached. Figure 8a shows the crystalline and the homogeneous melt. Crystalline morphology of PBSA

morphology of PVDF formed through the above-mentioned was studied extensively by changing blend composition and

procedure. Two large PVDF spherulites with obvious bands, crystallization conditions. Depending on blend composition and

similar to the crystalline morphology of PVDF & under two-  crystallization conditions, there are mainly three different types

step crystallization condition shown in Figure 5a, were found of crystalline morphologies. The various crystalline morphol-

on the left of Figure 8a. They were formed through the ogies are expected to play a significant role on the thermal,

crystallization at 146C for 120 min. Similar to the crystalline  mechanical, and other properties of PVDF/PBSA blends.

morphology in Figure 7a, the rest of Figure 8a was filled with

tiny PVDF crystals, which was formed during the quenching  Acknowledgment. This work was financially supported by
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