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ABSTRACT: The crystallization and melting behavior of
poly(B-hydroxybutyrate-co-B-hydroxyvalerate) (PHBV) and
a 30/70 (w/w) PHBV/poly(propylene carbonate) (PPC)
blend was investigated with differential scanning calorime-
try (DSC) and Fourier transform infrared (FTIR). The trans-
esterification reaction between PHBV and PPC was detected
in the melt-blending process. The interaction between the
two macromolecules was confirmed by means of FTIR anal-
ysis. During the crystallization process from the melt, the
crystallization temperature of the PHBV/PPC blend de-
creased about 8°C, the melting temperature was depressed
by 4°C, and the degree of crystallinity of PHBV in the blend
decreased about 9.4%; this was calculated through a com-
parison of the DSC heating traces for the blend and pure
PHBV. These results indicated that imperfect crystals of
PHBV formed, crystallization was inhibited, and the crystal-

lization ability of PHBV was weakened in the blend. The
equilibrium melting temperatures of PHBV and the 30/70
PHBV/PPC blend isothermally crystallized were 187.1 and
179°C, respectively. The isothermal crystallization kinetics
were also studied. The fold surface free energy of the devel-
oping crystals of PHBV isothermally crystallized from the
melt decreased; however, a depression in the relative degree
of crystallization, a reduction of the linear growth rate of the
spherulites, and decreases in the equilibrium melting tem-
perature and crystallization capability of PHBV were de-
tected with the addition of PPC. © 2004 Wiley Periodicals, Inc.
] Appl Polym Sci 92: 2514-2521, 2004
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INTRODUCTION

Poly(B-hydroxybutyrate-co-B-hydroxyvalerate) (PHBV)
is a thermoplastic aliphatic polyester produced by
bacterial fermentation with renewable natural materi-
als such as starch. PHBV is potentially useful in bio-
medical materials, and it is an attractive route to en-
vironmental waste management and can replace con-
ventional polymers when recovery for recycling or
incineration is difficulty or not cost-effective. When
the content of B-hydroxyvalerate (HV) is relatively
low (<12 mol %), PHBV is a brittle macromolecular
material with an elongation at break of about 6%.
Under tensile conditions, it cannot create necking and
cannot flow. There are many reasons for the brittleness
of PHBV. Because of its high purity, PHBV has a
comparatively low crystallization nucleation density,
and secondary crystallization of the amorphous phase
can take place at the ambient temperature during stor-
age. The solidification process tightly constrains the
amorphous chains between the crystals, and this
makes the material brittle. Because of the high degree

Correspondence to: ]. J. Liu (jjliu@ciac.jl.cn).

Journal of Applied Polymer Science, Vol. 92, 25142521 (2004)
© 2004 Wiley Periodicals, Inc.

of crystallinity and slow crystallization rate, large
spherulites form easily, with circular breaks around
the center and cracks in the radial direction of the
spherulites. The glass-transition temperature (T,) of
PHBYV is close to room temperature. These factors are
responsible for the brittleness of PHBV.'

Three kinds of methods have been reported for
improving the toughness of PHBV. First, by the incor-
poration of nucleating agents, the nucleation density is
increased, the size of the spherulites is reduced, and
the crystallization rate is increased.>® Second, fast
cooling during the processing of the material reduces
the degree of crystallinity and the size of the spheru-
lites. However, the method is not desirable: because Tg
of pure PHBYV is about 6°C, secondary crystallization
takes place during storage at the ambient temperature,
and PHBV forms into large spherulites. Third, PHBV
can be blended with other polymers." Researchers
have recently focused on blends of PHBV with other
polymers. A large number of studies have been car-
ried out, and well-reviewed publications are also
available.* Marchessault et al.” reviewed the structure
and properties of PHBV in search applications. Re-
cently, Ha and Cho,* Avella and coworkers,®™ Scan-
dola et al.'® Pearce and Marchessault,!! Iannace et
al.,'? Dave et al.,'® Gassner and Own,'* and Cyras et
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Scheme 1 Molecular structure of PHBV.

al."® reviewed the miscibility, morphology, mechani-
cal behavior, and other prominent characteristics of a
representative number of blends and composites of
poly(B-hydroxybutyrate) (PHB) and PHBV. Unfortu-
nately, most blends of PHBV have not been success-
ful.> The immiscibility of PHBV with most polymers
does not permit excellent mixtures. Usually, compati-
bilizers are ineffective in improving the brittleness of
PHBV in blends of PHBV if they cannot inhibit the
crystallization of PHBV.'® Scandola et al.'” concluded
that poly(methyl methacrylate-g-8-hydroxybutyrate)
[P(MMA-g-HB)] is not able to prevent PHB crystalli-
zation and that ternary PHB/poly(methyl methacry-
late) (PMMA)/P(MMA-g-HB) blends remain crystal-
line and brittle. No compatibilizing effect on PHB/
PMMA blends with PHB contents higher than 50% has
been observed with various amounts of the P(MMA-
g-HB) copolymer. However, the copolymer has a ben-
eficial effect on the mechanical properties of PHB/
PMMA blends with 30-50% PHB; they show a re-
markable increase in ductility. The main effect of
copolymer addition is the inhibition of PHB crystalli-
zation. To improve the performance, achieve a high
elongation at break, and attain a high degree of flexi-
bility, depressing the degree of crystallinity, reducing
the size of the spherulites, and distorting the perfec-
tion of the crystals through the blending of PHBV with
other polymers are necessary because the brittleness
of PHBV is largely due to the presence of large crys-
tallites in the form of spherulites, which form upon
cooling from the melt.'®

The aim of this work is to develop a new blend of
PHBYV with poly(propylene carbonate) (PPC).

PPC is an aliphatic polycarbonate, whereas PHBV is
an aliphatic polyester; the transesterification reaction
takes place between the two components during the
melt-blending process. Furthermore, the carboxylic
end groups of PPC and the hydroxy end groups of
PHBYV react with one another. An evident influence on
the crystallization and morphology is created in the
blend, and the performance of PHBV is enhanced. The
lower cost of PPC, the stronger interaction between
the two macromolecules, and the biodegradation of
the blend make applications in environmentally
friendly packaging possible.

The crystallization, melting behavior, and isother-
mal crystallization kinetics of the blend were investi-
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gated. A remarkable effect of PPC on the crystalliza-
tion and melting behavior of PHBV was detected. A
quantitative evaluation of the crystallization parame-
ters was conducted.

EXPERIMENTAL
Materials

A random copolymer of B-hydroxybutyrate (HB) and
HV, PHBV with nucleation agents, was provided by
Tianan Biologic Material Co., Ltd. (Ningbo, China).
The molecular structure of the copolymer is shown in
Scheme 1. The content of HV in the copolymer was 4.5
mol %, as measured by '"H-NMR. The weight-average
molecular weight (M,,) of the copolymer was 1.25
X 10°, and the molecular weight distribution index
[weight-average molecular weight/number-average
molecular weight (M,,/M,)] was 1.12, as measured by
gas permeation chromatography (GPC). The purified
sample was treated in a vacuum oven for 24 h at 80°C,
sealed, and stored for use at room temperature.

PPC was synthesized through the copolymerization
of carbon dioxide (CO,) with propylene oxide (PO) in
an autoclave equipped with a mechanical stirrer in the
presence of an Nd(CCl;COO);-based ternary catalyst
showing catalytic activity as high as 6500 g/mol of
Nd/h. The detailed process has been described previ-
ously.” The material was supplied by the synthesis
group in our institute, purified and refined, and end-
capped with maleic anhydride (MA). Before it was
used, the copolymer was dried in vacuo for 24 h at
room temperature and sealed for use. The molecular
structure is shown in Scheme 2. M,, was 3.12 X 10°,
and M,,/M,, was 5.30, as measured by GPC; the alter-
native copolymerization ratio of CO, and PO was
98.6%.

Blend preparation

The blend of PHBV and PPC was prepared by melt
blending. Because of the cost effect, PHBV and PPC in
a weight ratio of 30:70 were blended in a Brabender
instrument (Germany) operating at 175°C at a rotation
speed of 50 rpm for 8 min, cooled in an air atmo-
sphere, and put into a desiccator for further use. Pure
PHBV was subjected to the same procedure for com-
parison.

i
0—C—0—CH—CH,
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Scheme 2 Molecular structure of PPC.
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Figure 1 FTIR spectra of PHBV, PPC, and a 30/70 (w/w) PHBV/PPC blend.

Analysis of the properties
Fourier transform infrared (FTIR) characterization

The structural characterizations of PHBV and the
PHBV /PPC blend were determined with an FTS-135
FTIR spectroscope (Bio-Rad, Cambridge, MA). Ace-
tone is a good solvent for PPC but a nonsolvent for
PHBV. The PHBV/PPC blend was extracted with ac-
etone for 7 days, and the residue was dried and dis-
solved in chloroform to prepare the solution for ex-
amination.

Differential scanning calorimetry (DSC)
characterization

A PerkinElmer DSC-7 instrument (New York) was
used to study the crystallization and melting behavior
of PHBV and the blend. The instrument was calibrated
with an indium standard, and the measurement was
conducted under a nitrogen atmosphere. The sample
weight used in the DSC pan was kept within 6-8 mg.

The samples were first heated to 190°C at a rate of
40°C/min and then were maintained there for 5 min to
destroy all memory of the previous thermal and me-
chanical histories. They were cooled to room temper-
ature at a rate of 20°C/min and then heated to 200°C
at a rate of 20°C/min. The crystallization temperature
(T.) and melting temperature (T,,) were determined
from the thermal curves.

In the experiments performed to study the kinetics
of isothermal crystallization as a function of the blend
and temperature, the samples were heated from 50 to
190°C at a heating rate of 40°C/min, held at 190°C for
5 min, and then cooled to the appropriate T.. The rate
of heat flow generated during the development of the
crystalline phase was recorded up to the vanishing
thermal effect and was analyzed according to the

usual procedure to determine the relative degree of
crystallinity [a(t)]:

a(t) = X(t)/ X(») =j (dH/dt) dt/Jj(dH/dt) dt

to to

(1)

where f, represents the time at which the sample
attains isothermal conditions, as indicated by a flat
baseline after the initial spike in the thermal curve,
and f, is the time at which the crystallization of the
samples is complete.

The absolute degree of crystallinity [X(f)] of the
samples was evaluated from the heat evolved during
crystallization by the following relationship:

X(t) = Ut (dH/dt) dt]/(l ~ ®)AH)  (2)

t0

where AH} is the heat of fusion for 100% crystalline
PHB (164 ]J/g) and @ is the weight fraction of PPC in
the blend system.

RESULTS AND DISCUSSION
FTIR characterization

Figure 1 presents the FTIR spectra of the pure PHBYV,
pure PPC, and PHBV/PPC blend extracted with ace-
tone. The C—O absorbance band at 1737 cm ™! of pure
PHBYV corresponds to the normalized peak, which is
insensitive to the composition of PHBV. The consid-
ered bands were the C—O—C bonds (1279, 1228, and
1184 cm ') and the C=0 bonds (1723 and 1737 cm ™).
By means of FTIR spectra, the crystallinity index (CI)
was calculated. The band at 1278 cm ™! is characteristic
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of the crystalline state, and the band at 1723 cm™"

corresponds to the ester carbonyl group absorbance,
whereas the higher frequency of 1737 cm ™! at its side,
exhibiting a weaker shoulder peak, corresponds to the
amorphous state. The amorphous band is broader
than the corresponding one for the crystalline state,
reflecting an increase in the conformational freedom.
The band at 1380 cm ™' corresponds to the stretching
of —CHj;, which is insensitive to the composition and
degree of crystallinity, so it is often chosen as a nor-
malized peak. According to the results of Bloember-
gen et al.,* the CI value of PHBV was calculated to be
0.96, in agreement with that obtained by Bloembergen
et al., whereas the corresponding value of the blend is
0.58, which indicates that the incorporation of PPC
reduces the degree of crystallinity of PHBV.

The characteristic absorptions bands of PPC are at
1747 (C=0), 1234 (C—O), and 788 cm .

Figure 1 shows that the ester carbonyl characteriza-
tion absorptions for the blend are shifted to 1725 cm ™"
and narrowed in comparison with neat PHBV, and
nearby a weaker shoulder peak reflects the amor-
phous peak of pure PHBV and the PPC-¢-PHBV graft
copolymer. The band at 788 cm™", which is the nor-
malized and characteristic peak of PPC, still exhibits a
weaker absorption in the blend extracted in acetone.
Transesterification (i.e., intermolecular ester—carbon-
ate exchange reactions) between PHBV and PPC takes
place during the melt-blending process. The band at
3436 cm™', resulting from the end hydroxy group
absorption of PHBV, disappears in the blend, and this
is strong evidence of interactions between the PHBV
and PPC macromolecules. Scanning electron micros-
copy analyses (not shown) show that in this blend
PPC serves as a continuous phase, and the dispersed
phase is PHBV. Most of the phase domains are 1.4-2.8
pm, and the broken interfaces show plasticity.
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Figure 2 DSC traces of PHBV and a PHBV/PPC blend
crystallized from the melt at a cooling rate of 20°C/min.
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TABLE I
Effect of PPC on the Crystallization Behavior of PHBV
PPC T, T,.. AW AH,

Sample wt%) (C) (C) (C) (/g S =tana
Neat PHBV None 1094 1161 1.0 -76.0 79
PHBV/PPC

blend 70 101.3 1107 14 —181 2.7

AH_ = enthalpy of crystallization, which can also be ob-
tained from thermal curves of quenched samples at a heat
rate of 20°C/min.

Effect of PPC on the melt and crystallization
behavior of PHBV

Figure 2 shows the effects of PPC on the melt and
crystallization behavior of PHBV. The parameters of
the crystallization process are shown in Table L. At the
peak temperature of the crystallization exotherm (T,),
the value of the heat flow is maximum. The initial
slope of the exotherm (S5;), which is the slope at in-
flexion on the high-temperature side of the exotherm,
is related to the nucleation rate. T, _ is the tempera-
ture at the intercept of the tangents at the baseline and
the high-temperature side of the exotherm. The width
at half-height of the exotherm peak (AW) is deter-
mined after the normalization of the peak to a constant
sample mass. T is a function of the cooling rate and is
a measure of the supercooling. T, may have signif-
icance similar to that of T,, except that their interrela-
tionship is inherently dependent on the parameter,
which may differ from sample to sample. S, is defined
as the nucleation rate. The parameter T, sy — T iS @
measure of the overall rate of crystallization. The
smaller T, -~ — T, is, the greater the rate of crystalli-
zation is. The smaller AW is, the narrower the size
distribution of the crystallites is.”"

The results show that the onset-of-crystallization
temperature [T,,..(°C)] decreases nearly 6°C, and T,
of the blend decreases 8°C, in comparison with pure
PHBV. These results indicate that the crystallization of
PHBV becomes more difficult and that the potential
energy required for crystallization increases; there-
fore, the incorporation of PPC hinders the crystalliza-
tion process of pure PHBV.

It is clear that the value of T ... — T for pure PHBV
is lower than that for the blend, and this further indi-
cates that pure PHBV exhibits a higher rate of crystal-
lization. According to the polymer crystallization the-
ory, the smaller T .. — T, is, the greater the rate of
crystallization is. With the addition of 70% PPC, the
value of the blend decreases 2.8°C in comparison with
pure PHBV. PPC reduces the crystallization rate and
increases the steric hindrance for the regular fold of
PHBV molecular chains.

In general, the observed crystallization rate depres-
sion results mainly from (1) a reduction of the driving



2518

174.3°C

PHBV

EXDO>

Blend

T T T T T T T T T 1
40 60 80 100 120 140 160 180 200 220

Temperature (°C)

Figure 3 Effect of PPC on the melting behavior of PHBV at
a heating rate of 20°C/min.

force for crystallization due to the changes in the
equilibrium melting point, (2) a dilution effect that
diminishes the formation of a critical nucleus on the
front of the growing spherulites, and (3) entropic fac-
tors that produce an increase in the energy related to
the formation of a nucleus of a critical size.”!

It is also confirmed in Table I that S; of pure PHBV
is greater than that of the blend, and this implies that
pure PHBV has a greater nucleation rate. Hence, the
crystallite size distribution of pure PHBV should be
smaller than that of the blend. The analysis agrees
with the calculated value of AW. PPC may reduce the
nucleation and crystallization rates of PHBV and,
therefore, lead to an increase in the crystallite size
distribution. With polarizing optical microscopy (not
shown), two types of break have been found in pure
PHBV spherulites: circular breaks around the center
and splitting. PHBV forms large, individual spheru-
lites, which depend on the lower nucleation density,
but the blend has small, irregular, fine spherulites. The
incorporation of PPC evidently changes the crystalli-
zation and nucleation behavior of PHBV.

The effect of PPC on the melting behavior of PHBV
is shown in Figure 3. The melting peaks can be de-
tected for pure PHBV and the blend in the DSC heat-
ing scanning traces. Table II shows that T,, of the
blend decreases by 4°C. The perfection of the crystals
in the blend decreases, and the lamellar thickness of
the crystals seems to be smaller. Reductions of the
degree of crystallinity of PHBV and the blend can be
observed. They are 54.5 and 45.6% for neat PHBV and
the blend, respectively. Usually, as a nucleating agent,
the second component would enhance the crystalliza-
tion of a crystallizable polymer; therefore, PPC would
have a positive effect on the crystallization of PHBV
according to the polymer nucleation theory. However,
the factors that influence the crystallization and melt-
ing behavior of PHBV in the blend are complicated.

LI, LAI, AND LIU

Many factors can retard the crystallization of PHBV in
the blend. The apparent effect is controlled by compe-
tition among these factors. There are many negative
effective factors due to the addition of PPC in the
blend that retard the crystallization of PHBV. Besides
dilution, transesterification and interaction between
two macromolecules, as mentioned previously, hinder
the crystallization of PHBV, reduce the crystallization
rate of PHBV, increase the number of imperfect crys-
tals, and weaken the crystallization ability of PHBV.
As PPC end-capped with MA is an aliphatic polycar-
bonate with carboxylic end group, whereas PHBV is
an aliphatic polyester with hydroxy groups, the hy-
drogen bond between the two macromolecules would
increase their interaction.

The presence of a second component in a crystalliz-
able polymer can lead to relevant modifications of the
crystallization, both at the microscopic and molecular
level, that affect the process of the structure and mor-
phology formation and the properties of the material.
The most important results are connected to the seg-
regation of noncrystallizable chains, the melting point
depression of the semicrystalline polymer, the promo-
tion of one polymorph with respect to the others, and
the effect on the nucleation density and radial growth
rate. From a qualitative point of view, the behavior of
a crystallizing blend is rather satisfactory; however,
for the prediction of the physical properties of solid
materials from a detailed definition of the microstruc-
ture and macrostructure, the mechanisms and kinetics
of morphology and crystallization are required.

According to polymer crystallization theories, it can
be concluded that the incorporation of the second
components would cause the following effects on the
pure polymer. First, there is the nucleation effect. The
second component may increase the crystallization
rate and nucleation capability of the original polymer,
improve the perfection of the pure PHBV crystallites,
and enhance the lamellar thickness. The greater the
nucleation effect is of the second component, the
higher T,, is of the blend. Second, there is the hin-
drance effect. The second components added may
have a certain miscibility with the pure polymer, and
interactions between the two macromolecules will re-
duce the crystallization rate of the overall material,
hinder its crystallization, increase the potential energy

TABLE 1I
Melting Behavior of PHBV and a
PHBV/PPC (30/70) Blend

PPC T, AH, X(t..)
Sample (wt %) (°C) J/g) (%)
Neat PHBV None 174.30 89.41 57.1
Blend 70 170.38 22.45 47.6

AHf = apparent enthalpy of fusion.
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required and the supercooling degree, affect the reg-
ularity of the molecular chain, and widen the crystal-
lite size distribution. Third, there is the dilution effect.
The second components added to the crystallizable
polymer may be elected as plasticizers, which would
cause a reduction of the crystallization behavior and
crystallization rate of the crystallizable polymer.

In this blend, PPC hinders the crystallization of
PHBV. This may result from the interactions between
the two macromolecules as PPC is blended with
PHBYV under high-speed-mixing and shear conditions.
Because of the remarkable effect of PPC on the crys-
tallization of PHBV, the elongation at break of the
blend increases to 70%; it is 6 and 13.7% for neat PHBV
and PPC, respectively. The energies absorbed by the
samples during elongation are 51, 450, and 795 m] for
neat PPC, neat PHBV, and the blend, respectively.
These results show that pure PPC has lower values
than the PPC/PHBV blend (70/30 w/w), and this
demonstrates that the coordination effect exists in the
reactive blend. The low tensile toughness of neat
PHBV can be related essentially to the large size of the
spherulites with cracks and splits. These spherulites
with cracks act as gross material defects, causing the
premature rupture of the specimen at the beginning of
yielding. However, in the PHBV /PPC blend, spheru-
lite size reduction and the depression of the degree of
crystallinity, caused by transesterification and interac-
tions between two macromolecules, seem to lead to
the improvement of the mechanical properties of the
blend.

Equilibrium melting temperature (T9,) of PHBV
and the PHBV/PPC blend

T,, of the isothermal crystallization samples may be
determined by means of DSC, from which T}, can be
further drawn. The T9, values of PHBV and the
PHBV /PPC blend are 187.1 and 179.0°C, respectively,
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as shown in Figure 4 for neat PHBV. To avoid the
overlapping of points, we have omitted the blend
data. The depression of T), can be strong evidence of
strong interactions between the two macromolecules.

Crystallization kinetics

The crystallization kinetics in blends are complex phe-
nomena that encompass several processes: the pro-
duction of primary nuclei, the formation and spread-
ing of two-dimensional surface nuclei, and the inter-
diffusion of crystallizable and noncrystallizable chains
at the advancing front of the growing crystallization.
These processes are affected to different degrees by
the thermodynamic conditions under which crystalli-
zation takes place, by the molecular characteristics of
the components, and by the strength of their mutual
interaction. The radial growth rate of the polymer
spherulites can be examined by polarized optical mi-
croscopy or DSC. The growth rate of the individual
spherulites is measured by the former method, and
the growth rate of the overall spherulites is deter-
mined by the latter method. The relative degree of
crystallinity achieved at time t [X(f)] under isothermal
conditions is given by the Avrami equation:

X(t)=1— exp(— Zt"

log{—In[1-X(#)]} = nlogt + log Z (3)
where 7 is an index related to the dimensionality of
growth and to the way in which primary nuclei are
formed and Z is the overall rate constant containing
both nucleation and growth contributions. Equation
(3) can enable us to evaluate n and Z from the slope
and the intercept, respectively. The parameters n and
Z for pure PHBV and the PHBV /PPC blend are given
in Table III. The half-time (¢, ,,) for crystallization can
be determined by the equation t, ,, = (In2/Z)"/". Z for
the blend is smaller by one order of magnitude at the
same T, in comparison with that for pure PHBV. Plots

TABLE III
Effect of PPC on the Crystallization Parameters
of PHBVs
T. z K, X 10° o,
Sample (°C) n  (min™Y) # /2 (k?) (J/m?)
Neat PHBV 116 2.84 1.16 0.84
118 2.89 0.60 1.05
120 3.50 0.26 1.32 9.59 0.066
122 3.52 0.14 1.59
124 3.69 0.05 2.07
PHBV/PPC 112 3.39 0.46 1.13
(30/70) 114 316 025 138
116 3.07 0.15 1.65 6.17 0.056
118 3.07 0.08 2.02
120 3.06 003 279
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Figure 5 X(t) of a PHBV/PPC blend as a function of the
crystallization time under isothermal conditions.

of the relative crystallinity degree of the PHBV /PPC
blend and PHBV as a function of the crystallization
time under isothermal conditions are shown in Fig-
ures 5 and 6, respectively.

With eq. (3), plots of log{—In[1 — X(#)]} versus log ¢
are shown in Figures 7 and 8. Each curve has a linear
portion followed by a derivation at a longer time. The
linearity, maintained from the initial stages of crystal-
lization until a high degree of relative conversion,
indicates that the Avrami equation correctly describes
the crystallization process of PHBV and the PHBV/
PPC blend. Moreover, the linear portions are almost
parallel, and this implies that the nucleation mecha-
nisms and crystal growth geometries are similar. The
deviation at the end portion is considered to be the
result of the secondary crystallization, which is caused
by spherulite impingement of the crystal perfection.
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Figure 6 X(t) of PHBV as a function of the crystallization
time under isothermal conditions.
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Figure 7 log{—In[1 — X(t)]} versus log t for isothermally
crystallized PHBV/PPC at different T,s.

According to the nucleation theories, the linear
growth rate (G) is related to n and Z expressed in the
following simple relation:

GoZ!/" (4)

The theory of surface nucleation can be used to
account for the effect of the second component on the
spherulites developing in pure PHBV. The following
equation can describe the linear growth kinetics:*>
a=InZ/n+ U*/RC,+ T. — T,]

—[1 + 20T),/byfAH)AT] In @,
=1In G, — rbyoa,T),/[KfAH) T.AT] (5)

—a—112°C
—e—114°C
—a— 116°C
—»—118°C
—— 120°C

log{-In[1-X (1)1}

log ¢

Figure 8 log{—In[1 — X(f)]} versus log t for an isothermally
crystallized 30/70 PHBV/PPC blend at different T_s.
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Figure 9 Kinetic data according to eq. (5) for PHBV and a
30/70 PHBV /PPC blend.

where f = 2T./(TS, + T.) is a correction factor for the
temperature dependence of the enthalpy of fusion; U*
is the activation energy for the transport of segments
to the crystal front through the subcooled melt; and o
and o, are the lateral and fold surface free energies of
the developing crystals, respectively. The former pa-
rameter, o = 2.8 X 107%]/m?, was obtained from our
previous work.? In our previous work, C, is a constant
usually assumed to be 51.6°C, b, is the layer thickness,
and the parameter r is related to the characteristic of
the growth regime: r = 4 in regimes I and Il and r = 2
in regimes II and III are fit for our studies. The under-
cooling degree is AT = T?n — T.. For PHBV, Tg is 6°C,
T% is 187.1°C, and U* is 10.25 kJ; b, was calculated
from the average dimensions of the orthorhombic unit
cell [a = 0.576 nm, b = 1.320 nm, c (fiber axis) = 0.595
nm, and space group = p2,2,2,] of PHBV in the tem-
perature range of interest.

Plots of « versus 1/[fT.(AT)] are shown in Figure 9;
calculated from the slopes of the straight lines, Kg is
9.59 X 10° and 6.17 X 10° for PHBV and the blend,
respectively. From the values of K,, the o, values for
PHBV and PHBV/PPC blend have been calculated.
These results are listed in Table III. The free energy for
the formed PHBYV crystals decreases with the incorpo-
ration of PPC. The nucleating effect of PPC has been
confirmed.

CONCLUSIONS

1. PHBV and PPC undergo a certain degree of
transesterification during the melt-blending pro-
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cess, and a certain interaction has been observed
between the two macromolecules.

2. During the crystallization process from the melt,
T. of the PHBV/PPC blend decreases by 8°C in
comparison with that for plain PHBV, and T,
decreases by 4°C. This indicates that the intro-
duction of PPC reduces the perfection of crystals
of PHBYV, inhibits the crystallization of PHBV,
and weakens its crystallization ability.

3. The T values of PHBV and the PHBV/PPC
blend (30/70) isothermally crystallized are 187.1
and 179°C, respectively.

4. o, of the developing crystals of PHBV isother-
mally crystallized from the melt decreases; how-
ever, the degree of crystallinity, the radial growth
rate of spherulites, T?,l, and the crystallization
capability of PHBV decrease with the addition of
PPC.
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