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Abstract The effect of PBS on the morphological features of PVDF has been investigated by optical and atomic force
microscopies under various conditions. It was found that neat PVDF forms large yform spherulites with extraordinarily weak
birefringence at 170°C. Adding 30% PBS makes PVDF exhibit intrigued flower-like spherulitic morphology. The growth
mechanism was explained by the decrease of the supercooling and the materials dissipation. Increasing the PBS content to
70% favors the formation of ring banded spherulites. Temperature dependent experiments verify the o— )" phase transition
occurs from the junction sites of the o and y crystals, while starts from the centers of « spherulites in the blends. Ring
banded structures could be observed in neat PVDF, 70/30 blend and 30/70 blend when crystallized at 155°C, without ¥
crystals. The band period of PVDF « spherulites increases with crystallization temperature as well as the amount of PBS
content. At 140°C, spherulites in neat PVDF lose their ring banded feature, while coarse spherulites consisting of evident
lamellar bundles could be found in 30/70 blend.
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INTRODUCTION

A common way to control or tailor the properties of materials is to mix two or more components together,
resulting in a blend whose behavior is quite different from each of them in many aspects. In the system of small
molecules, the mixing could be within individual crystals or within glass since the small size of the molecules
allows the energy of geometrical or chemical mismatch between molecules to be confined in a small volume.
For polymers, the mixing within a crystal is impossible, since the effect of local mismatch through the crystal
could create large increase in the internal energy owing to the strong covalent bonding extending over enormous
distances along polymer chains. Therefore, solid polymer blends would be as intimately mixed crystals of the
components['].

Among the large amount of polymeric mixtures, those involving semicrystalline polymers are of particular
interest. This is not only because a certain degree of crystallinity is important in order to ensure satisfactory
high-temperature strength and environmental resistance, but also because semicrystalline polymer blends offer
another system for studing crystallization and morphology of polymers. In the last two decades, some of the
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investigated systems represented the mixture in which one of the components is crystallizable!* ™",

Crystallization in such polymer blends can proceed along a large number of solidification paths which result in a
huge variety morphologies and supermolecular structures. These features are interesting from the underlying
thermodynamics and rheology which govern the crystallization kinetics, as well as their impact on the materials
properties. What happens in a particular case will depend on the miscibility of the components, i.e., whether they
are miscible in the whole accessible composition and temperature range or form separated phases. For the
immiscible blends, fractionated crystallization usually happens. The components exist in such blends as pure
polymers side by side as individual phase, building a particular phase separated structure. For the blends with
miscibility gap, interface crossing crystallization could be observed. In such blend systems, the two phases have
different contents of crystallizing component, the phase with higher content of the crystallizing component starts
to crystallize before the second one. Upon reaching the interface, secondary nucleation induced crystallization in
the second phase occurs. This interface crossing crystallization may consequently lead to a number of interesting
and strange structures, which will cause a good adhesion between the two phases and may be therefore
important for the mechanical property.

PVDEF is a representative material with a variety of crystal modifications and attracts much attention due to
its outstanding electroactive properties. PBS is a biodegradable polymer with environmental and ecological
advantages. Both of them are crystalline polymers, with a melting point gap of about 60 K, and with good
miscibility. Ikehara e al.!'*! have first reported the miscibility of the PVDF/PBS blend. Also, the crystallization
behavior of the blend was studied by DSC and optical microscopy. Later on, the structural changes on a lamellar
scale of this miscible crystalline polymer blend system during melting and crystallization processes have been
investigated by Kaito et al.l">'% via real-time small angle X-ray scattering measurements. In the present work,
PVDEF/PBS has been chosen again as a model system, and the morphological development of PVDF in the blend
under various conditions was visualized by optical microscopy on a micrometer scale and atomic force
microscopy on a lamellar resolved scale. The effect of PBS on the morphology evolution of PVDF in the blends
has been discussed.

EXPERIMENTAL

Materials and Sample Preparation

PVDF and PBS used in this work were purchased from Sigma-Aldrich Company and have a weight-average
molecular weight of about 2.7 x 10° and 6.3 x 10*, determined by gel permeation chromatography (GPC) with
eluants of N,N-dimethyl formamide (DMF) and chloroform, respectively. The melting points were measured to
be 186°C for PVDF and 120°C for PBS. Both of them were used as received. Blends of PVDF and PBS were
prepared by solution blending. Both of them were dissolved in DMF, which serves as a common solvent, with
desired mass proportions (total polymer concentration was 20 mg/mL). Thin films for optical microscopy (OM)
and atomic force microscopy (AFM) observations were prepared by solution casting and spin-coating on glass
slides, respectively. These films were allowed to dry under vacuum at 50°C for 3 days. The thicknesses of the
resultant films were estimated to be 10 um for OM and 600 nm for AFM observations. The obtained films were
heat-treated to 200°C for 3 min to erase the thermal history of the samples and subsequently cooled to
predetermined isothermal crystallization temperatures. To reveal the influence of PBS on PVDF, the
crystallization of PVDF was conducted at temperatures above the melting point of PBS.

Characterization

An Olympus BH-2 microscope equipped with a Linkam LK-600PM temperature controller was used in this
study to observe the crystallization process and spherulitic morphology. All of the optical micrographs shown in
this paper were taken under crossed polarizers. Tapping-mode AFM images were obtained in the repulsive force
region using a NanoScope III MultiMode AFM (Digital Instruments) equipped with a high-temperature heating
accessory (Digital Instruments). Si cantilever tips (TESP) with a resonance frequency of approximately 300 kHz
and a spring constant of about 40 N m™' were used. The scan rate varied from 0.7 Hz to 1.2 Hz with a scan
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density of 512 lines/frame. The set-point amplitude ratio, 4s,/4o, was adjusted to 0.6-0.9, where A, is the set-
point amplitude and 4, is the amplitude of the free oscillation. All the optical micrographs and AFM images are
taken at 125°C (higher than the T}, of PBS).

RESULTS AND DISCUSSION

Since the degree of supercooling and the content of PBS serve as key factors influencing the crystal structures
and morphologies of PVDF in the blends, so in this part we will follow these two clues to study the
morphological development of PVDF component under different crystallization temperatures in both PVDF-rich
and PBS-rich blends. To better understand the morphological changes of PVDF in the blends, pure PVDF
crystallized at 170°C is first presented in Fig. 1(a). One sees that PVDF forms typical large y form spherulites of
hundreds of microns in diameter with extraordinarily weak birefringence!'” '™ In some cases, ring banded
structures corresponding to the ¢ form crystals could be observed at the center part of the »PVDF spherulites
(indicated by an arrow in Fig. 1a). It should be pointed out that the ¥ form of PVDF, which creates at low degree
of supercooling, is a thermodynamically stable phase, while the ¢ form is preferential in kinetics. When PVDF
crystallizes at high temperatures, ring banded « form spherulites could start to grow first and subsequently more
stable yform crystals begin to take place in succession. Adding 30% of PBS makes the morphologies of PVDF
spherulites change significantly. As shown in Fig. 1(b), the PVDF in a 70/30 PVDF/PBS blend exhibits
intrigued flower-like spherulitic morphology. In situ growth experiment shows that the PVDF crystallization
undergoes three growth steps as referred by the numbers in Fig. 1(b), which starts from the center of the
spherulite resulting in the ring banded structures, the bright short leaves in the middle and the long dark leaves
outside, respectively. With careful inspection, one could find the crevice between PVDF spherulites. Further
decreasing the temperature to enable the crystallization of PBS confirms that the crevice is filled with PBS melt
(Figure not shown here). This is reasonable since high diffusion ability of PBS chains at high temperatures leads
to the slowly growing PVDF spherulites to expel the PBS melt gradually into their growth front and finally
enrich the crevice. Figure 1(c) shows the 30/70 blend crystallized isothermally at 167°C for 100 h. Seldom
spherulites could be seen due to the lower nucleation ability of PVDF in PBS-rich blend. In this case, only large
« spherulites are observed, no y spherulites could be found, indicating the existence of large amount of PBS
favors the formation of « spherulites. This phenomenon could be expected since the adding of PBS changes the
stress on PVDF lamellar surface and results in the twisting of the lamellae. It should be mentioned that the
o-PVDF structures in Figs. 1(a), 1(b) and 1(c) have transformed simultaneously during crystallization process
into its 7/ form through a solid-solid phase transition under high temperatures!'® ', which has been verified by
the increase of their melting points (Refers Fig. 3b).

100 pm

Fig. 1 Optical micrographs showing the morphologies of (a) neat PVDF crystallized isothermally at 170°C,
(b) the PVDF in a 70/30 PVDF/PBS blend crystallized isothermally at 167°C and (c) the PVDF in a 30/70
PVDEF/PBS blend crystallized isothermally at 167°C for 100 h

The white arrow in (a) indicates the banded structures of PVDF, while the arrow and numbers in (b) indicate
the growth direction and the different morphologies corresponding to the three growth steps; The PBS in parts
(b) and (c) were in melt.
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To better understand the different morphologies of PVDF shown in Figs. 1(a) and 1(b), we studied their
fine structures by using AFM on a lamellar resolved scale, as shown in Fig. 2. Figure 2(a) shows closely packed
lamelli-form crystals seen face-on, which are the predominate structures in yform of PVDF spherulites grown at
170°C. Such extraordinary crystallographic regularity together with the packing manner of the chains in its unit
cell make the ¢ axes (chain axes) of the PVDF crystals inclined at a small angle with respect to the incident light,
which leads to consequently a sharp decrease in birefringence. In the case of Fig. 1(b), one sees the core of each
PVDF spherulite is typical ring banded crystals followed by two kinds of “leaves” with different birefringence
intensity growing outward. The AFM observations have helped to show their lamellar organization. As shown in
Fig. 2(b), in the region designated as “2” in Fig. 1(b), random oriented densely packed lamellae with both edge-
on and flat-on orientation are observed, which results in an increment of the birefringence. On the other hand,
the region numbered as “3” in Fig. 1(b), see Fig. 2(c), shows lamellar structure similar to what we see in
Fig. 2(a) but with loosely packed flat-on lamellae (compare Fig. 2a and Fig. 2c¢), indicating again the dissipation
of materials. Taking the above morphological features into account, the growth mechanism of PVDF crystals in
Fig. 1(b) can be explained as follows: as the ring banded « crystals growing, the PVDF chains in the growth
front arrange into the crystal lattice, which rejects the molten PBS into the growth front. So the concentration of
PVDF in the growth front decreases, resulting in the increase of supercooling and formation of
thermodynamically stable yphase (the bright short leaves). At the last stage of growing, dissipation of PVDF
makes the crystals growing in the most material-saving way that generates the crystals seen in Fig. 2(c).

500nm ¢

Fig. 2 (a) AFM phase image of the crystal surface of the non-banded #PVDF in Fig. 1(a),
(b) and (c) the AFM phase images obtained in the areas numbered as “2” and “3” of Fig. 1(b), respectively

Figure 3(a) shows neat PVDF crystallized at 165°C. Ring banded ¢ form spherulites and yform spherulites
with weaker birefringence coexist at this time. Such morphological features are very common in the intermediate
crystallization temperature range. In order to know whether the oy’ phase transition occurs, we carry out
in situ temperature varying experiment since the melting point of 7 phase is higher than both &z and yphases. As
shown in Fig. 3(b), after heating to 186°C, almost all of the formed o~-PVDF crystals, except for a strip of
crystals adjacent to the yphase, have been melted. The remaining strip indicates the occurrence of a— 9 phase
transition. When the temperature further increased to 195°C, the yphase melts with the strip of y” crystals left.
This result has proved the model proposed by Lovinger'' that existing of ycrystals could induce o— % phase
transition from the boundary backward to the center of the o spherulite.

Figure 4(a) shows the spherulitic morphologies of PVDF in a 70/30 PVDF/PBS blend crystallized
completely at 162°C. The banded « form spherulites, in their turn, get coarser compared with compact ones for
the neat PVDF (Fig. 3a), and become much open and irregular as looking away from the center to the outer (see
the dotted arrow in Fig. 4a). This results from the dilute effect after blending with PBS. At the place farther and
farther away from the center of the spherulites, more and more PBS was accumulated due to the exclusion by
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growing PVDF spherulites. This leads to the formation of coarser fibrils along the radial direction of the
spherulites. What’s more, the occurrence of none volume-filling spherulites of PVDF caused by materials
impoverishment also indicates the strong exclusion and enrichment of PBS component in the rest melt. As for
the yspherulites, a uniform increment of the birefringence happens in the blend with respect to the ones in neat
PVDF, as seen in Fig. 4(a). This is again related to the inner structure changes of the yform crystals in the blend,
which has been confirmed by AFM (Figure not shown since it looked very similar to that of Fig. 2b). It is worth
to note that the @—y’ phase transition in the blend is somewhat different from that of the neat PVDF. As the
solid arrow shown in Fig. 4(a), these banded structures located in the center of ¢ spherulites are confirmed to be
¥’ phase by temperature varying experiment, which implies that the a— y” phase transition starts from the
centers of the spherulites in the blend other than in the boundary between o and yphases that is typical for the
neat PVDF. When the PBS content increased up to 70%, i.e. in the 30/70 PVDF/PBS blend, both ¢ and y form
spherulites become much coarser and more open than ever before, as shown in Fig. 4(b). The bunch of the fibrils
in y spherulites could also be seen. The existence of the crystal free space, which hardly changes or at most
changes quite slowly with extending time, implies the existence of large amount of PBS in the melt.

100 um

Fig. 3 Optical micrographs of neat PVDF (a) crystallized at 165°C and then (b) melt at 186°C (melting of
o-PVDF) and (c) 195°C (melting of »PVDF)

Fig. 4 Optical micrographs of PVDF in (a) 70/30 PVDF/PBS blend crystallized completely at 162°C and
(b) 30/70 PVDEF/PBS blend crystallized at 162°C for 100 h

The dotted arrow in (a) indicates that the spherulite gets more open with increasing distance from the
spherulite center, while the solid arrows indicate the § crystals transformed from the ring banded « phase.

Figures 5(a)-5(c) show the morphologies of PVDF in the 100/0, 70/30 and 30/70 PVDF/PBS blends
crystallized at 155°C, respectively. Spherulites with evident ring banded structures could be seen in all the cases,
no yphase PVDF crystals have been observed. In this case, the crystallization temperature is also too low to
induce the o— ¥’ phase transition. We also find that the size of the spherulites increases with increasing of PBS
content, implying relative low nucleation ability of PVDF after blending with PBS. Moreover, for the blends,
the spherulitic structures become looser with coarse fibril bundles. What’s more, the typical Maltese-crosses
become weak in the blend and the boundaries between spherulites become not smooth and even nonlinear when
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the PBS reaches 70%. However, the remaining space between PVDF spherulites in both blends is limited as can
be seen in Figs. 5(b) and 5(c). This indicates that most of the molten PBS was expelled into the interlamellar and
interfibrillar regions of the PVDF spherulites instead of the interspherulitic regions as in the case of Fig. 4.

Fig. 5 Optical micrographs of PVDF in (a) 100/0, (b) 70/30 and (c) 30/70 PVDE/PBS blends crystallized at 155°C
The insert in (a) is an enlarged part of the banded spherulite.

According to the morphological observation, several aspects should be addressed. We first concern the
influence of blending PBS on the band periodicity of PVDF spherulites in the o form. Figure 6 shows the
changes of the band periodicity of o-PVDF spherulites as a function of blend ratio and crystallization
temperature. It is evident that the band periodicity increases with crystallization temperature as well as the
amount of PBS content. The increase of band periodicity with temperature is expected as frequently reported for
many other polymer systems with extinction feature®™ ", However, the increase of band periodicity with the
increase of the second component is quite different from the results of other blend systems, where a reduction in
band spacing is usually obtained****!, although with a few of exceptions***”). It is generally accepted that the
band periodicity depends on the chain mobility, crystal growth rate and surface free energy'>>. In this case, PBS
act as solvent for PVDF due to the good compatibility between these two components. This results in an
increment in chain mobility of PVDF, which may contribute to the increment of band periodicity in PVDF
spherulites.
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Fig. 6 Variation of band periodicity of PVDF banded spherulites in PVDF/PBS blends with
different blend ratios as a function of crystallization temperature

Second, we concern the inner structure of the ring banded PVDF spherulites formed in neat PVDF and the
blend samples. For the neat PVDF, the AFM phase image, see Fig. 7(a), shows alternate arrays of edge-on and
flat-on lamellae coexist along the radial direction with their boundary clearly delineated, which means no gentle
continuous twist of the lamellar orientation. This twisting habit with sudden change in c-axis orientation of the
lamellae is somewhat different from that of other polymers with ringed structure, e.g. PEA®, which is usually
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caused by changing of lamellar orientation gradually along radial direction. This result confirms the previous
study on the ring patterns of PVDF by electron microscopy'>”. Nevertheless, this kind of lamellar twisting is
fairly regular along the radial direction on the whole, and therefore responsible for the formation of well ordered
banded structures shown in Fig. 5(a). Figure 7(b) shows the representative AFM phase image of PVDF
spherulites in 70/30 blend. Scanning was taken at 125°C (above the melting temperature of PBS). Alternate
arrays of edge-on and flat-on lamellae have also been seen coexisting in the scan area, which is typical lamellar
organization model for banded spherulites. Compared with banded structures in neat PVDF (Fig. 7a), the
boundary between edge-on and flat-on lamellae is now not sharply delineated. With careful inspection,
continuous twist of some single lamellar sheets from flat-on into edge-on orientation and vice versa is
discernable as indicated by the arrows in Fig. 7(b). There exist numerous crevices in the interlamellar regions as
well as non-crystallized pockets located in the interfibrillar area where the PBS melt is held.

Fig. 7 AFM phase images of the samples used in (a) Fig. 5(a) and (b) Fig. 5(b)
The arrows in (b) indicate the twisted single lamellar sheets; Scanning is taken at 125°C.

c 1.0 pm d 1.0 pm

Fig. 8 (a) Optical micrographs of neat PVDF and (b) 30/70 PVDF/PBS blend crystallized at 140°C,
(c) and (d) the AFM phase images of (a) and (b), respectively
Scanning is taken at 125°C.
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When the PVDF was crystallized at 140°C, Fig. 8(a), compact spherulites with clear Maltese-crosses were
obtained. They have linear boundaries and completely lose their ring banded feature under such a high
supercooling. On the other hand, when the PVDF in the 30/70 PVDF/PBS blend was crystallized at the same
temperature, i.e. 140°C, coarser spherulites developed (Fig. 8b). These coarse spherulites consisting of lamellar
bundles with a large cross section and the Maltese-crosses are completely lost, suggesting a random arrangement
of lamellar bundles caused by the exclusion of PBS from the lamellar bundles of PVDF. This kind exclusion of
noncrystalline component from the lamellar bundles has been confirmed by the small-angle X-ray scattering
experiments in the system of PMMA/PVDF\. In this case, we also use AFM to measure the lamellar structure
of both the neat PVDF and PVDF in 30/70 blend, as shown in Figs. 8(c) and 8(d). An admixture of edge-on and
flat-on lamellae could be seen coexisting in Fig. 8(c). They are densely packed with random orientation. This is
the reason for losing the ring banded feature (see Fig. 8a). As for Fig. 8(d), one can find that the lamellar
organization becomes loosened and the branched lamellae bundles, ie. the fibrils with many
intrafibrillar/interfibrillar molten pockets between them. These pockets are the exact places where the PBS melt
is.

CONCLUSIONS

In summary, we systematically investigated the effect of PBS on the morphological features of PVDF by optical
and atomic force microscropies under various conditions. It was found that neat PVDF forms large y form
spherulites with extraordinarily weak birefringence at 170°C. These spherulites are composed of closely packed
face-on lamellae. Adding 30% PBS leads to the formation of intrigued flower-like spherulitic morphology of
PVDF, which is composed of ring banded structures in the core, the bright short leaves in the middle and the
long dark leaves outside. AFM measurement shows the bright short leaves consist of aggregate of lamellae with
random orientation, while loosely packed flat-on lamellae are the dominated structure in long dark leaves. We
suggest that this growth mechanism results from the decrease of supercooling and materials dissipation.
Increasing the PBS content to 70% favors the formation of ring banded spherulites and decreases the nucleation
ability of PVDF. Well organized ring banded « spherulites with some y crystals could be seen when crystallize
the PVDF at 165°C, in situ temperature varying experiment verifys the occurrence of oy’ phase transition
from the junction sites of ¢ and y crystals backward to the center of the « spherulite. Blending of 30% PBS
results in the PVDF « spherulites getting coarser and much open as the distance from the center increases. The
PBS, in this case, is strongly excluded and enriched in the interspherulitic region. The o— ¥’ phase transition at
this time starts from the centers of the « spherulites. Both the arand ¥ form spherulites become even more open
and irregular than ever before when PBS content increases up to 70%, the formation of the crystal free space
implies the existence of large amount of PBS in the melt. Dominated ring banded structures could be observed
in neat PVDF, 70/30 blend and 30/70 blend crystallized at 155°C, no y crystals could been seen. The
crystallization temperature in this case, is too low to initiate the &— y phase transition. Most of PBS is expelled
into the interlamellar and interfibrillar regions of the PVDF spherulites. Systematic measurement shows the band
period of PVDF « spherulites increases with crystallization temperature as well as the amount of PBS content.
AFM test shows alternate arrays of edge-on and flat-on lamellae coexist in neat PVDF with their boundary
clearly delineated, while the boundaries are not sharply delineated in 70/30 blend. Continuous twisting of some
single lamellar sheets from flat-on into edge-on orientation has been observed. At 140°C, spherulites in neat
PVDF completely lose their ring banded feature while coarse spherulites consisting of evident lamellar bundles
could be found in 30/70 blend. AFM measurement shows an admixture of edge-on and flat-on lamellae existing
in neat PVDF. For 30/70 blend, the lamellar organization becomes loosened and the branched lamellae bundles
with many intrafibrillar/interfibrillar molten pockets between them could be seen. These pockets are the exact
places where the PBS melt is.
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