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Abstract

The effect of thermal history on morphology, melting and crystallisation behaviour of bacterial poly(3-hydoxybutyrate) (PHB) have been
investigated by using differential scanning calorimetry (DSC), temperature modulated DSC (TMDSC) and hot stage optical microscopy
(HSOM). Various thermal histories were imparted by crystallisation with different continuous and modulated cooling techniques that involve
cool–heat and cool–isothermal segments. The subsequent melting behaviour revealed that all samples experienced secondary crystallisation
during heating and the extent of secondary crystallisation was varied depending on the treatment. PHB samples crystallised under slow to
moderate continuous cooling rates were found to exhibit double melting behaviour due to melting of DSC scan-induced secondary crystals, but
to a lesser extent. Samples subjected to a fast cooling rate gave amorphous PHB, while considerable secondary crystallisation/annealing took
place under modulated cooling conditions. Additionally, the effect of melting conditions was also investigated by applying various continuous
and modulated programs. The overall melting behaviour was rationalised in terms of recrystallisation and/or annealing of crystals. Interestingly,
the samples analysed by temperature modulation programs showed a broad exotherm before the melting peak in the non-reversing curve and a
multiple melting reversing curve, verifying that the melting–recrystallisation and remelting process is also operative. HSOM studies supported
that the radial growth rate of the PHB spherulites was significantly varied upon the crystallisation conditions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Poly(3-hydroxybutyrate) (PHB) is a biopolyester having
a chemical structure of [–O–CH–(CH3)–CH2–(C=O)–]n.
PHB was first discovered in 1925 by Lemoigne[1]. PHB
is usually produced by bacterial fermentation, and it has
attracted enormous attention in agricultural, pharmaceuti-
cal and medical industry due to its biocompatibility and
biodegradability. Since PHB degrades in all environments,
it has been widely used in the packaging industry as a
biodegradable polymer to minimise environmental pollu-
tion. PHB is a controversial polymer with many interesting
characteristics. It’s continuing interest as a commercial
biopolymer and its various thermal and mechanical proper-
ties have made the subject of many studies[1–5]. PHB is
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a highly crystalline thermoplastic polymer with a relatively
high melting temperature (in the range of 170–180◦C) and
a glass transition temperature in the range of 0–5◦C. It
undergoes thermal degradation at temperatures around the
melting temperature[2,6]. PHB of natural origin has perfect
stereoregularity, high purity and high degree of crystallinity
so that it has been considered as a model polymer to study
crystallisation and morphology[7]. PHB has low nucleation
density and crystallises slowly to form large spherulites
[8].

Differential scanning calorimetry (DSC) has been a vital
technique to study melting and crystallisation behaviour
and the morphology of polymers. However, the interpre-
tation of a DSC scan is often dubious due to various un-
derlying transformations (recrystallisation, reorganisation
and annealing) simultaneously occurring during heating.
Temperature modulated differential scanning calorime-
try (TMDSC) techniques, such as modulated differential
scanning calorimetry (MDSC) and step-scan differential
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scanning calorimetry (SSDSC) have been established over
the past few years as an alternative technique to produce
new and different information on thermal transition of poly-
mers relative to conventional DSC[9–11]. Its theory and
operating principles are extensively described elsewhere
[9–14]. TMDSC uses a periodical temperature modulation
(sinusoidal, iso-scan and heat–cool) over a traditional linear
heating or cooling ramp and is capable of giving accurate
heat capacity measurements and separating underlying ki-
netic and thermodynamic phenomena with better resolution
and sensitivity. For all modulations, the time temperature
(t–T) program can be written as a sum of linear and periodic
parts (Tp):

T(t) = T0 + β0t + Tp(t)

where To is the initial temperature andβ0 the average
heating rate.

In these experiments, there are two main methods to anal-
yse the resulting modulated heat flow: reversing/non-rever-
sing (NR) total heat flow or heat capacity approach as
described by Reading and coworkers[9] and complex heat
capacity approach by Schawe[10]. Despite the method
used, three types of curves can normally be derived from
the modulated DSC experiments: total heat flow or heat
capacity curve (totalCp, same as conventional DSC curve),
in-phasecurve (reversing or storage) andout-of-phasecurve
(kinetic or loss)[15,16]. In addition, the non-reversing heat
capacity curve (NRCp) can be obtained by the difference
between the totalCp and reversing heat capacity (C′

p).
This curve is particularly useful for determining irreversible
processes such as enthalpy relaxation, evaporation, cold
crystallisation, chemical reactions, curing, decomposition
and recrystallisation. The reversing curve represents the
effects that are thermodynamically reversible at the time
and temperature at which they are detected, whereas the
out-of-phasecurve is expected to show irreversible phe-
nomena within the modulation conditions.

SSDSC technique has recently become available and de-
veloped as a simplified version to MDSC[17]. It utilises a
heat–isothermal (or cooling–isothermal) program, where the
isothermal segment continues until the heat flow is decreased
to within a predetermined set-value (criteria). The thermody-
namic response only occurs during the heating (or cooling)
segment and reflects the reversible changes of the sample.
The kinetic response yields the kinetic processes and extracts
from the isothermal segment. The equation that describes the
heat flow response is given by dQ/dt = Cp(dT/dt)+f(t, T),
where dQ/dtis the heat flow,Cp the heat capacity, dT/dt
the heating rate andf(t, T) the kinetic response. The in-
terpretation of results is similar to the MDSC, and the
reversing (thermodynamicCp signal, reversible under the
experimental conditions) and non-reversing (Isok base-
line, kinetic) contributions can be directly extracted from
data.

Since PHB is slow to reach crystallisation equilibrium,
its thermal history can be readily controlled by its crystalli-

sation conditions. PHB is brittle in nature. de Koning et al.
have shown that it can also undergo physical ageing during
the storage at room temperature increasing the brittleness
[18]. The phenomenon of secondary crystallisation of ini-
tially formed crystals has been suggested, and researchers
have also shown that PHB can be toughened by anneal-
ing [18,19] and crack-free spherulites can be grown from
the melt by controlling the crystallisation conditions[20].
Investigation of non-isothermal crystallisation behaviour is
important during the industrial processes, such as extrusion
and moulding. In this paper, the influence of thermal his-
tory is explored using a range of non-isothermal crystalli-
sation conditions, including modulated cooling programs.
The melting of PHB is studied using continuous fast and
slow heating, as well as TMDSC and step-scan conditions.
A morphological study of PHB is carried out using HSOM
with different crystallisation conditions related to the DSC
cooling treatments.

2. Experimental

2.1. Sample preparation

Bacterial PHB was obtained from Sigma Aldrich Chemi-
cals, Australia, as a white powder (Mw = 2.3×105 g mol−1

andMn = 8.7×104 g mol−1 [21]). PHB (1 g) was dissolved
in 100 mL of chloroform and filtered by vacuum filtration to
remove the insoluble fraction or impurities. Semi-crystalline
films were obtained by solvent casting at room tempera-
ture. The resulting films (∼60�m thick) were further dried
in vacuum at 50◦C for 3 h to remove residual solvent and
moisture. Films were stored in a desiccator under nitrogen
atmosphere prior to use.

2.2. Differential scanning calorimetry

All thermal treatments and measurements were performed
in a Perkin-Elmer Pyris 1 DSC (Pyris software 3.81) oper-
ated at subambient temperature mode with an Intracooler. In
the Perkin-Elmer DDSC, iso-scan, heat–cool and step-scan
modes are available. About 2–3 mg of sample was sealed in
a 10�L aluminium pan, and all scans were carried out under
inert nitrogen (20 mL min−1). High purity indium and oc-
tadecane were used for temperature calibration and indium
standard was used for calibration of heat flow. Furnace cal-
ibration was performed according to the manufacturer in-
structions.

Samples were treated at different crystallisation condi-
tions: continuous cooling at rates of 2, 10 and 200◦C min−1

from 190 to −20◦C and modulated cooling using both
cool–heat, iso-scan modes at an average rate of 2◦C min−1.
Before the treatment, all samples were melted at 190◦C for
5 min to destroy any previous thermal history. In order to
avoid thermal decomposition during temperature modula-
tion at higher temperatures, the samples were rapidly cooled
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to 140◦C from 190◦C at a nominal rate of 100◦C min−1 and
held for 2 min. The modulated cooling program was then
immediately followed from 140 to−20◦C. The cool–heat
program used linear segments of cooling and heating with
cooling rate of 6◦C min−1 for 30 s followed by heating at
2◦C min−1 for 30 s, respectively. The iso-scan program was
of linear segments of cooling and isothermal with a cooling
rate of 4◦C min−1 for 30 s followed by isothermal for 30 s.
Both of these programs provided a frequency of 16.7 mHz
(period= 60 s), an average cooling rate of 2◦C min−1 and
a temperature amplitude of 1◦C for cool–heat and 0.5◦C
for iso-scan. Standard DSC melting scans of the treated
samples were then obtained from−20 to 190◦C at a rate of
10◦C min−1. From the DSC melting scans, glass transition
temperature (Tg), cold crystallisation temperature (Tcc),
melting temperature (Tm) and enthalpy of fusion (�Hm)
were determined. Crystallisation temperature (98.2◦C) and
onset of crystallisation temperature (109.4◦C) were deter-
mined from DSC cooling scan obtained at 10◦C min−1

rate.
TMDSC melting scans were obtained by using a heat–cool

and iso-scan modulation from−20 to 190◦C. As explained
above, heat–cool and iso-scan melting scans were performed
at an average rate of 2◦C min−1 heating rate with a period of
60 s and modulation amplitudes of 1 and 0.5◦C, respectively.
The heat flow data from the TMDSC scans were then used to
calculate the total heat capacity (totalCp), storage heat ca-
pacity (C′

p) and loss heat capacity (C′′p). The non-reversing
heat capacity (NRCp) curve was obtained by subtracting the
C′

p curve from totalCp curve. The step-scan DSC melting
scans of treated samples were obtained with the same aver-
age heating rate of 2◦C min−1 with a period of 60 s (tem-
perature increment of 2◦C with each 30 s isothermal and
scanning segments) from−20 to 190◦C. Specific heat cal-
culation for heat flow response was carried out considering
the area. The data points for isothermal segment were col-
lected within the 0.05 mW s−1 criteria value. For each type
of scan, a baseline was recorded with matched empty alu-
minium pans using the same methods. All standard DSC and
TMDSC and SSDSC curves were corrected using the ap-
propriate baselines recorded under identical conditions and
converted to specific heat capacity curves. The crystallinity
was calculated using the equation:

XcPHB = �HPHB

�H0
PHB

where�H0
PHB is the enthalpy of melting of pure crystals

146 J g−1 [22] and�HPHB the measured enthalpy of melting
for PHB.

2.3. Optical microscopy

The morphologies of PHB films were observed using a
Nikon Labophot 2 polarised optical microscope with a Met-
tler FP90 hot stage and images were captured using Nikon

digital camera. The solvent cast PHB films were mounted on
glass slides and covered by cover slips. The specimens were
first heated on a hot stage from room temperature to 190◦C
at a rate of 5◦C min−1 and maintained at this temperature for
3 min before cooling. The morphological study of PHB was
carried out using four different crystallisation conditions:
isothermal crystallisation, continuous slow and fast cooling
rates from 140◦C to room temperature and three-step crys-
tallisation under a nitrogen atmosphere. Isothermal crystalli-
sation behaviour was observed by maintaining the sample
for 1 h at 80◦C after cooling at a rate of 5◦C min−1 from
190◦C. The cooling rates of 10 and 2◦C min−1 were used to
provide analogues behaviour to the DSC treatment of poly-
mers. The three-step crystallisation was performed by keep-
ing samples for 5 min at 140, 120 and 90◦C after cooling
to 140◦C at 5◦C min−1 rate and followed by 20◦C min−1

from 140 to 120 and 120–90◦C. This crystallisation method
was used to provide a step-wise isothermal program anal-
ogous to the iso-scan cooling program in the TMDSC but
with larger steps.

3. Results and discussion

3.1. Effect of crystallisation conditions

Fig. 1 shows the standard DSC melting scans of PHB
obtained at a rate of 10◦C min−1 after various crystalli-
sation treatments. These samples were crystallised by
continuous cooling rates at 200, 10 and 2◦C min−1 and
modulated cooling at an average rate of 2◦C min−1. The
corresponding thermal data, glass transition, crystallisation
and melting temperatures, enthalpies and crystallinity, are
listed in Table 1. A single melting peak in the range of
168–174◦C was observed for all samples, except for the
samples treated at 2 and 10◦C min−1 rates. These samples
showed a melting peak with a shoulder that emerged from
the higher temperature side of the melting peak (as indi-
cated by an arrow). The sample cooled at a 2◦C min−1 rate
(SC2-PHB) had a relatively sharper peak with the lowest
Tm value (167.4◦C) and a shoulder at 172.5◦C, while PHB

Table 1
Thermal data of PHB samples treated by different cooling treatments

Polymer Tg

(◦C)
Tcc

(◦C)
�Hcc

(J g−1)
Tm1

(◦C)
Tm2

(◦C)
�Hm

(J g−1)
Xc

FC200-PHB 0.03 46.4 47.9 173.1 – 81.0 0.56
CC10-PHB – – – 168.2 173.2 103.9 0.71
SC2-PHB – – – 167.4 172.5 92.5 0.63
HC2-PHB – – – 171.2 – 86.0 0.59
IS2-PHB – – – 171.4 – 97.4 0.67

FC200-PHB cool 200◦C min−1, heat 10◦C min−1; CC10-PHB cool
10◦C min−1, heat 10◦C min−1; SC2-PHB slow cool 2◦C min−1,
heat 10◦C min−1; HC2-PHB heat–cool average rate 2◦C min−1,
heat 10◦C min−1; IS2-PHB iso-scan average rate 2◦C min−1, heat
10◦C min−1.
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Fig. 1. DSC specific heat melting curves of PHB obtained at a rate of
10◦C min−1 after crystallising with various conditions. The crystallisation
conditions (indicated on curves) involved fast cooling at 200◦C min−1,
slow cooling at 2◦C min−1, moderate cooling at 10◦C min−1 and dynamic
cooling at an average rate of 2◦C min−1 (an adapted scale is drawn by
adding 15 units to each curve).

crystallised at 200◦C min−1 rate (FC200-PHB) showed a
much broader peak with the highestTm (173.1◦C). It can
also be seen fromFig. 1 (last three curves) that as the
cooling rate increases, melting peaks are shifted towards
higher temperatures and peak becomes broader, indicating
the melting may be accompanied by recrystallisation for
the samples crystallised at faster rates. The recrystallisation
process causes the development of the second melting peak
during the DSC heating, while the first melting peak is due
to formation of primary crystals during the cooling process.

The double or multiple melting behaviour is not uncom-
mon for PHB and its copolymers depending on the crys-
tallisation conditions[23]. Multiple melting behaviour of a
polymer is usually proposed to link either to the process
of partial melting and recrystallisation and remelting (mrr)
or to melting of crystals with different lamellar thickness
and/or different crystal structures[24]. It has been shown
that mrr process is operative for melt-crystallised PHB[25].
The data also suggested that the extent of recrystallisation
during heating was less for the SC2-PHB and CC10-PHB.
Similar behaviour was reported by Chen et al. for PHB and
maleated PHB as the cooling rates increases[25].

As seen inTable 1, CC10-PHB sample had the highest
crystallinity (Xc, 0.71) and the FC200-PHB sample crys-
tallised at a 200◦C min−1 rate had the lowest (0.56). The
latter sample was rapidly cooled to create samples with
lower initial crystallinity. As expected, the heating scan of
FC200-PHB shows a glass transition (as marked on the
curve) at about 0◦C and an exothermic cold crystallisa-
tion peak at 46◦C, suggesting the development of amor-
phous PHB during the extremely fast-cooled treatments[25].
In contrast, the highly crystalline PHB samples that were
crystallised at rates of 10◦C min−1 or lower showed no
Tg or cold crystallisation peaks in the DSC scans. The in-
creased crystallinity of CC10-PHB may be due to the re-
crystallised and/or annealed PHB crystals during the melting
scan.

Two cooling modulations were used to impart different
thermal histories, a cool–heat cycle and an isothermal–cool
cycle. It is also interesting to note that the PHB samples
cooled by both temperature modulation methods gave single
endothermic peaks (upper two curves inFig. 1) with similar
Tm (171◦C) values, but with different crystallinity. Again,
the shift ofTm to a higher temperature and the presence of a
broader peak indicated the occurrence of mrr process during
heating. The crystallinity of the IS2-PHB sample (0.67) is
rather higher than HC2-PHB (0.59) sample. Modulated cool-
ing in a TMDSC has been known to anneal polymer crystals.
Menzel has found that modulated cooling can be used to en-
hance the perfection of poly(p-phenylene sulphide) crystals
formed during the conventional cooling from the melt, and
the perfection is significantly improved by remelting and re-
crystallisation of outer lamella layers[26].

In the cool–heat cycle, the cooling step can initiate some
crystallisation when the temperature is sufficiently low. Dur-
ing the heating part of the cycle, unstable crystals can melt,
so that during the next cooling cycle the polymer has another
opportunity to crystallise in a more stable way. Hence, the
crystals formed at the end of all cycles are expected to be
more stable than crystals formed during continuous cooling
where the opportunity to re-melt and crystallise is limited.
Under an iso-scan program, which contains a sequence of
cooling and isothermal steps, the polymer has the oppor-
tunity to crystallise under isothermal conditions at a series
of decreasing isothermal temperatures. Thus, the samples
treated by iso-scan program had greater equilibration time
than the samples from cool–heat method. Since iso-scan
method allows more time for the rearrangement of unstable
crystals. Therefore, the increased crystallinity of IS2-PHB
compared with HC2-PHB could be attributed to the crys-
tal perfection during the isothermal step. Polymers are of-
ten crystallised under isothermal or non-isothermal cooling
conditions. Under isothermal conditions the perfection of
the crystals is determined by the chosen temperature. Under
non-isothermal cooling conditions, the formation and per-
fection of crystals are controlled by the cooling rate. How-
ever, under the step-wise conditions of modulated cooling,
crystals can equilibrate.
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Fig. 2. DSC specific heat melting curves of PHB obtained from var-
ious melting programs after crystallising at a rate of 2◦C min−1. The
melting conditions (indicated on curves) involved continuous melting at
2◦C min−1 and dynamic melting at an average rate of 2◦C min−1 using
TMDSC and SSDSC programs (an adapted scale is drawn by adding 15
units to each curve).

3.2. Influence of melting conditions

The behaviour of PHB under the various melting condi-
tions was investigated. PHB samples were prepared by con-
tinuous cooling at a rate of 2◦C min−1 from 190 to−20◦C
and analysed by using various melting conditions of conven-
tional DSC, TMDSC (iso-scan and heat–cool) and step-scan
DSC with an average heating rate of 2◦C min−1. The melt-
ing curves are presented inFig. 2 and the corresponding
crystallinity, melting temperature and enthalpy values are
listed in Table 2. Varied melting behaviour was observed
under each heating profile. The sample (SC2-PHB-DSC2)
analysed by conventional DSC program (continuous heat-
ing at a rate of 2◦C min−1) had two sharp, but unresolved
melting peaks. As discussed earlier, the lower melting peak
at 172◦C may be due to the melting of primary crystals and
the higher peak (178◦C) could be attributed to the melting
of recrystallised crystals. Interestingly, the melting curve of
the sample cooled at 2◦C min−1, but heated at 10◦C min−1

(SC2-PHB, third curve inFig. 1) showed single melting peak
(167.4) with an overlapped shoulder at 172.5◦C, whereas

Table 2
Thermal data of PHB samples melted by various heating programs

Polymer Tm1 (◦C) Tm2 (◦C) �Hm (J g−1) Xc

SC2-PHB-DSC2 172.4 177.6 86.1 0.59
SC2-PHB-HC2 170.1 176.6 89.8 0.62
SC2-PHB-IS2 164.0 171.7 95.1 0.65
SC2-PHB-SSDSC2 167.5 170.4 98.2a 0.67

SC2-PHB-DSC2 cool 2◦C min−1, heat 2◦C min−1; SC2-PHB-HC2 cool
2◦C min−1, heat–cool average rate 2◦C min−1; SC2-PHB-IS2 cool
2◦C min−1, iso-scan average rate 2◦C min−1; SC2-PHB-SSDSC2 cool
2◦C min−1, step-scan average rate 2◦C min−1.

a �Hm is taken from thermodynamicCp curve.

the PHB sample that was crystallised and melted at the rate
of 2◦C min−1 (SC2-PHB-DSC2) gave clearly two melting
peaks at 172.4 and 177.6◦C, supporting the phenomenon of
recrystallisation during melting. The heating rate used was
2◦C min−1, which is regarded as a relatively slow scan rate
and at that rate PHB molecules would have enough time to
undergo recrystallisation.

The PHB samples, crystallised at a 2◦C min−1 rate were
also analysed by TMDSC.Fig. 2 displays the total spe-
cific heat melting curves obtained by both heat–cool and
iso-scan modulation programs with an average heating
rate of 2◦C min−1, and the totalCp curve is suggested to
give a similar level of information as does conventional
DSC [27]. These melting curves also exhibited overlapped
double melting endotherms, suggesting the presence of
mrr process. Nevertheless, the PHB sample analysed by
TMDSC heat–cool program gave better resolved double
melting peaks appeared at 170 and 177◦C, while the melt-
ing peaks obtained from iso-scan program (SC2-PHB-IS2)
showed much broader peaks (164 and 172◦C) at lower
temperatures. In these curves, the area of the secondary
crystal melting peak is higher than the primary crystal
melting peak, suggesting the large degree of recrystalli-
sation. The melting curve analysed by step-scan DSC
heating program also demonstrates a very broad peak that
contains two largely overlapped melting peaks (167 and
170◦C), indicative of significant recrystallisation during
melting. As observed before, the crystallinity was higher
for the modulated heating samples (Table 2), suggesting
the annealing of crystals during the modulated heating.
Further clarification of these curves can be obtained from
Figs. 3 and 4.

Illustrated inFig. 3a and bare the storage (reversing),
loss, and non-reversing specific heat capacity curves de-
rived from the TMDSC heat–cool and iso-scan melting
scans, respectively. The corresponding data are listed in
Table 3. The melting transition can be seen in all curves.
TheC′

p curve of SC2-PHB-HC2 sample shows three small
melting peaks: a broad melting peak at about 162◦C fol-
lowed by two melting peaks at 172 and 178◦C, while the
NRCp curve shows a broad exothermic peak before melt-
ing (indicated by arrow∼150◦C) and two large melting
endotherms. As mentioned previously, the reversing heat
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Fig. 3. Modulated specific heat curves of slow-cooled PHB obtained by (a) heat–cool and (b) iso-scan programs. Total specific heat, reversing specific heat,
loss specific heat and non-reversing specific heat curves (indicated on curves) are shown (an adapted scale is drawn by adding 10 units to each curve).

capacity signal contains the reversible component of the
total heat capacity, while the NR signal represents all irre-
versible component of the total heat capacity at the time
and temperature of the modulation. The exothermic-only
or both endothermic and exothermic behaviour of NRCp

curve has also been observed for other polymers such
as poly(ethylene-2,6-napthalenedicarboxylate)[28,29] and
polyethylenes[30,31] depending on the crystal stability.
The presence of an exothermic NR contribution suggested
that PHB experienced significant recrystallisation and/or
annealing throughout the heating process. It is often not
possible to detect the recrystallisation exotherm in the con-

Table 3
TMDSC data of polymers after different melting conditions

Polymer Tm (total Cp)
(◦C)

�Hm (total Cp)
(J g−1)

Tm (C′
p)

(◦C)
�Hm (C′

p)

(J g−1)

Tm (NRCp)
(◦C)

�Hm (NRCp)
(J g−1) (◦C)

Tm

(C′′
p)

�Hm (C′′
p)

(J g−1)

SC2-PHB-HC2 170.1 89.8 162.1 26.0 170.2 63.8 170.0 79.8
176.6 172.2 176.6 176.2

SC2-PHB-IS2 164.0 95.1 157.3 49.0 164.1 46.1 162.2 71.0
171.7 166.1 171.7 170.2

SC2-PHB-SSDSC2 – – 167.5a 98.2 169.5 14.5 – –
170.4 176.0

a Tm is taken from thermodynamicCp curve.

ventional DSC scan due to the offset of recrystallisation
exotherm and melting endotherm. The loss specific heat
curve, which also represents the irreversible contribution
during the modulation, is a part of the NRCp curve. It
shows exactly zero baseline up to 120◦C, suggesting there
is no structural changes involved before that temperature.

The analogous melting behaviour was also observed
in the correspondingC′

p curves for the sample scanned
using TMDSC iso-scan program (Fig. 3b), but displayed
a much broader endothermic signal. Similarly, the corre-
sponding NRCp curves of SC2-PHB-IS2 sample illustrated
that certain exothermic activity was also involved before
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Fig. 4. (a) Raw heat flow, (b) thermodynamicCp, (c) IsoK baseline and
(d) IsoK baseline (corrected) of SC2-PHB from the SSDSC experiment.

the melting of PHB. The enthalpies of reversing and NR
components are shown inTable 3. It can be seen that
the reversing contribution is significantly smaller than the
non-reversing contribution, indicating that PHB sample had
perfect crystals. It has been known that poorly crystallised
polymers have a larger reversing melting contribution and
smaller NR contribution, while perfect crystals show a little
or none has smaller reversing and larger NR contributions
[11]. Analogous results has been reported for the TMDSC
studies of poly(ethylene succinate) and poly(butylene succi-
nate) biopolymers by Qiu et al.[32]. Endothermic melting
can be detected in both reversing and non-reversing spe-
cific heat curves. But, exothermic behaviour is detected
only in the non-reversing specific heat capacity curve be-
cause the slow kinetics cause a heat flow response, which
is not in-phase with the temperature oscillation[11]. Stable
primary crystals contribute to melting, which is fully re-
versible in the reversing curve because it is in-phase with the
modulation.

SSDSC scan results the raw heat flow, thermodynamicCp

and IsoK baseline curves (curves a, b and c, respectively),
shown inFig. 4. The thermodynamicCp curve, which is
similar to reversingCp shows only thermodynamic changes
during the heating while the IsoK baseline or non-reversing
Cp clearly represents the kinetic changes of the sample
[17]. Both IsoK baselines (corrected (curve d) and uncor-

rected) reveal that PHB may undergo some recrystallisation
during melting, as is evidenced by the exothermic peaks
(indicated by an arrow). The IsoK baseline is similar to
the non-reversing curve shown inFig. 3b obtained using
iso-scan TMDSC, in that there is an exotherm followed
by a double melting endotherm of similar shape in each
curve. The step-scan method does not involve a Fourier
transform, it uses the approach to equilibration during
the isothermal region of each step to obtain the IsoK, or
kinetic, contribution. As in TMDSC, the endothermic melt-
ing is also evident in both thermodynamicCp and IsoK
baseline signals[17]. Therefore, SSDSC data supported
that the presence of melting–recrystallisation–remelting
process.

3.3. Morphological studies

Hot stage optical microscopy (HSOM) provide a direct
view of the polymer during crystallising, while DSC re-
sults give an indirect view of the physical changes as it is
heated, cooled or maintained under isothermal conditions.
The crystal morphologies of PHB with various treatments
were observed by polarised optical microscopy. As seen
in Fig. 5, different crystal morphologies were obtained un-
der various crystallisation conditions. All images showed
the characteristics large spherulites that contain Maltese
cross-birefringent pattern and concentric extinction bands
[19]. A sharp fibril structure growing radially with large
radius was seen for the isothermally crystallised PHB at
80◦C (Fig. 5a). Both images inFig. 5b and cshowed char-
acteristic concentric bands; however the higher nucleation
density was noticed for CC10-PHB. Slow cooling permit-
ted larger crystals with lower nucleation density compared
with faster cooling that showed smaller crystal size with
increased nucleation density. Furthermore, the fast-cooled
samples showed larger band spacing compared with slow
cooled samples.

Fig. 5d shows the OM images obtained after stepwise
isothermal crystallisation (isothermal crystallisation at 140,
120 and 90◦C). This was performed to mimic the TMDSC
iso-scan cooling behaviour. At 120◦C, uniform small crys-
tals appear; but not covering all the area due to the slow
growth rate at this temperature. No crystals were appeared
at 140◦C, since PHB was in the melt. In order to see the
details of morphology development after the third isother-
mal step at 90◦C. These findings are consistent with the
large individual spherulites of PHB previously observed
[1,19]. Separation of bands and regularity of bands varied
with crystallisation temperatures and conditions[33,34].
Isothermal and slow-cooled samples provided a large av-
erage radius of the spherulites indicating a low nucleation
density [8]. It is these large spherulites that are respon-
sible for the brittleness of PHB[20]. These results pro-
vided clear evidence of crystal growth dependence of PHB
under different crystallisation conditions using TMDSC
techniques.
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Fig. 5. Polarised optical micrographs (magnification 100×) of PHB after various cooling treatments: (a) isothermal crystallisation at 80◦C; (b) continuous
cooling at 2◦C min−1, (c) continuous cooling at 10◦C min−1 cooling, (d) at 90◦C after three-step cooling.

4. Conclusions

PHB has been crystallised using various non-isothermal
cooling profiles including TMDSC cool–heat and cool–
isothermal step-wise programs. Subsequent melting be-
haviour of these samples revealed that all samples expe-
rienced secondary crystallisation during heating and the
extent of secondary crystallisation was varied depending on
the treatment. SC2-PHB and CC10-PHB samples undergo
less recrystallisation, while FC200-PHB gave amorphous
PHB with lower crystallinity. Considerable secondary crys-
tallisation/annealing was noticed for the samples treated
with modulated cooling conditions. Moreover, the effect
of melting conditions was also investigated by applying
various continuous and modulated programs. The overall
melting behaviour was rationalised in terms of recrystallisa-
tion and/or annealing of crystals. Interestingly, the samples
analysed by temperature modulation programs showed a
broad exotherm before the melting peak in the non-reversing
curve and a multiple melting reversing curve, verifying that
the melting–recrystallisation and remelting process is also
operative. Various crystal morphologies obtained by HSOM
confirmed the thermal history effect on PHB.
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