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Abstract

The lamellar morphology of a melt-miscible blend consisting of two crystalline constituents, poly(vinylidene fluoride) (PVDF) and
poly(3-hydroxybutyrate) (PHB), has been investigated by small angle X-ray scattering (SAXS). Owing to the proximity of melting points,
PVDF and PHB crystallized over essentially the same temperature range, and consequently created a crystalline/crystalline state with the
morphology characterized by the spatial arrangement of PVDF and PHB lamellae. Irrespective of the crystallization temperatures (7.), the
SAXS patterns revealed the presences of two lamellar stack (LS) domains, where one contained mainly PVDF lamellae (PVDF LS domain)
and the other primarily consisted of PHB lamellae (PHB LS domain). The interlamellar (IL) regions of both LS domains were found to
contain mixed amorphous PVDF and PHB. The blends crystallized at higher 7, exhibited smaller SAXS invariants. This observed 7,
dependence was connected with the disparity in crystallization kinetics that gave rise to different LS domain sizes at different 7.s.

© 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Binary polymer blends can be classified into amorphous/
amorphous, crystalline/amorphous, and crystalline/crystal-
line systems based on the crystallizability of the constitu-
ents. For the later two systems, where at least one
component is crystallizable, the occurrence of liquid—solid
phase separation can generate a wide variety of morpholo-
gical patterns [1]. In a melt-miscible crystalline/amorphous
blend, for example, crystallization is accompanied with the
segregation of the amorphous diluent. The morphological
structure is characterized by the distance over which the
diluent is segregated, where the diluent may be expelled
into the interlamellar (IL segregation), interfibrillar (IF
segregation), or interspherulitic (IS segregation) regions.
These morphological patterns represent the diluent dis-
persion from nanoscopic scale for IL segregation to micro-
meter scale for IS segregation. Different scales of dispersion
may lead to different properties.

For crystalline/crystalline systems where cocrystalliza-

* Corresponding author. Tel.: +886-3-5721714; fax: +886-3-5715408.
E-mail address: hlchen@che.nthu.edu.tw (H.-L. Chen).

tion is absent, crystallization of the two components creates
two crystal species (A and B). The morphology is charac-
terized by the spatial arrangement of the two crystal species,
where the pattern can be divided into the ‘insertion mode’
where A and B crystals mix in the lamellar stack (LS) and
the ‘block mode’ where A and B crystals form respective LS
domains [2-3]. These morphological patterns are governed
by the mutual exclusion distance of the two components
during crystallization [2-5]. Insertion mode is induced by
the mutual segregation distance comparable to the lamellar
thickness, which is in the order of several nm. Block mode is
characterized by the longer segregation distance, in the
order of tens of nm to pm.

The microstructure of crystalline/amorphous blends has
been well studied over the past few decades. On the other
hand, because only a limited number of systems have been
disclosed so far, the mechanism associated with the micro-
structure formation in crystalline/crystalline systems is still
far from well understood. The most widely studied crystal-
line/crystalline system is perhaps the blends of high-density
polyethylene (HDPE) and low-density polyethylene
(LDPE) (e.g. Refs. [6—13]). This binary pair represents an
‘ideal’ (yet complex) system in the sense that the effect of
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unlike intermolecular interaction is nil. Other crystalline/
crystalline blends such as polycarbonate (PC)/polycapro-
lactone (PCL) [4,5,14,15]], poly(ethylene terephthalate)
(PET)/poly(butylene terephthalate) (PBT) [16], poly(vinyl-
idene fluoride) (PVDF)/poly(butylene adipate) (PBA)
[17-20], poly(3-hydroxybutyrate) (PHB)/poly(ethylene
oxide) (PEO) [21-23], and PBT/polyarylates (PAr) [24],
and PEO/poly(ethylene succinate) (PES) have been
reported. PC/PCL, PVDF/PBA, and PEO/PES are the
systems whose morphological structures have been charac-
terized in the lamellar level.

In this paper, the morphological pattern of a crystalline/
crystalline system consisting of PVDF and PHB is reported.
PVDF and PHB are both crystalline polymers having the
observed melting points (7},) of ca. 170°C. PVDF and PHB
had been found to form a miscible blend above T}, [25,26].
At T < T,,, both PVDF and PHB may undergo crystalliza-
tion but they do not cocrystallize into the same crystal lattice
owing to the large differences in crystalline chain conforma-
tion and crystallization kinetics. In the present study, the
morphological structures of PVDF/PHB generated at three
crystallization temperatures (7, =70, 125, and 146°C) are
probed by small angle X-ray scattering (SAXS). The
morphological patterns in the lamellar level are deduced
from the SAXS profiles, invariant, and the one-dimensional
correlation function analysis. It will be shown that the
disparity in crystallization kinetics plays an important role
in the microstructure formation of crystalline/crystalline
polymer blends.

2. Experimental
2.1. Materials and sample preparation

PVDF with molecular weight of 60,000 was purchased
from Polysciences and PHB with M, =2.93 X 10° and
M, = 6.5X10° was acquired from Aldrich. Blendings of
PVDF and PHB were carried out by solution casting. The
blending components were dissolved in DMF at room
temperature yielding a 1 wt% solution. The solution was
subsequently poured onto a petri dish and the blend film
was obtained after evaporating most solvent on a hot plate
at ca. 90°C. The blend film was further dried in vacuo at
90°C for 24 h.

Specimens for SAXS study were prepared by pressing the
blends between two pieces of Teflon films on a Linkam
HFS91 hot stage at 190 = 0.2°C for 1 min, followed by
quickly transferring the samples into an oven equilibrated
at the desired crystallization temperatures (7, = 70, 125 and
146°C). The crystallizations were allowed to proceed for
72 h.

2.2. SAXS measurement

SAXS experiments were performed at room temperature
on the Oak Ridge National Laboratory (ORNL) 10-m SAXS

instrument, with a sample-to-detector distance of 5 and 2 m
using CuK, radiation (A = 1.54 A) and a 20 X 20 cm?” two-
dimensional position-sensitive detector with each virtual
cell element of about 3 mm apart. The scattering intensity
was stored in a 64 X 64 data array. Corrections were made
for instrumental backgrounds, dark current due to cosmic
radiation and electronic noises, and detector non-uniformity
and efficiency (via an Fe* radioactive standard which emits
y-rays isotropically) on a cell-by-cell basis. The data were
radially (azimuthually) averaged in the ¢ range:
0.lnm '< qg<25 nm (g =4m/A sin(6/2), where A is
the X-ray wavelength and 6 is the scattering angle), and
converted to an absolute differential scattering cross section
by means of pre-calibrated secondary standard [27].

3. Results and discussion

Isothermal crystallizations at three temperatures, 7, = 70,
125, and 146°C, were conducted to generate the crystalline/
crystalline states of PVDF/PHB blends. Although both
PVDF and PHB were able to crystallize in the T, range
investigated, their crystallization rates were very different
in that the crystallization of PVDF always occurred prior to
that of PHB [25-26]. The disparity in crystallization
kinetics became increasingly evident at higher 7.

Fig. 1 displays the Lorentz-corrected SAXS profiles in
absolute intensity unit of PVDF/PHB crystallized at three
T.s. Neat PVDF shows a stronger scattering peak than neat
PHB because of higher electron density contrast between
the alternating crystalline and amorphous layers
(An(PVDF) = 0.103 mol cm *;  An(PHB) = 0.050 mol
cm ) [28-31]. Irrespective of the T.s, a shoulder (marked
by the arrows) beside the main peak is identified for the
blends with its intensity growing with increasing PHB
composition. For these compositions, the overall scattering
profiles can be represented by the superposition of a main
peak located at 0.2-0.35 nm ™' and a minor peak at 0.6—
0.8 nm~'. These two scattering peaks imply the existence of
two LS domains in the crystalline/crystalline blends. The
low-q peak is associated with the LS domains primarily
consisting of PVDF lamellae (PVDF LS domain) and the
high-g peak is attributed to the LS domains containing
mainly PHB lamellae (PHB LS domain). Therefore, the
morphological pattern of crystalline/crystalline PVDF/
PHB is represented by the block mode of lamellar
arrangement.

The low-q peak associated with the PVDF LS domains
shifts toward lower ¢ and its intensity grows upon blending
with PHB. The intensity enhancement is particularly evident
for the PVDF-rich compositions (wpgg < 0.5), while the
intensity diminishes for the PHB-rich blends because of
the lower volume fraction of the PVDF LS domains.
Enhancement of scattering intensity is ascribed to the incor-
poration of uncrystalline PHB in the regions between the
individual PVDF lamellae (i.e. the IL regions) in the PVDF
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Fig. 1. Lorentz-corrected SAXS profiles of PVDF/PHB after crystallized at
T.=(a) 70, (b) 125, and (c) 146°C for 72 h. The arrows indicate the
scattering contribution from the PHB LS domains. The scattering curves
of the blends are displaced vertically for clear comparison.

LS domains. Since the electron density of amorphous PHB
(0.630 mol cm73) is much lower than that of amorphous
PVDF (0.833 mol cm %), the mixing of amorphous PHB
with uncrystalline PVDF in the IL regions would inevitably
enhance the electron density contrast between the crystal-
line and amorphous layers and consequently gives rise to
stronger scattering intensity.

Fig. 2 presents the composition variation of the weight-
average long period (Lg) of the PVDF LS domains calcu-
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Fig. 2. Composition variation of the weight-average long period (Lg) of the
PVDF LS domains calculated by the Bragg’s equation (Lg = 27/q.y)-

lated from the peak position (gn.x) using Bragg’s equation
(Lg = 27/ quay)- The composition dependence of Ly appears
the same for all T.s investigated, where the long period
increases upon blending with PHB but the swelling reaches
a ‘saturation’” when the overall PHB composition exceeds
30 wt%. Swelling of long period may further support the
incorporation of PHB in the IL regions of the PVDF LS
domains. Fig. 3 plots the composition variation of the Ly
of PHB LS domains estimated from the positions of the
shoulders in Fig. 1. The long period also swells upon blend-
ing with PVDF, which may imply the incorporation of
uncrystalline PVDF in the IL regions of the PHB LS
domains.

The long period represents the sum of the crystalline and
amorphous layer thickness. Deconvolution into the thick-
ness of these two types of layers can be accomplished
using the one-dimensional correlation function. The corre-
lation function, K(z), defined by Strobl and Schneider,
adopts the following form [32]:
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Fig. 3. The weight-average long period of the PHB LS domains estimated
from the positions of the shoulders in Fig. 1.
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Fig. 4. One-dimensional correlation functions of PVDF/PHB blends crys-
tallized at 70°C. The correlation functions have been normalized by the
invariant (Q) for better comparison.

where I is the absolute intensity. Since the shoulder scatter-
ing associated with the PHB LS domain was hardly identi-
fied for PVDF-rich compositions (wpyg =0.4), it is
reasonable to assume that the shape of K(z) associated
with the PVDF LS domains was not perturbed. Therefore,
the correlation function analysis was applied to the PVDF-
rich compositions (wpyg = 0.4) here.

Fig. 4 shows the one-dimensional correlation functions
for the blends crystallized at 70°C. Assuming the corre-
sponding two-phase model, the average crystalline thick-
ness (lSVDF), amorphous layer thickness (lEVDF), and the
most probable value of long period (L™V"F) in the PVDF
LS domains can be estimated via simple geometric analysis
of K(z), as demonstrated in Fig. 5 [32]. I£¥PF is given by the
intersection between the straight line extended from the
self-correlation triangle and the baseline given by —A;
IPVPE is then obtained from [£YPF = [PVPF — [PVDE,

Fig. 6 plots LPVPE, lfVD ¥ , and lEVD ¥ as a function of blend
composition. It can be seen that all three morphological
parameters display similar trend, where they increase with
PHB composition but level off at wpyg = 0.2 for 7, = 70 and
125°C or decrease slightly at wpyg = 0.3 for T, = 146°C.
The crystalline thickness increases slightly (=3 nm) upon
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Fig. 5. Determinations of the layer thicknesses in the LSs via the geometric
analysis of the Strobl-Schneider’s one-dimensional correlation function.
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Fig. 6. Composition variations of the crystalline thickness (I¥'°F), amor-
phous layer thickness (FYPF), and long period (L™F) in the PVDF LS
domains of PVDF/PHB crystallized at T.= (a) 70°C, (b) 125°C, and
(c) 146°C.

blending. This can be connected with the assumption of the
‘corresponding two-phase model’ in deriving /£'>F and
IEVDF from K(z). In this model, the thickness of the crys-
tal/amorphous interphase (;) is ‘split’ into the values of
ICPVDF and laPVDF. The interphase thickness can be estimated
from the deviation from the self-correlation triangle near
z=0 (Fig. 5) [32]. The values of /; thus obtained are tabu-
lated in Table 1. The interphase thickness appears to
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Table 1
Thickness of crystal/amorphous interphase (/;) estimated from K(z)

WPHB l; (nm)
T.=70°C T.=125°C T.=146°C
0.0 0.87 0.83 0.87
0.1 1.05 1.16 1.28
0.2 1.06 1.70 1.76
0.3 1.44 1.46 1.43
0.4 1.58 2.06 2.64

increase with PHB composition, so the inclusion of /; into
ZCPVDF may be responsible for the observed slight increase of
crystalline thickness.

lEVDF also increases upon blending and the swelling is
much larger than the magnitude of /;; therefore, the swelling
of IVPF s attributed to the incorporation of uncrystalline
PHB in the IL regions of the PVDF LS domains. This is
consistent with the enhancement of scattering intensity
observed in Fig. 1. The swelling of /YPF is however not
monotonic, as it reaches a saturation at wpyg = 0.2 or 0.3.
This implies that a portion of PHB was expelled out of the
IL regions (i.e. the extralamellar segregation) during the
crystallization of PVDF. Based on this observation of extra-
lamellar segregation, the mechanism of dual LS domain
formation can be depicted as follows. When the blends
were cooled to T, crystallization of PVDF occurred prior
to that of PHB. There then existed a time period over which
PHB was a ‘temporary amorphous diluent’ with respect to
PVDF, and extralamellar segregation of this temporary
amorphous diluent was driven by the crystallization of
PVDF. The PHB expelled out of the IL regions could accu-
mulate in the regions between the PVDF lamellar bundles
(i.e. the interfibrillar regions) or in the interspherulitic
regions, and thus created the PHB-rich amorphous domains.
The PHB LS domains were formed by the subsequent crys-
tallization of PHB within these amorphous domains.

The absolute invariant (Q) which is related to the degree
of phase separation can be obtained from the integrated
SAXS intensity

0= JO I dg. ®)

Since the experimentally accessible g range is finite, extra-
polation of intensity to both zero and high ¢ is necessary for
the integrations. Extrapolation to zero g was accomplished
by linear extrapolation and extension to high g was
performed using the Porod—Ruland equation [33].

Fig. 7 plots the invariant as a function of composition. It
can be seen for the blends that the invariant decreases with
increasing 7. To explain this observation, we approximate
the observed invariant to contain three contributions
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0.012
—o—T =70°C
0.010- TTeTT,=125°C
—+—T =146°C
<. 0.008
£
g
= 0.006
[=]
g
O 0.004
0.002-
+3
0.00 , . . ]
0.0 0.2 0.4 0.6 0.8 1.0
wPHB

Fig. 7. The SAXS invariants of PVDF/PHB crystallized at 7, = 70, 125,
and 146°C.

where Qpypr and Qpyp are the contributions from the indi-
vidual PVDF and PHB LS domains, respectively, and
QOpvpr-pys 1S the contribution stemming from the inter-
ference between PVDF and PHB LS domains. Qpypr_pus
should appear at the low-g regions because the size of the
LS domains is larger than that of the individual lamellae.
The larger the LS domain, the lower the g region where this
contribution should appear. In the case, where the LS
domains are larger than the length scale corresponding to
the minimum accessible g of the typical SAXS instrument
(ca. 66 nm for our SAXS system), the contribution of
Opvpr_pup 1S undetectable by SAXS. The linear extra-
polation to ¢ =0 for the invariant calculation would not
accurately describe the scattering profile associated with
Opvpr-pus- The measured Q would then consist of only
two contributions, i.e.

0O =~ QOpvpr + Opus- “4)

On the other hand, if the size of the LS domains are in
the nanoscopic range, part of Qpypr_pys becomes
measurable by SAXS. In this case, the measured
invariant would contain all three contributions. Based
on this model, we can conclude that the LS domain
size created at the three T, follows the order of T,
(146°C) > T, (125°C) > T, (70°C).

The reason why the LS domain size was larger at higher
T, can be rationalized by the disparity in crystallization
kinetics between PVDF and PHB. The disparity in crystal-
lization kinetics is the largest at 146°C. At this T,, PHB was
basically an amorphous diluent throughout the crystalliza-
tion of PVDF. The slow PVDF crystal growth rate and the
high PHB chain mobility at this 7, allowed PHB to be
expelled by a long distance (e.g. the wm scale) during the
crystallization of PVDF. The result was the sequential
stacking of PVDF lamellae to extend over a long distance
and thus created large PVDF LS domains. At lower T, such
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as 70°C, the disparity in crystallization kinetics diminished.
The segregation distance of PHB was limited by its
increased crystallization rate, because translational motion
was prohibited once the chains crystallize. The restriction in
mutual exclusion distance limited the sequential stacking of
lamellae to a shorter distance and thus resulted in smaller LS
domains. The disparity in crystallization kinetics has also
been found to influence the correlation length associated
with the LS domains in crystalline/crystalline PEO/PES
blends [3].

4. Conclusions

The crystalline/crystalline morphology of PVDF/PHB
blends has been investigated by SAXS. For the three 7.s
investigated (7, =70, 125, and 146°C), crystallization of
the two components always generated two LS domains
with one containing primarily PVDF lamellae and the
other consisting of PHB lamellae. Based on the observed
T. dependence of SAXS invariant, it was proposed that
larger LS domains could be formed at higher 7. At high
T, the disparity in crystallization kinetics between PVDF
and PHB was large, so PHB was basically an amorphous
diluent throughout the crystallization of PVDF. In this case,
PHB could be expelled by a long distance (e.g. the pum
scale) during the crystallization of PVDF, so that the
sequential stacking of PVDF lamellae could extend over a
long distance and thus created large PVDF LS domains.
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