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Melting and thermal history of poly(hydroxybutyrate-co-
hydroxyvalerate) using step-scan DSC
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Abstract

Melting behaviour and crystal morphology of poly(3-hydroxybutyrate) (PHB) and its copolymer of poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) with various hydroxyvalerate (HV) contents [5 wt.% (PHB5HV), 8 wt.% (PHB8HV) and 12 wt.% (PHB12HV)] have been
investigated by conventional DSC, step-scan differential scanning calorimetry (SDSC) and hot-stage polarised optical microscopy (HSPOM).
Crystallisation behaviour of PHB and its copolymers were investigated by SDSC. Thermal properties were investigated after different crys-
tallisation treatments, fast, medium and slow cooling. Multiple melting peak behaviour was observed for all polymers. SDSC data revealed
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hat PHB and its copolymers undergo melting–recrystallisation–remelting during heating, as evidenced by exothermic peaks i
aseline (non-reversing signal). An increase in degree of crystallinity due to significant melt–recrystallisation was observed for sl
opolymers. PHB5HV showed different crystal morphologies for various crystallisation conditions. SDSC proved a convenient a
ethod for measurement of the apparent thermodynamic specific heat (reversing signal) HSPOM results showed that the crystall
nd sizes of spherulites were significantly reduced as crystallisation rate increased.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Poly(3-hydroxybutyrate) (PHB) and its copolymers
ith 3-hydroxyvalerate (HV) having chemical struc-

ures of [ OCH(CH3)CH2(C O) ]n and [ OCH(CH3)CH2
C O) ]x[ OCH(C2H5)CH2(C O) ]y respectively are syn-
hesised by bacteria. In addition to biosynthesis, they have
ttracted much interest because of their biocompatibility and
iodegradability. They have relatively high melting temper-
tures (Tm), up to 170◦C for the homopolymer[1,2]. Their
elatively high glass transition temperatures (Tg) and crys-
allinity have made them too brittle for many applications.
he copolymers have more suitableTg, but they are slow to
each crystallisation equilibrium. They crystallise slowly to
orm large crystals. Their continuing interest as biopolymers

∗ Corresponding author. Tel.: +61 3 9925 2122; fax: +61 3 9639 1321.
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and their slow crystallisation equilibration have made th
the subject of many crystallisation studies[3].

Differential scanning calorimetry (DSC) is a valua
technique to study melting and crystallisation behaviou
polymers. The interpretation of DSC results is difficult
to various transformations occurring simultaneously
ing heating. Temperature modulated differential scan
calorimetry (TMDSC) has attracted much interest sinc
development in 1992, because of its ability to disting
apparent thermodynamic (reversing signal) and kinetic (
reversing signal) events under the prevailing DSC modula
conditions[4–6]. The theory and operating principles h
been thoroughly described[4–9].

Three types of curves can be derived from the experim
total heat flow or heat capacity curve (totalCp, the same a
a conventional DSC curve), the in-phase curve (reversin
storage) and out-of-phase curve (loss)[10]. In addition a non
reversing heat capacity (kinetic) curve can be obtained
the difference between the total and reversingCp.

040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Another TMDSC method, called step-scan DSC (SDSC)
has recently become available[11]. SDSC utilises a
heat–isothermal (or cool–isothermal) program, where the
isothermal segment continues for a set time and heat flow
is decreased to within a predetermined set-value (criteria).
The apparent thermodynamic response only occurs during
the heating (or cooling) segment and reflects the reversing
changes within the sample. The time-dependent response re-
flects the kinetic processes and is extracted from the isother-
mal baseline 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/dtthe
heating rate andf(t,T) the kinetic response. The interpreta-
tion of results is similar to other forms of TMDSC. Anal-
ysis of the heat flow signal provides two curves: the ap-
parent thermodynamicCp (Cp,ATD) signal (reversible under
the experimental conditions or reversing) and the IsoK base-
line Cp (Cp,IsoK) (kinetic or non-reversing) curves. We have
chosen to define these terms in this way since the Perkin-
Elmer definition of ‘thermodynamic specific heat’ creates
some controversy in that it is not a true thermodynamic pa-
rameter, yet it is obtained differently from the other revers-
ing heat flow or capacity obtained from TMDSC methods.
A Fourier transformation is not involved for the heat capac-
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stored in desiccator under nitrogen atmosphere prior to
use.

2.2. SDSC method and data analysis

All measurements and thermal treatments were performed
using a Perkin-Elmer series Pyris 1 DSC (Pyris software
3.81) operated in subambient temperature mode with an In-
tracooler 2P. About 2–3 mg of polymer was sealed in a 10�L
aluminium pan, and all scans were carried out under inert ni-
trogen (20 mL min−1). High purity indium and octadecane
were used for temperature calibration and indium standard
was used for calibration of heat flow. The furnace was cali-
brated according to the manufacture recommendation. Spe-
cific heat capacity results were calibrated using a sapphire
standard.

The SDSC melting scans of samples with controlled ther-
mal history were obtained with an average heating rate of
2◦C min−1 and a period of 60 s (a temperature increment of
2◦C with each 30 s scanning segments) from−20 to 190◦C.
Each polymer was heated to the melt at 190◦C for 3 min to
remove any prior thermal history. The PHB5HV were treated
by cooling at 200, 20 and 2◦C min−1 rates. Specific heat cal-
culation from heat flow response of the SDSC scans was car-
ried out using the area method. The data for each isothermal
segment was collected to within a 0.005 mW s−1 baseline cri-
t ed to
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ty calculation from SDSC heat flow as for other TMD
ethods and the method is free of experimental prob

uch as thermal gradients, sine wave distortions or pha
12].

The aim of this work is to study the influence of therm
istory of PHB copolymers with HV (PHBHV) using a ran
f non-isothermal crystallisation conditions. The melting
HB and its copolymers is studied using the SDSC techn
DSC has recently been used to characterise polyanhy

13] pigments[11] and poly(ethylene oxide)[12]. A morpho-
ogical study of PHBHV is carried out using HSPOM w
rystallisation conditions related to the DSC cooling tr
ents.

. Experimental

.1. Sample preparation

Bacterial PHB and poly(3-hydroxybutyrate-co-3-hyd
yvalerate) with various HV contents [5 wt.% (PHB5HVA
wt.% (PHB8HV) and 12 wt.% (PHB12HV)] were o

ained from Sigma-Aldrich Chemicals as white powd
Mw = 2.3× 105 g mol−1 andMn = 8.7× 104 g mol−1 [14] of
HB). Polymer (1 g) was dissolved in 100 mL of ch

oform and filtered under vacuum to remove any ins
le fraction or impurities. Semi-crystalline films were

ained by solvent casting at room temperature. The re
ng films were further dried in vacuum at 50◦C for 3 h to
emove any a residual solvent and moisture. Films w
eria. The heat flow data from the SDSC scans were us
alculate the apparent thermodynamic heat capacity (Cp,ATD)
nd IsoK baseline heat capacity (Cp,IsoK). All SDSC curves
ere corrected using an appropriate baseline recorde
er identical conditions with matched empty aluminium p
hen converting to specific heat capacity curves. From
DSC heating scans, glass transition temperature (Tg), cold
rystallisation temperature (Tcc), melting temperature (Tm)
nd enthalpy of fusion (	Hm) were determined.

The crystallinity was calculated using the equation:

c = 	Hm/	H◦
PHB

here	H◦
PHB is the enthalpy of melting of pure PHB cryst

46 J g−1 [15] and	Hm the measured enthalpy of melti
or each polymer.

.3. Optical microscopy

The crystal morphologies of PHB5HV copolymer w
bserved using a Nikon Labophot 2 polarising opt
icroscope with a Mettler FP90 hot stage and ima
ere captured using a Nikon digital camera. Each film
ounted on a glass slide under a cover slip. The speci
ere first heated on a hot-stage from room temper

o 190◦C at a rate of 5◦C min−1 and maintained at th
emperature for 3 min before cooling. The morpholog
tudy of PHB5HV was carried out using three differ
rystallisation conditions: isothermal crystallisation, c
inuous slow and fast cooling rates from 140◦C to room
emperature after cooling to 140◦C at 5◦C min−1 under
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nitrogen atmosphere. Isothermal crystallisation behaviour
was observed by maintaining the sample for one hour at
80◦C after cooling at 5◦C min−1 from 190◦C. Cooling
rates of 20 and 2◦C min−1 were used to provide analogous
behaviour to the DSC treatment of the polymers.

3. Results and discussion

3.1. Evaluation of SDSC results

Fig. 1 shows SDSC curves obtained for PHB, with
2◦C min−1 average heating rate after treatment by cooling
at 2◦C min−1. SDSC results of the raw heat flow, apparent
thermodynamicCp and IsoK baseline curves (curves a, b
and c respectively) are shown in this figure. The thermody-
namicCp curve, which is similar to a reversingCp shows
the temperature dependence of specific heat and reversing
latent heat changes during heating. The IsoK baseline, simi-
lar to non-reversingCp, represents the kinetic changes of the
PHB [12]. Both IsoK baselines [heat capacity (curve d) and
heat flow (curve c)] reveal that PHB undergoes some recrys-
tallisation during melting, as evidenced by small exothermic
peaks (indicated by an arrow). As in other TMDSC meth-
ods, the endothermic melting is also evident in bothCp,IsoK
andC curves[12,16]. The double or multiple melting
b e at-

F
h
f

Fig. 2. SDSC method and resulting: (a) heat flow, (b) IsoK baseline and (c)
temperature profiles.

tributed to secondary crystallisation, which can occur during
the melting process as well as during storage at room tem-
peratures[2,17]. The SDSC data provided clear evidence of
the presence of melting–recrystallisation–remelting.

The baseline subtracted heat flow, IsoK baseline and sam-
ple temperature versus time plots (curves a, b and c respec-
tively) are shown for PHB inFig. 2. In the SDSC method,
each linear heating segment is immediately followed by an
isothermal temperature segment (signal X). The DSC in-
creased the temperature to new value at a selected heating
rate (signal Y, at 4◦C min−1), after which it was again held
isothermally at a higher temperature (signal Z). The sample
heat flow response approached equilibrium until the prede-
termined criteria (0.005 mW s−1) was satisfied during each
isothermal segment (segment P). The sample absorbed heat
from its surroundings during the heating segments and the
heat flow increased (segment Q). The method then repeated
the previous two method segments, and each time the temper-
ature progressively increased.Fig. 2shows the linearisation
region that was used to calculate the IsoK baseline (curve b)
during isothermal segments. The thermodynamicCp values
were calculated from the area between the heat flow and the
IsoK baseline during each heating segment.

3.2. Effect of hydroxyvalerate content

at
a y
c with
2
a rate
o ion,
c s ob-
t .
M con-
p,ATD
ehaviour of PHB has been known and suggested to b
ig. 1. (a) Raw heat flow, (b) apparent thermodynamicCp, (c) IsoK baseline
eat flow (thick line) and (d) IsoK baselineCp of 2◦C min−1 cooled PHB

rom SDSC.

v e
c linity
o

PHB, PHB5HV, PHB8HV and PHB12HV crystallised
2◦C min−1 rate from 190 to−20◦C were analysed b

onventional DSC (Fig. 3) and SDSC melting scans
◦C min−1 average heating rate.Fig. 4 displays theCp,ATD
nd Cp,IsoK curves obtained with an average heating
f 2◦C min−1. Corresponding thermal data, glass transit
old crystallisation, melting temperatures and enthalpie
ained fromCp,ATD andCp,IsoK curves are listed inTable 1
elting temperatures and enthalpies were obtained from

entional DSC scans at a heating rate 2◦C min−1, and thes
onventional DSC curves were used to calculate crystal
f the polymers (Table 1).
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Fig. 3. Conventional DSC curves of PHB and its copolymers after cooling
at 2◦C min−1, for separation 10 units were added to each curve.

Unresolved double melting peaks were observed in the
range of 144.2–177.9◦C for each polymer scanned by the
conventional DSC program. PHB displayed a lower temper-
ature melting peak at 172.4◦C due to melting of primary crys-
tals and a higher shoulder at 177.9◦C that was attributed to the
melting of recrystallised crystals. Furthermore, the smaller
area of the second melting peak indicated that the amount of
recrystallised crystals was smaller compared with the primary
crystals. The copolymers showed double melting peaks with
lower melting temperatures than the melting temperatures of

Fig. 4. SDSC curves of PHB and its copolymers after cooling at 2◦C min−1.
Cp,ATD curves (full) and IsoK baseline (dashed), for separation 10 units were
added to each curve.

PHB (Table 1). In contrast to PHB the smaller areas of the
lower melting peaks were attributed to the amount of primary
crystals, which was smaller than the recrystallised crystals in
the copolymers. The highest crystallinity was 0.62 for PHB,
lower crystallinities of 0.58, 0.51, and 0.47 were obtained
for PHB5HV, PHB8HV and PHB12HV copolymers respec-
tively. In the case of bacterial PHBHV, it is well known that
the minor comonomer unit is excluded in the crystal lattice

Table 1
Thermal data for PHB and its copolymers with various hydroxyvalerate contents

Polymer Tm

(total)
(◦C)

	Hm

(total)
(J g−1)

Tg

(Cp,ATD)
(◦C)

Tm

(Cp,ATD)
(◦C)

	Hm

(Cp,ATD)
(J g−1)

Tcc

(Cp,IsoK)
(◦C)

	Hcc

(Cp,IsoK)
(J g−1)

Tm

(Cp,IsoK)
(◦C)

	Hm

(Cp,IsoK)
(J g−1)

Xc
a

SC2-PHB 172.4 90.1 – 169.6 116.0 – – 173.8 21.3 0.62
177.9 172.8

SC2-PHB5VA 152.9 84.7 – 150.5 121.2 – – 166.5 10.1 0.58
165.5 158.6

SC2-PHB8VA 147.6 74.6 – 143.4 103.8 – – 163.5 4.0 0.51
160.2 155.6

SC2-PHB12VA 144.2 69.0 −3.9 140.2 126.6 41.0 36 166.2 3.9 0.47
163.3 157.2

SC2-PHB: 2◦C min−1 cool PHB, SC2-PHB5VA: 2◦C min−1 cool PHB5VA, SC2-PHB8VA: 2◦C min−1 cool PHB8VA, SC2-PHB12VA: 2◦C min−1 cool
PHB12VA.

a Crystallinity was calculated using	Hm (total) curve.
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of the major comonomer unit. The minor comonomer unit
would interrupt the crystallisation behaviour of the major
comonomer component and the former is excluded from the
crystalline region, resulting in a decreased degree of crys-
tallinity [18].

PHB and its copolymers crystallised at a rate of
2◦C min−1 were studied using SDSC.Fig. 4 displays the
Cp,ATD andCp,IsoK specific heat capacity curves derived from
the SDSC iso-scan heating scans. The melting transitions can
be seen in each curve. TheCp,ATD curve of PHB shows one
melting peak with shoulder that emerged from the higher
temperature side, while theCp,IsoK shows a broad exother-
mic peak before melting (at about 165◦C, indicated by an ar-
row) and a sharp melting endotherm at 173.8◦C. Analogous
melting behaviour was observed in theCp,ATD curves of both
PHB5HV and PHB8HV showing one melting peak with a
shoulder on the lower temperature side of the peak, whereas
theCp,IsoK showed a broad exothermic peak before melting
followed by an endothermic peak. In contrast, theCp,ATD
curve of PHB12HV showed a glass transition temperature of
−3.9◦C and broad melting peak with a shoulder on the lower
temperature side. TheCp,IsoK showed a cold crystallisation
peak at 41◦C, a broad exothermic peak (marked on the curve)
and one melting endotherm. This sample with the highest HV
content showed increasing amorphous behaviour, due to the
greater comonomer exclusion from crystals.
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curves obtained from SDSC scans of PHB and its copoly-
mers.

Under an iso-scan SDSC heating program, which contains
a sequence of heating and isothermal steps, the polymer has
the opportunity to melt and recrystallise during the isother-
mal conditions at a series of increasing isothermal temper-
atures. Thus, the polymers heated by the iso-scan program
had greater equilibration time than the polymers analysed
by conventional DSC (continuous heating) method, since the
iso-scan method allowed more time for the rearrangement of
unstable crystals. Therefore, the increased enthalpy observed
by SDSC scans of PHB and its copolymers was attributed to
crystal perfection during the isothermal steps.

Cp,ATD curves of all polymers showed unresolved double
melting peaks, whereasCp,IsoK data demonstrated exother-
mic peaks in the melting region suggesting the presence of a
melting–recrystallisation–remelting (mrr) process. As men-
tioned before, endothermic melting was also observed in the
Cp,IsoK. As the HV content increased,Tm of copolymers was
shifted towards a lower temperature (Table 1). The shift of
Tm to a lower temperature and lower crystallinity suggest
that the copolymers contain thinner lamellar crystals due to
the higher comonomer content. The slight shift in the shape
of the melting peak to lower temperatures suggests crystal-
lites (lamella) with reduced thermal stability had been formed
[23].
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As mentioned previously, theCp,ATD provides the revers
ng component of the total heat capacity, whereas theCp,IsoK
epresents the non-reversing component of the total he
acity, similar to reversing and non-reversing signals o
ourier transformation-based TMDSC iso-scan method[19].
he exothermic only or both endothermic and exothe
ehaviour of the non-reversingCp curve of TMDSC ha
een observed for other polymers such as poly(ethylene
apthalene dicarboxylate)[20,21]and polyethylenes[22] de-
ending on crystal stability.

The exothermic peak of non-reversing curves inFig. 4
uggested that PHB and its copolymers with HV provi
ignificant recrystallisation and/or annealing throughou
DSC heating process. Due to the overlay of the re

allisation exotherm and the melting endotherm, the rec
allisation exotherm is not observed in a conventional D
can. The reversing contribution was considerably decre
ith increased of HV content, which formed thinner lame

hough at a slower rate as indicated by the crystallisa
xotherm of PHB12HV. Wunderlich et al. have reported
oorly crystallised polymers have a larger reversing me
ontribution and smaller non-reversing contribution, w
erfect crystals exhibit only a small reversing and a la
on-reversing contribution[6]. Endothermic melting can b
bserved in both reversing and non-reversingCp curves, bu
xothermic behaviour was detected only in the non-reve
p curve because the slow crystallisation kinetics caus
eat flow response, which is not in-phase with the tem
ture oscillation of the TMDSC scan[6]. Similar behaviou
an be detected inCp,ATD andCp,IsoK specific heat capaci
The double or multiple melting behaviours are comm
or PHB and its copolymers depending on the crystallisa
onditions[24]. Multiple melting behaviour of a polymer
sually proposed to link either to the process of mrr o
elting of crystals with different lamellar thickness and
ifferent crystal morphology[25]. It has been shown th

he mrr process operated for melt crystallised PHB an
opolymers with various hydroxyvalerate content. The
uggested that the extent of recrystallisation during he
as less for slow-cooled polymers. At a slow cooling rate

hese polymers except PHB12HV may form relatively w
rganised lamellae, which undergo less rearrangement

.3. Influence of crystallisation conditions

Fig. 5displaysCp,ATD andCp,IsoK curves calculated from
DSC heating scans of PHB5HV obtained at an average

ng rate of 2◦C min−1 after cooling at rates of 200, 20 a
◦C min−1. The corresponding thermal data, glass tra

ion, cold crystallisation and melting temperatures, entha
nd crystallinity, are listed inTable 2. As expected, the r
ersible event ofTg (as indicated by an arrow) is shown in
p,ATD curves as a step change although irreversible eff
old crystallisation exothermic peaks and the recrystallisa
eaks, are present in theCp,IsoKcurves. A single melting pea
as observed for all crystallisation conditions, except

he sample cooled at 2◦C min−1. The slow-cooled PHB5H
howed a melting peak with a shoulder that emerged from
ower temperature side of the melting peak (as indicated
rrow). The sample cooled at a 2◦C min−1 had the lowestTm
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Table 2
SDSC thermal data for PHB5HV treated by different cooling treatments

Polymer Tg (Cp,ATD)
(◦C)

Tm (Cp,ATD)
(◦C)

	Hm

(Cp,ATD)
(J g−1)

Tcc (Cp,IsoK)
(◦C)

	Hcc

(Cp,IsoK)
(J g−1)

Tm (Cp,IsoK)
(◦C)

	Hm

(Cp,Isok)
(J g−1)

FC200-PHB5VA −2.6 159.9 110.4 31.8 17.4 167.0 8.4
MC20-PHB5VA −2.3 159.8 114.4 31.5 17.5 167.1 8.2
SC2-PHB5VA 158.6 121.2 – – 166.5 10.1

150.5

FC200-PHB5VA: 200◦C min−1 cool PHB5VA, MC20-PHB5VA: 20◦C min−1 cool PHB5VA, SC2-PHB5VA: 2◦C min−1 cool PHB5VA.

value (158.6◦C) and a shoulder at 150.5◦C, while PHB5HV
crystallised at 20 and 200◦C min−1 showed a higher melt-
ing peak at 159.9◦C. As the cooling rate increased, melting
peaks were shifted towards higher temperatures and peaks
became broader indicating the melting may be accompa-
nied by recrystallisation for the PHB5HV crystallised at
faster rates. The recrystallisation caused the development
of a second melting peak during the SDSC heating scan,
while the first melting peak was due to melting of primary
crystals.

According to the thermal data inTable 2, the PHB5HV
sample crystallised at 2◦C min−1 rate had the highest crys-

F
r
s

tallinity of 0.83 and the 200◦C min−1 cooled PHB5HV
sample had the lowest crystallinity (0.76). Both 20 and
200◦C min−1 cooled PHB5HV show a glass transition
as marked on the curves at−2.6 and −2.3◦C respec-
tively and an exothermic cold crystallisation peak (Tcc)
at ∼32◦C, confirming more amorphous polymer during
the fast-cooled treatments[26]. In contrast, the highly
crystalline PHB5HV that was crystallised at a rate of
2◦C min−1 showed noTg or cold crystallisation peaks in
theCp,ATD or Cp,IsoK curves under non-isothermal cooling
conditions, the fraction and perfection of crystals was con-
trolled by the cooling rate. The increased crystallinity of
2◦C min−1 cooled polymer may be due to the recrystallised
and/or annealed PHB5HV crystals during the SDSC melting
scan.

3.4. Morphological studies

The crystal morphology of PHB5HV was observed by po-
larised optical microscopy after isothermally, slow and fast
cooling crystallisation conditions. As illustrated inFig. 6,
different crystal morphologies were obtained under various
crystallisation conditions. All images showed the characteris-
tic larger spherulites that contain a Maltese cross-birefringent
pattern and concentric extinction bands[27]. A sharp fibril
s for
i
a PHB
c
1 ents
w ts of
t

m-
p rge
c aller
c hus,
t than
ig. 5. SDSC curves of PHB5HV after different cooling treatments; cooling
ates are shown on the curves.Cp,ATD curves (full) andCp,IsoK (dashed), for
eparation 10 units were added to each curve.

f d for
a uous
c ally
c and
t the
s ith
t ers
tructure growing radially with a large radius was seen
sothermally crystallised PHB5HV at 80◦C (Fig. 6a).Fig. 6b
nd c shows the polarised optical microscopy images of
ooled at 2 and 20◦C min−1 from 140◦C and 5◦C min−1 to
40◦C from the melt respectively. These cooling treatm
ere performed analogous to the DSC cooling treatmen

his polymer (curves for 2 and 20◦C min−1).
Slow cooling initiated crystallisation at a higher te

erature with low nucleation density permitting la
rystals to grow, whereas faster cooling resulted in sm
rystal size induced by increased nucleation density. T
he slow-cooled polymers have larger spherulites
ast-cooled polymers. Banded spherulites were observe
ll copolymers and the sizes of the spherulites of contin
ooled polymers were smaller than when isotherm
rystallised. The improved mechanical properties
hermal behaviour of PHB copolymers are attributed to
pherulite growth[28]. These findings are consistent w
he large individual spherulites of PHB and its copolym
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Fig. 6. Polarised optical microscopy images (100×) of: (a) PHB5HV after
isothermal crystallisation at 80◦C, (b) PHB5HV cooling at 2◦C min−1 and
(c) PHB5HV cooling at 20◦C min−1.

previously observed[2,27]. Separation of bands and reg-
ularity of bands varied with crystallisation temperatures
and conditions[29]. Isothermal and slow-cooled polymers
provided a large average spherulite radius indicating a low
nucleation density[30]. It is these large spherulites that are
responsible for the brittleness of copolymers of PHB with
low HV content[31]. These results provided clear evidence
of crystal growth dependence of PHB5HV on crystallisation
conditions.

4. Conclusion

The SDSC approach has proved valuable in the interpreta-
tion of melting of PHB and PHBHV copolymers. The results
have interpreted multiple melting peak behaviour and the in-
creased degree of crystallinity of melt–slow-cooled polymers
as due to the melt–recrystallisation process occurring dur-
ing subsequent heating. This phenomenon was evidenced
by the irreversible effects shown by exothermic peaks in
Cp,IsoK and reversing events in theCp,ATD signals, which can-
not be obtained by standard DSC analysis. The influence of
HV content in the copolymers of PHB was revealed by the
SDSC method. The SDSC method separated reversing and
non-reversing contribution without Fourier transformation,
by step-wise measurement of specific heat.
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