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ABSTRACT: In this work, nonisothermal melt crystallization and subsequent melting

behavior of poly(hydroxybutyrate) (PHB) and its nanocomposites at different multi-
walled carbon nanotubes (MWCNTSs) loadings were investigated. Increasing the
MWCNTs loadings has enhanced the nonisothermal melt crystallization of PHB sig-
nificantly in the nanocomposites when compared with that of the neat PHB; further-
more, increasing the cooling rates shift the crystallization exotherms to low tempera-
ture range for both neat PHB and its nanocomposites. Double melting behavior is
found for both neat PHB and its nanocomposites crystallized nonisothermally from
the melt, which is explained by the melting, recrystallization, and remelting model.
Effects of the MWCNTSs loadings, cooling rates, and heating rates on the subsequent
melting behavior of PHB were studied in detail. It is found that increasing the
MWCNTs loadings, decreasing the cooling rates, and increasing the heating rates
would restrict the occurrence of the recrystallization of PHB in the nanocomposites.

©2009 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 47: 2238-2246, 2009
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INTRODUCTION

Biodegradable polymers have received consider-
able attention in the last 2 decades. Among
them, poly(hydroxybutyrate) (PHB) is one of
the most extensively studied biodegradable
thermoplastic polymers. PHB is a truly biodegrad-
able and biocompatible polymer with relatively
high melting point (ca. 180 °C) and crystallinity
(>50%).! However, practical application of
PHB has often been limited by its brittleness
and narrow processing window. Therefore,
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polymer blending and nanocomposites prepara-
tion have often been used for its wide practical
application.

Miscible blends have been prepared by mixing
PHB with poly(vinyl acetate) (PVAc), poly(epi-
chlorohydrin) (PECH), poly(vinyl phenol) (PVPh),
poly(vinylidene fluoride) (PVDF), poly(vinylidene
chloride-co-acrylonitrile) (PVDCAN), and poly
(ethylene oxide) (PEO).2" On the other hand,
PHB is immiscible with poly(¢-caprolactone)
(PCL), poly(cyclohexyl methacrylate) (PCHMA),
poly(hydroxyoctanoate) (PHO), high-molecular-
weight poly(L-lactide) (PLLA), poly(methylene
oxide) (PMO), and poly(butylene succinate)
(PBSU).3 13 Recently, Di Lorenzo et al. and Ha
and Cho have reviewed the miscibility, properties,
and biodegradability of blends containing PHB
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and poly(3-hydroxybutyrate-co-hydroxyvalerate)
(PHBV), respectively.***?

Compared with polymer blends, only few works
have been reported on the preparation, character-
ization, crystallization, and properties of PHB-
based polymer nanocomposites.’®2° The nanofil-
lers used for the preparation of PHB-based nano-
composites are clay and carbon nanotubes
(CNTs). PHB/clay nanocomposites usually form
intercalated hybrids and show significant
improvement in thermal and mechanical proper-
ties of the matrix when compared with that of the
neat polymer. The amount of silicate and the na-
ture of organic modifier play a dominant role in
determining the extent of intercalation in PHB/
clay nanocomposites. The crystallization of PHB
is accelerated in the nanocomposites because clay
particles act as a strong nucleating agent; further-
more, the rate of biodegradation of PHB is
enhanced dramatically in the nanohybrids when
compared with that of the neat polymer.'5?
Recently, PHB/single-walled carbon nanotubes
(SWCNTs) nanocomposites have been prepared
by solution casting method using chloroform as
cosolvent. The crystalline size substantially
decreased for the PHB/SWCNTs nanocomposite
with a 1% weight fraction of SWCNTs when com-
pared with that of the neat PHB; moreover, the
polymer nanocomposite films showed an increase
in hardness and Young’s modulus with increasing
SWCNTSs contents.?’

However, to the best of our knowledge, biode-
gradable PHB/multiwalled carbon nanotubes
(MWCNTs) nanocomposites have not been
reported so far in the literature. Recently, we
have prepared PHB/MWCNTSs nanocomposites at
different MWCNTs loadings and studied the mor-
phology, isothermal crystallization kinetics, and
thermal properties by various techniques.?! It is
found that the crystallization of PHB has been
enhanced in the presence of MWCNTSs due to the
heterogeneous nucleation effect; furthermore, the
thermal stability of PHB/MWCNTSs has also been
improved.

It is of great importance and interest to study
the crystallization behavior of biodegradable poly-
mers because it affects not only the crystalline
structure and morphology of semicrystalline poly-
mers but also the final physical properties and
biodegradability. Therefore, in this work, noniso-
thermal melt crystallization of neat PHB and its
nanocomposites at different MWCNTSs loadings
was investigated from the viewpoint of practical
application because most polymer processing
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operations are carried out under nonisothermal
conditions. Moreover, subsequent melting behav-
ior of neat PHB and its nanocomposites was also
studied to get a better understanding the effect of
the presence of MWCNTs and the loadings on the
multiple melting behavior of PHB in the nano-
composites crystallized nonisothermally from the
melt.

EXPERIMENTAL

PHB (M,, ~ 2.0 x 10°) was kindly supplied by Bio-
mer Company, Germany. The carboxyl-functional-
ized multiwalled carbon nanotubes (f-MWCNTs)
samples were purchased from Chengdu Institute
of Organic Chemistry, Chinese Academy of Scien-
ces. The outer diameter is around 30-50 nm, with
lengths ranging between 10 and 20 um. The PHB/
f-MWCNTs nanocomposites were prepared
through a solution mixing method. For the fabri-
cation of nanocomposites, PHB was mixed with
the addition of various f-MWCNTs contents, speci-
fied as 0.5, 1, and 2 wt % in the polymer matrix,
respectively. Chloroform was used as the mutual
solvent. On one hand, the appropriate amount of
f-MWCNTSs was added into chloroform. Then, the
mixture was sonicated with a KQ 3200E ultra-
sonic generator at 150 W for 1 h to make a uni-
formly dispersed suspension. On the other hand,
PHB was placed into chloroform at an elevated
temperature and stirred for 1 h to dissolve PHB
completely. Next, the PHB solution was added to
the f-MWCNTs suspension, and sonication was
continued at 150 W, with stirring for 6 h. The
PHB/f-MWCNTs solution was poured into a dish
to evaporate the solvent at room temperature. In
the case of neat PHB, it was dissolved into chloro-
form at 60 °C for 2 h and then cast on a Petri
dish. All the samples were further dried at 70 °C
under vacuum for 3 days to remove the solvent
completely. In this work, neat PHB and its three
PHB/-MWCNTs nanocomposites were abbrevi-
ated as 100/0, 99.5/0.5, 99/1, and 98/2, respec-
tively, with the first number referring to PHB,
whereas the second number referring to f-
MWCNTs.

A field emission scanning electron microscopy
(S-4700, Hitachi) was used to observe the mor-
phology of the surfaces of PHB/f-MWCNTSs nano-
composites, which were fractured in liquid nitro-
gen. All specimens were coated with gold before
examination. A Hitachi H-800 transmission elec-
tron microscopy (TEM) was also used to
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investigate the dispersion of f-MWCNTs in the
PHB matrix. Thin sections (with thickness of
about 50-70 nm) of the nanocomposites were pre-
pared under cryogenic conditions (—80 °C) using a
Leica EM FC6 ultramicrotome.

Nonisothermal melt crystallization and subse-
quent melting behavior of neat PHB and its nano-
composites at different -MWCNTs loadings were
carried out using a TA Instrument differential
scanning calorimetry (DSC) Q100 with a Univer-
sal Analysis 2000. The samples were first melted
at 190 °C for 3 min to erase any thermal history
of the samples and cooled to 20 °C at various
constant cooling rates ranging from 5 to 25 °C/
min. The samples were then heated to the melt
again to study the subsequent melting behavior
at a heating rate of 20 °C/min (if not otherwise
specified).

RESULTS AND DISCUSSION

Dispersion of f-MWCNTs in the PHB Matrix

It is well known that the dispersion of CNTs in
the polymer matrix must influence the physical
properties of polymer matrix. To improve the me-
chanical, electrical, and thermal performances of
the polymer matrix, a fine dispersion of CNTs in
the polymer matrix is usually required. Therefore,
SEM was used to observe the surfaces of PHB/f-
MWCNTs nanocomposites fractured in liquid
nitrogen for investigating the dispersion of f-
MWCNTs in the PHB matrix. Figure 1(a,b) shows
an overview on the fracture surface of a 98/2
nanocomposite at low and high magnification,
respectively. Bright dots and lines are the ends of
the broken -MWCNTS, indicative of a homogene-
ous dispersion of -MWCNTSs in the PHB matrix.
Moreover, the ends of individual f-MWCNTSs em-
bedded in the matrix can even be observed as
some nanotubes seem to be pulled out of the sec-
tion surface. The homogeneous dispersion of f-
MWCNTs has also been found for the 99.5/0.5 and
99/1 samples. No severe aggregation of f-
MWCNTs is found in the PHB matrix despite the
f-MWCNTs loadings, indicating that the variation
of fMWCNTs contents from 0.5 to 2 wt % does
not influence the dispersion and distribution of f-
MWCNTs in the polymer matrix significantly.
Figure 1(c) demonstrates the TEM image of the
ultrathin section of a 98/2 nanocomposite. It is
obvious from Figure 1(c) that -MWCNTs are ran-
domly dispersed in the PHB matrix without any
apparent aggregation. Meanwhile, it can even be

PHB-MWNT-2.0-5 200KV X100000

Figure 1. (a) SEM image of fracture surface for a
98/2 nanocomposite at low magnification, (b) SEM
image of fracture surface for a 98/2 nanocomposite at
high magnification, and (¢) TEM image of a 98/2
nanocomposite.
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observed that most -MWCNTs remain curved in
shape or even interwoven in the nanocomposite
because of the extreme flexibility of the nano-
tubes. Both SEM and TEM observations suggest
a homogeneous distribution of f-MWCNTSs in the
PHB matrix, which is probably due to the pres-
ence of carboxyl group of MWCNTs.

Nonisothermal Melt Crystallization of Neat PHB
and PHB/MWCNTs Nanocomposites at Different
f-MWCNTs Loadings

As described in the experimental section, noniso-
thermal melt crystallization of neat PHB and its
nanocomposites at different f-MWCNTs loadings
was studied with DSC at various cooling rates
ranging from 5 to 25 °C/min.

It is of great interest to investigate the pres-
ence of -MWCNTs and their loadings on the noni-
sothermal melt crystallization of PHB in the
nanocomposites. Figure 2 shows the DSC cooling
traces of neat PHB and its three nanocomposites
at 10 °C/min from the crystal-free melt as an
example. Neat PHB has a crystallization peak
temperature (T};) at around 98.5 °C, which shifts
to high temperature range in the presence of
f-MWCNTs. In the case of 99.5/0.5 and 99/1 sam-
ples, Tps shift to around 101.3 and 102.7 °C,
respectively; however, in the case of 98/2 sample,
T, shifts to around 108.2 °C. It is obvious that Ts
of the nanocomposites are always higher than
that of the neat PHB at the same cooling rate,
indicating that the presence of -MWCNTs plays a
dominant role in accelerating the crystallization
of PHB due to the heterogeneous nucleation effect
in the nanocomposites. Thus, it can be concluded
that the presence of f-MWCNTSs enhances the
nonisothermal melt crystallization of PHB in the
nanocomposites with respective to neat PHB; fur-
thermore, the enhancement is affected signifi-
cantly by the f-MWCNTSs contents. Similar results
were also found in other MWCNTs-based nano-
composites with PHBV, PLLA, and isotactic poly-
propylene (i-PP) being polymer matrix.?>* The
effect of f-MWCNTs loadings on the enhancement
of nonisothermal melt crystallization of PHB is
not significant if the FfMWCNTs loadings are less
than 1 wt %; however, such enhancement effect
becomes very significant for the PHB/f-MWCNTs
nanocomposite containing 2 wt % f-MWCNTs.

It is also well known that the nonisothermal
melt crystallization of semicrystalline polymers
must also be influenced by the cooling rates.
Therefore, in this work, the effect of cooling rates
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Figure 2. DSC cooling traces of neat PHB and its
nanocomposites with different f-MWCNTs loadings at
10 °C/min.

on the nonisothermal melt crystallization of neat
PHB and the PHB/f-MWCNTs nanocomposites
was further studied. Figure 3(a,b) displays the
DSC cooling traces of neat PHB and the 99/1
nanocomposite crystallized nonisothermally from
the melt at different cooling rates, respectively.
For both neat PHB and the nanocomposite, the
crystallization exotherms shift to low temperature
range with increasing cooling rate. For neat PHB,
Ty is around 101.4 °C at a cooling rate of 5 °C/
min, shifting to low temperature range with the
increase of cooling rate. At a cooling rate of 25 °C/
min, T}, of neat PHB is found to be around 91.9
°C. For the 99/1 nanocomposite, T, is around
113.4 °C at a cooling rate of 5 °C/min. Similar to
neat PHB, Ts of the 99/1 nanocomposite shift to
low temperature range with increasing the cool-
ing rates, too. For instance, T}, of the 99/1 nano-
composite decreases to be around 96.2 °C at a
cooling rate of 25 °C/min. Moreover, it can be seen
that the difference in T';s between neat PHB and
the nanocomposite is particularly significant at
low cooling rates. As mentioned earlier, the differ-
ence in Ts between neat PHB and the 99/1 nano-
composite is around 10 °C at a low cooling rate of
5 °C/min; however, the difference decreases to be
only 4.3 °C at a high cooling rate of 25 °C/min. In
brief, the aforementioned results suggest that the
nonisothermal melt crystallization of PHB/f-
MWCNTSs nanocomposite is affected not only by
the presence of f-MWCNTSs but also by the cooling
rate.

Figure 4 summarizes the variation of T, with f-
MWCNTs loadings for neat PHB and its three
nanocomposites at different cooling rates. The
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Figure 3. DSC cooling traces of neat PHB and its
nanocomposite at indicated cooling rates; (a) neat
PHB and (b) 99/1 nanocomposite.

effects of both cooling rates and -MWCNTs load-
ings on the variation of T}, can be obtained clearly
from Figure 4 for both neat PHB and the PHB/f-
MWCNTSs nanocomposites at different -MWCNTSs
loadings. On one hand, T}, shifts to low tempera-
ture range with increasing cooling rate for both
neat PHB and its three nanocomposites irrespec-
tive of the ff-MWCNTs loadings. The samples do
not have enough time to crystallize at high tem-
perature range with increasing cooling rate;
therefore, the crystallization exotherms shift to
low temperature range. On the other hand, T';s of
PHB are always higher in the nanocomposites
than in neat PHB at a given cooling rate. Ts
becomes higher with increasing the f-MWCNTSs
loadings in the nanocomposites, indicating that
the nonisothermal melt crystallization of PHB is

enhanced by the presence of f-MWCNTSs, and the
degree of enhancement in T, is affected by the f-
MWCNTSs loadings.

It should be noted that the variation of T's is
only around 3 °C for neat PHB with decreasing
cooling rate from 10 to 5 °C/min; however, the var-
iations of Tys are around 9 °C for the PHB/f-
MWCNTSs nanocomposites despite the -MWCNTSs
loadings under the same crystallization condition.
For the nonisothermal melt crystallization at the
cooling rates faster than 10 °C/min, the difference
in T'ps is comparable for neat PHB and the PHB/f-
MWCNTSs nanocomposites with changing the cool-
ing rates. The aforementioned results suggest
that the heterogeneous nucleation effect induced
by the presence of f-MWCNTSs is more pronounced
at low cooling rates slower than 10 °C/min during
the nonisothermal melt crystallization. From
Figure 4, it is obvious that the presence of
f-MWCNTs can still enhance the nonisothermal
melt crystallization at high cooling rates faster
than 10 °C/min; however, the nucleation effect
induced by the presence of -MWCNTs becomes
less pronounced. The fact that the nucleation
effect becomes less pronounced at fast cooling
rates may suggest that the crystal growth rate
becomes a limiting factor at higher cooling rates
because of restriction of polymer chain mobility.?*
Thus, it seems that the cooling rates play a domi-
nant role in influencing the nonisothermal melt
crystallization of PHB in the PHB/f-MWCNTs
nanocomposites at faster cooling rates. In other
words, the nucleation effect induced by the pres-
ence of -MWCNTs is especially pronounced at
slow cooling rates, but is masked by restricted
crystal growth in the PHB/f-MWCNTSs nanocom-
posites at fast cooling rates, hence suggesting
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Figure 4. Variation of crystallization peak tempera-
ture with fMWCNTs loadings for neat PHB and its
nanocomposites at different cooling rates.
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mobility restriction. Miltner et al. also found simi-
lar results in the i-PP/MWCNTs nanocompo-
sites.?* Therefore, it can be concluded that noniso-
thermal melt crystallization of PHB/f-MWCNTSs
nanocomposites is influenced by both cooling rates
and the presence of -MWCNTSs as well as their
loadings.

Subsequent Melting Behavior of Neat PHB and
PHB/MWCNTs Nanocomposites Crystallized
Nonisothermally from the Melt

Double or multiple melting endotherms are often
found in semicrystalline polymers crystallized iso-
thermally from the melt at selective crystalliza-
tion temperature.?>3° Liu and Petermann have
recently summarized the possible origin of the
double or multiple melting endotherms as follows:
(1) melting, recrystallization, and remelting dur-
ing the DSC heating process, (2) the presence of
more than one crystal modifications (polymor-
phism), (3) variation in morphology (such as la-
mellar thickness, distribution, perfection, or sta-
bility), (4) physical aging or/and relaxation of the
rigid amorphous fraction, and (5) different molec-
ular weight species and so on.*! On the contrary,
few works have dealt with the double or multiple
melting endotherms of polymers crystallized noni-
sothermally from the melt at constant cooling
rates.>>3* However, much more attention should
be directed to the nonisothermal melt crystalliza-
tion and subsequent melting behavior of poly-
meric materials from the viewpoint of practical
application because most semicrystalline poly-
mers are usually processed nonisothermally from
the melt.

As introduced in the experimental section, sub-
sequent melting behavior of neat PHB and the
PHB/A-MWCNTs nanocomposites was investi-
gated in this work after crystallizing nonisother-
mally at constant cooling rates from the melt.
Effects of the f-MWCNTs loadings, cooling rates,
and heating rates on the subsequent melting
behavior of PHB were investigated in detail.

The effect of f-MWCNTSs loadings on the subse-
quent melting behavior of neat PHB and its nano-
composites was investigated first by DSC. Figure
5 shows the DSC heating traces of neat PHB and
the PHB/f-MWCNTSs nanocomposites at 20 °C/min
after crystallizing nonisothermally from the melt
at a cooling rate of 10 °C/min. As shown in Figure
5, two melting endothermic peaks are observed
for both neat PHB and the PHB/f-MWCNTs nano-
composites, which are labeled as T,; and T\, in
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Figure 5. Subsequent melting behavior of neat
PHB and its nanocomposites cooled from the melt at
10 °C/min. The heating rate is 20 °C/min.

the order of temperature from low to high. For
neat PHB, T,,; is around 160.2 °C and T,,9 is
around 168.4 °C. In the PHB/f-MWCNTs nano-
composites, T, shifts slightly to high tempera-
ture with increasing the -MWCNTs loadings. For
instance, T,1s become 161.3, 161.9, and 163.9 °C
for the PHB/f-MWCNTSs nanocomposites at 0.5, 1,
and 2% f-MWCNTs loadings, respectively. The
upward shift of 7,; may be related to the fact
that the corresponding crystal lamellae become
thicker with increasing the f-MWCNTs loadings
because they were formed at higher temperature
during cooling from the melt. On the contrary,
Tne shifts slightly to low temperature with
increasing the f-MWCNTs loadings in the PHB/f-
MWCNTSs nanocomposites. For example, T, is
around 170.4 °C for neat PHB, which shifts to be
around 169.1 and 168.4 °C, respectively, for the
nanocomposites at 0.5 and 1% f-MWCNTs load-
ings. In the case of the 98/2 nanocomposite, it is
hard to observe T,,» because it is significantly
suppressed and overlapped with 7',;. Moreover,
T1 increases gradually in area, whereas Ty,
diminishes gradually with increasing the f-
MWCNTs loadings in the PHB/f-MWCNTSs nano-
composites, resulting in that the magnitude of the
T 1 relative to that of the 7', becomes larger.

As shown in Figure 5, neat PHB and PHB/f-
MWCNTSs nanocomposites show double melting
behavior after crystallizing nonisothermally from
the melt at a cooling rate of 10 °C/min. Such dou-
ble melting behavior may be explained by the
melting, recrystallization, and remelting model.
Twn1 corresponds to the melting of the crystals
formed during the nonisothermal crystallization
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from the melt at a constant cooling rate, whereas
Two corresponds to the melting of the crystals
formed through recrystallization and reorganiza-
tion of the crystals of T\,; during the subsequent
DSC heating scans.?*%°

According to the melting, recrystallization, and
remelting model, double melting curves observed
by DSC are the superposition of three contribu-
tions, that is, an endotherm associated with the
melting of the original crystals formed before the
DSC scan, an exotherm corresponding to recrys-
tallization following the initial melting, and an
endotherm associated with the melting of crystals
formed by recrystallization. The scanning rate de-
pendence on the multiple melting behavior is of-
ten regarded as the evidence of the melting—
recrystallization model. To verify the melting and
recrystallization mechanism, we studied the heat-
ing rate dependence of melting behavior of neat
PHB and its nanocomposites. Figure 6(a,b) shows
the scanning rate dependence of the melting
behavior of neat PHB and the 99/1 nanocomposite
crystallized nonisothermally from the melt at a
cooling rate of 10 °C/min, respectively. At the
heating rates not higher than 10 °C/min, two
melting endotherms and one crystallization exo-
therm are found for the subsequent melting
behavior of neat PHB. Furthermore, the shape of
the two melting endotherms is found to vary with
the heating rate. The magnitude of T),; in area
relative to that of T, becomes larger with
increasing heating rate, indicating that the
recrystallization of PHB is restricted with increas-
ing heating rate because the time for PHB to melt
and recrystallize becomes shorter during the
heating process. Finally, T, becomes a shoulder
next to the main melting endothermic peak T,
as the heating rate of 40 °C/min is used. For the
99/1 nanocomposite, it shows the similar subse-
quent melting behavior as neat PHB. It should be
noted that the crystallization exotherm between
the two melting endotherms can only be found at
slow heating rates of 2.5 and 5 °C/min, respec-
tively. When the heating rate is faster than 10 °C/
min, both the two melting endotherms are
observed for the subsequent melting behavior of
the 99/1 nanocomposite, whereas the exothermic
contribution is masked and overlapped by both
endothermic ones; thus, crystallization exotherm
is not found during the DSC heating scan. As the
heating rate of 40 °C/min is used, T, is heavily
suppressed because of restricted mobility and
becomes a shoulder next to T',;. It is also interest-
ing to discuss the effect of f-MWCNTSs on the mo-
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Figure 6. Effect of heating rates on the subsequent
melting behavior of neat PHB and its nanocomposite
cooled from the melt at 10 °C/min; (a) neat PHB and
(b) 99/1 nanocomposite. The heating rates are shown
in the figure.

bility and multiple melting behavior of PHB in
the PHB/f-MWCNTs nanocomposites. The mobil-
ity of PHB is reduced in the PHB/f-MWCNTSs
nanocomposites because polymer chain diffusion
constraints become more significant in a geomet-
rically confined space with increasing the f-
MWCNTs loading. The reduced mobility further
inhibits the occurrence of recrystallization of PHB
in the PHB/f-MWCNTSs nanocomposites at higher
f-MWCNTs loadings.?* In conclusion, the subse-
quent melting behavior of neat PHB and the
PHB/f-MWCNTs nanocomposites is convincingly
explained on the basis of melting, recrystalliza-
tion, and remelting model.
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Figure 7. Subsequent melting behavior of neat
PHB and its nanocomposite after cooling from the
melt at indicated cooling rates; (a) neat PHB and (b)
99/1 nanocomposite. The heating rate is 20 °C/min.

In addition, the effect of cooling rates on the
subsequent melting behavior of neat PHB and its
nanocomposites was also investigated in this
work. Figure 7(a,b) illustrates the DSC heating
traces at 20 °C/min for neat PHB and the 99/1
nanocomposite, respectively, crystallized noniso-
thermally from the melt at the cooling rates rang-
ing from 5 to 25 °C/min. As shown in Figure 7,
two melting endothermic peaks are observed for
both neat PHB and the 99/1 nanocomposite,
respectively. For neat PHB, T',; is around 160 °C,
whereas T, is 169 °C. Furthermore, it is clear
that T, is the major endothermic melting peak
compared with T',» despite the cooling rates used.
With increasing cooling rate, the shape of the two
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melting endotherms is found to vary. The magni-
tude of T2 in area relative to that of T\,; becomes
larger with increasing cooling rate, indicating
that the recrystallization of PHB is enhanced
with increasing cooling rate. The aforementioned
results are reasonable because the time for PHB
to crystallize becomes shorter with increasing
cooling rate; thus, the crystals formed during the
nonisothermal melt crystallization are not so per-
fect and stable, such that they will recrystallize
and reorganize into more perfect and stable crys-
tals during the subsequent heating scans. There-
fore, T'no becomes more obvious when the high
cooling rates are used. In case of the 99/1 nano-
composite, it shows the similar double melting
behavior as in neat PHB. T,,; is around 163 °C
and T, is around 169 °C. Under the same condi-
tion, T2 seems not so obvious in the nanocompo-
site than in neat PHB, indicating that the pres-
ence of FfMWCNTSs may restrict the recrystalliza-
tion of PHB in the nanocomposites compared with
that of the neat PHB. The restricted recrystalliza-
tion of PHB in the nanocomposites may be
explained as follows. The presence of - MWCNTSs
plays a strong heterogeneous nucleation role in
influencing the nonisothermal melt crystallization
of PHB in the nanocomposites, resulting in that
the nonisothermal melt crystallization of PHB
has been enhanced significantly. Therefore, the
crystals for the nanocomposites are more perfect
and stable than those for neat PHB when the
same cooling rate is used; thus, T},; should be
higher in the nanocomposites than in neat PHB.%*
Accordingly, during the subsequent heating scans,
it is easier for neat PHB to recrystallize because
of the unstable crystals. On the other hand, it is
more difficult for PHB in the nanocomposites to
recrystallize because the crystals are more stable
and perfect than those in neat PHB. In addition,
it should also be noted that the increased mobility
restriction is an important factor in hampering
the recrystallization of PHB in the PHB/-
MWCNTSs nanocomposites as discussed in the pre-
vious section.

CONCLUSIONS

In this work, nonisothermal melt crystallization
and subsequent melting behavior of neat PHB
and PHB/f-MWCNTSs nanocomposites at different
f-MWCNTs loadings were investigated in detail.
It is found that increasing cooling rates shift the
crystallization exotherms to low temperature
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range for both neat PHB and its nanocomposites.
The presence of fMWCNTs plays an important
role in enhancing the nonisothermal melt crystal-
lization of PHB in the nanocomposites due to the
heterogeneous nucleation effect; moreover, noni-
sothermal melt crystallization shifts to high tem-
perature range with increasing the f-MWCNTSs
loadings. Subsequent melting behavior of neat
PHB and its nanocomposites at different f-
MWCNTSs loadings was studied systematically by
considering the effects of the f-MWCNTs loadings,
cooling rates, and heating rates. In most cases,
double melting behavior is found for both neat
PHB and its nanocomposites. Based on the melt-
ing, recrystallization, and remelting model, subse-
quent melting behavior of neat PHB and its nano-
composites can be explained very well. In brief,
increasing the f-MWCNTs loadings, decreasing
the cooling rates, and increasing the heating rates
would restrict the occurrence of the recrystalliza-
tion of PHB in the nanocomposites.
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