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a b s t r a c t

In the present study the correlation between the melting behaviour of poly(3-hydroxybutyrate) (PHB)
original, non-reorganized crystals and the crystallinity increase during isothermal crystallization is pre-
sented and discussed. Since the reorganization processes modify the melting curve of original crystals, it
is necessary to prevent and hinder all the processes that influence and increase the lamellar thickness.
PHB exhibits melting/recrystallization on heating, the occurring of lamellar thickening in the solid state
being excluded. The first step of the study was the identification of the scanning rate which inhibits PHB
recrystallization at sufficiently high Tc. For the extrapolated onset and peak temperatures of the main
melting endotherm, which is connected to fusion of dominant lamellae, a double dependence on the
eorganization crystallization time was found. The crystallization time at which Tonset and Tpeak change their trends was
found to correspond to the spherulite impingement time, so that the two different dependencies were
put in relation with primary and secondary crystallizations respectively. The increase of both Tonset and
Tpeak at high crystallization times after spherulite impingement was considered an effect due to crys-
tal superheating and an indication of a stabilization process of the crystalline phase. Such stabilization,
which produces an increase of the melting temperature, is probably connected with the volume filling

te im
that occurs after spheruli

. Introduction

The microbially synthesized poly(3-hydroxybutyrate) (PHB) is
n environmentally friendly polymer that has been object of
ncreasing interest in the last decades because of its biodegrad-
bilty and biocompatibility [1]. PHB is a semicrystalline, isotactic
olymer with a relatively high crystallinity, which makes it a tough
nd quite brittle material.

The intrinsic fragility, together with the very low resistance to
hermal degradation during processing has limited up to now the
ractical applications of plain PHB, even because it was found that
oth the incorporation of different hydroxyalkanoate monomeric
nits and the mixing with different polymers improve markedly the
hermal and mechanical properties of the material [2–4]. Notwith-
tanding, poly(3-hydroxybutyrate) is a good candidate for the study
f some aspects of polymer crystallization and melting. In fact, PHB

s an extremely pure material, not containing catalyst residues,

hich could promote heterogeneous nucleation, being commer-
ially produced by a batch fermentation process [5]. During crystal
ucleation a very small number of nuclei are generally produced in
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pure PHB [6,7]. This makes poly(3-hydroxybutyrate) a model poly-
mer for the quantitative estimation of time-dependent effects in
polymer crystallization and melting.

Differential scanning calorimetry (DSC) is the most widely used
experimental technique for the study of crystallization and melt-
ing behaviours of polymers, but the interpretation of a DSC melting
profile of a semicrystalline polymer is generally not straightfor-
ward due to underlying transformations (crystal thickening and/or
perfecting, recrystallization) that often occur simultaneously with
fusion during a typical heating experiment. The extent of these
processes is highly influenced by the heating rate and depends on
the reorganization rate of the firmly coupled amorphous and crys-
talline regions. For polymers undergoing reorganization via crystal
thickening and melting/recrystallization, the measured melting
temperature increases with lowering the heating rate [8]. Since
reorganization and recrystallization are processes slower than
melting, a major effect on the melting behaviour is observed at
low heating rates. The melting/recrystallization process is more
pronounced in samples crystallized at low temperatures, and pro-

gressively reduce with increasing the crystallization temperature,
since the original crystals, progressively more perfect, have less ten-
dency to melt and recrystallize during a DSC scan [9]. Conversely,
the melting temperature of polymers that do not undergo reorga-
nization should decrease with decreasing the heating rate. In this

dx.doi.org/10.1016/j.tca.2010.08.023
http://www.sciencedirect.com/science/journal/00406031
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fusion of less stable crystals, developed probably during the sec-
ondary crystallization process, which can perfect on heating, as
the intensity of the shoulder reduces with reducing the heating
rate [22]. The cp curves of Fig. 1 reveal that the main peak shifts
progressively to higher temperatures with increasing the heating

Fig. 1. Specific heat capacity of PHB in the melting region at various heating rates (5,
10, 20, 30, 40, 50, 60, 70, 80, 90 K min−1) after complete isothermal crystallization
(40 min) at 393 K. (The melting behaviour at 5 K min−1 is drawn with a thicker line
to make it more evident.) The lines tangent to the steepest part of the main peak
rising side of the curves recorded at 5 and 90 K min−1 are also drawn. In the insert
0 M.C. Righetti, M.L. Di Lorenzo / T

ase the increase of the measured melting temperature with the
eating rate has to be ascribed to thermal lag and/or superheating
10].

The purpose of this study is to find a correlation between the
volution of the melting behaviour of original, non-reorganized,
HB crystals and the crystallinity increase during isothermal crys-
allization. Since the reorganization processes modify the melting
urve of the original crystals, it is necessary to prevent and hinder
ll the processes that influence and increase the lamellar thick-
ess. Poly(3-hydroxybutyrate) exhibits melting/recrystallization
pon heating, whereas no crystal perfection via lamellar thick-
ning in the solid state takes place [11–13]. Necessary, but
ot sufficient condition for the lamellar thickening is the exis-
ence of some segmental dynamics within the lamellar crystal,
enerally called �c-relaxation process [14]. For this class of poly-
ers, which includes, among others, polyethylene, polypropylene,

oly(oxymethylene), poly(oxyethylene) etc., the increase of the
elting temperature by isothermal thickening occurs according

o a logarithmic law with respect to time [15]. For polymers that
elt and recrystallize, as PHB, the melting temperature of original

rystals can be obtained by preventing reorganization, which can
e achieved by operating at high crystallization temperatures and
igh heating rates [16].

. Experimental part

Poly(3-hydroxybutyrate) (PHB) with molar mass Mn =
60,000 g mol−1 and Mw/Mn = 1.6, was purchased from
igma–Aldrich Corp. The polymer had the consistency of fine
owder and was used as received without further purification.

DSC measurements were performed with a Perkin-Elmer Dif-
erential Scanning Calorimeter DSC7 equipped with an Intracooler
I as refrigerating system. Dry nitrogen was used as purge gas at
rate of 30 mL min−1. The instrument was calibrated at 5 K min−1

n temperature, energy and heat flow rate with high purity stan-
ards (indium, naphthalene, cyclohexane and sapphire) according
o the procedure for standard DSC. For heating rates ranging
rom 1 to 90 K min−1, the extrapolated onset of the indium melt-
ng was found to occur within a temperature interval of 0.15 K,

hich proves that, being superheating negligible for indium melt-
ng [17], the thermal inertia of the instrument (i.e. the delay in
he heat transport from the heater to the sample) is negligi-
le.

In order to reduce temperature gradients, the sample mass was
ept as small as possible, approximately 3.5 mg. This weight is the
inimum quantity of PHB that allows to cover completely the

ottom of the DSC pan (diameter: 6 mm). A very small number
f nuclei are generally produced during PHB nucleation process
t high Tc’s [7]. In this condition, as it was observed in some
reliminary tests, if the thickness of the sample is not regular
nd uniform, a slowdown of the spherulite growth can occur,
ith consequent non-reproducibility of the crystallinity devel-

ped. A fresh sample was employed for each analysis, in order to
inimize problems caused by thermal degradation of the mate-

ial.
Before the analyses, each PHB sample was heated to 466 K at

rate of 30 K min−1 and maintained at this temperature for 3 min
ith the aim of destroying all traces of previous crystalline order

18]. Successively the samples were cooled to the desired crystal-
ization temperature at a nominal rate of 200 K min−1. At each Tc the

ength of the isothermal step was varied in order to obtain several
amples with different crystalline degree. After partial or complete
rystallization, the melting behaviour was recorded by heating the
ample directly from Tc up to 463 K at various heating rates (see
elow).
chimica Acta 512 (2011) 59–66

3. Results and discussion

3.1. Optimization of the scanning rate

In case of polymers that melt and recrystallize during a DSC heat-
ing scan, it is necessary to prevent crystal reorganization, in order
to obtain the melting temperature of original crystals. This can be
achieved by operating at sufficiently high crystallization tempera-
tures and high heating rates [16]. Thus, as first step, it is necessary
to individuate the scanning rate which inhibits recrystallization of
PHB at sufficiently high Tc.

PHB crystallization rate has a maximum at about 363 K [19,20].
Preliminary tests revealed that at Tc < 388 K it is impossible to
stop crystallization before completion of the transition, as crystal
growth continues during the successive heating scans, therefore
analysis on the melting behaviour of PHB after isothermal crystal-
lization was carried out at Tc’s higher than 388 K.

In order to define of the most favorable heating rate, crystalliza-
tions at 393 K with samples of weight approximately constant was
performed (sample mass = 3.5 ± 0.2 mg). A constant sample weight
guarantees the same thermal lag relative to the mass (as detailed
below). The specific heat capacity (cp) of PHB in the melting region
at various heating rates after complete isothermal crystallization
(40 min) at 393 K is illustrated in Fig. 1. The corresponding heat
flow rate curves are shown in the insert of Fig. 1. A multiple melt-
ing behaviour is observed, which includes a main peak at about
435 K, connected to the fusion of dominant lamellae developed dur-
ing primary crystallization, a shoulder at about 415 K and a final
endotherm at 442 K, in agreement with literature data [21]. The
peak at 442 K originates from melting of polymers chains recrys-
tallized during the heating scan, since it is visible only at the lower
scanning rates. The shoulder at about 415 K is associated to the
the same melting behaviour is reported as heat flow rate curves. All the lines tangent
to the steepest part of the main peak rising side are also drawn. The dotted lines are
the baselines for the melting process. The intersection between the tangents and the
baseline defines the extrapolated onset temperature of the main peak (Tonset). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)
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Fig. 2. Enlargement of Fig. 1. The legend is the same as Fig. 1. The lines tangent
to the growing shoulder at about 415 K of the curves recorded at 5 and 90 K min−1

are also drawn. In the insert the same melting behaviour is reported as heat flow
rate curves. All the lines tangent to the growing shoulder at about 415 K are also

After correction of the temperature, the specific heat capacity
curves of Fig. 1 assume the aspect represented in Fig. 4 and shown
in a detail in Fig. 5. By comparison with Fig. 1, it emerges that the
location of the main peak, reduces in temperature with increasing
M.C. Righetti, M.L. Di Lorenzo / T

ate; its intensity decreases, whereas its width raises. The enthalpy
nvolved in the process does not change significantly with the heat-
ng rate (about 102 J g−1, which corresponds to a crystallinity of
pproximately 70%, being the heat of fusion of 100% crystalline PBH
46 J g−1 [23]).

The extrapolated onset of the main peak (Tonset), determined
rom the intersection of the baseline heat flow rate signal and the
xtrapolated tangent to the steepest part of the peak rising side, is
ound to decrease progressively with increasing the heating rate.
ig. 1 also shows the tangents to the specific heat capacity curves
t the lowest and highest heating rates, 5 and 90 K min−1 respec-
ively, to show how the extrapolated onset of the main melting
eak varies with the heating rate. Since the rising sides of the main
eak at the different heating rates are very close, the heat flow rate
urves with the corresponding tangents are reported in the insert of
he same figure. The analysis of the heat flow rate curves displays
hat the extrapolated onset of the main peak decreases progres-
ively if the heating rate raises from 5 up to 50 K min−1, whereas
t remains almost constant for higher heating rates. The findings
eveal that PHB crystals, developed at 393 K, undergo reorganiza-
ion during fusion, because, with decreasing the heating rate, the
nset of the main melting peak shifts to higher temperature. At
eating rates higher than 50 K min−1 the recrystallization seems to
e hindered, since the extrapolated onset temperature approaches
constant value, even if the peak temperature is found to increase.
ctually the curves must be interpreted and corrected for the shift
f the observed melting temperature caused by superheating and
hermal lag, being the thermal inertia of the instrument negligible,
s detailed in Section 2.

Superheating pertains to the increase of the melting temper-
ture induced by the time dependence of the melting process,
hereas thermal lag is connected with the presence of thermal

radients within the sample [10]. The thermal lag causes the broad-
ning of the melting peak, with the consequence that the peak point
hifts to higher temperatures with increasing the sample mass, the
nthalpy of fusion and the heating rate [24–26]. On the contrary,
he extrapolated melting onset is not affected by thermal gradients
nd depends only on superheating, i.e. on the kinetics of the melt-
ng process, and consequently only on the heating rate [10]. The
nset of fusion is also independent of the recrystallization process,
hich starts just after the beginning of the transition [10]. Thus

he extrapolated melting onset values (TO), determined for all the
urves from the intersection of the specific heat capacity curves and
he tangent to the steepest part of the growing shoulder at 415 K
see Fig. 2), after correction for the superheating, should all cor-
espond to the same temperature. As in Fig. 1, also in Fig. 2 only
he tangents to the specific heat capacity curves at the lowest and
ighest heating rates, 5 and 90 K min−1 respectively, are shown,
s the cp curves in the shoulder region are very close and mostly
verlapped. In the insert, to show details of tangents construction,
he heat flow rate curves with all the corresponding tangents are
isplayed.

The effect of heating rate (ˇ) on TO has been quantified according
o the following equation [10]:

og
(

TO

(
ˇ
)

− Tc

)
= D + ˛ log ˇ (1)

here the parameter ˛ is around 0.2 [10]. The equation holds for
sothermally crystallized linear polymers and demonstrates that
or ˇ → 0, TO approaches Tc. Fig. 3 shows the linear fit to the
TO(ˇ) − Tc) data as a function of the heating rate for the melting
f PHB completely crystallized at 393 K. The parameter ˛ of the lin-

ar relationship (log(TO(ˇ) − Tc) = 0.821 + 0.197 log ˇ) is in excellent
greement with the expected value, which confirms the correct-
ess of the procedure for the determination of the TO values. Also
he insert of Fig. 3 proves that TO converges to Tc for ˇ → 0. It is
orth noting in Fig. 3 that the difference (TO(ˇ) − Tc) slightly tends
drawn. The dotted lines are the baselines for the melting process. The intersection
between the tangents and the baseline heat flow rate defines the extrapolated onset
temperature of the melting process (TO). (The melting behaviour at 5 K min−1 is
drawn with a thicker line to make it more evident.)

to saturate, as found and described previously [10]. The finding that
the superheating approaches a constant value with increasing the
heating rate constitutes a further verification of the accuracy in the
tangent construction.

As a first approximation, the effect of superheating on the melt-
ing behaviour of PHB can be removed correcting the abscissa values
of all the curves by a factor equal to the difference (TO(ˇ) − Tc).
All the resulting curves would show a melting process that starts
at 393 K and possible differences in the melting behaviour at the
various heating rates could be ascribed to different crystal reorga-
nization occurring during the heating scans at different rates.
Fig. 3. Experimental difference (TO(ˇ) − Tc) for the melting process of PHB crystal-
lized at 393 K as a function of the heating rate. Both the quantities are on logarithmic
scale. The linear fit is also drawn. In the insert the same difference (TO(ˇ) − Tc) is
depicted as a function of ˇ0.197 (see text).
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ig. 4. Corrected specific heat capacity of PBH in the melting region at various heat-
ng rates (5, 10, 20, 30, 40, 50, 60, 70, 80, 90 K min−1) after complete isothermal
rystallization (40 min) at 393 K. The lines tangent to the steepest part of the main
eak rising side of the curves recorded at 5 and 90 K min−1 are also drawn.

he heating rate. (In Fig. 4 only the tangents to the rising side of the
ain peak at the lowest and highest heating rates, 5 and 90 K min−1

espectively, are depicted whereas all the tangents are reported in
he enlargement of Fig. 5.)

The extrapolated onset temperature of the main peak (Tonset)
ecreases progressively and significantly if the heating rate raises
rom 5 up to 60 K min−1. For heating rates higher than 60 K min−1

onset is approximately constant, which reveals that for PHB crystals,
rown at 393 K, the recrystallization is seriously hindered at heating
ates equal or higher than 60 K min−1, as the extrapolated onset
emperature approaches an almost constant value.

As the kinetics of the melting process is ruled by the movement
f the crystalline-amorphous interface, the differences between the
easured (superheated) and the respective true values of TO and

onset could be dissimilar [10,27]. A higher concentration of crys-

alline defects and topological constraints could produce a higher
uperheating for the fusion of secondary lamellae with respect to
he dominant ones. In this case, the temperature correction applied
n Figs. 4 and 5 could be too high as regards the main peak; how-
ver smaller correction factors would make all the curves closer to

ig. 5. Enlargement of Fig. 4 in the main peak region. All the tangent lines to the
ising side of the main peak are also drawn. The dotted line is the baseline for the
elting process. The intersection between the tangents and the baseline defines the

xtrapolated onset temperature of the main peak (Tonset).
Fig. 6. Specific heat capacity of PHB in the melting region at 60 K min−1 after isother-
mal crystallization at Tc = 393 K (tc = 2, 3, 4, 5.5, 7, 9, 12, 20, 40 min).

each other, confirming that the scanning rate of 60 K min−1 may be
sufficient to hinder recrystallization during heating.

On the basis of these considerations, it was decided to conduct
the study of the melting behaviour of PHB at the rate of 60 K min−1,
in order to prevent the recrystallization process.

3.2. Melting temperature evolution after partial crystallization

Fig. 6 collects some cp curves of PHB in the melting region,
measured at 60 K min−1 after different crystallization times (tc) at
Tc = 393 K. The curves show that after short crystallization times,
the melting behaviour is constituted mainly by only one peak,
but with increasing tc, a shoulder appears on the low-temperature
side, about 15–20 K below the main peak, growing progressively in
intensity. The same behaviour is exhibited by the cp curves after
various crystallization times at different Tc’s (Fig. 7). The finding
confirms that the shoulder is connected to the fusion of less stable
crystals, which develop mostly in presence of more perfect crystals
and melt earlier due to their lower stability.

The extrapolated onset temperatures of the main peak, mea-
sured after different crystallization times at various Tc’s, are
reported in Fig. 8 as a function of the crystallization time tc in loga-
rithmic scale, as proposed in ref. [10]. Tonset initially decreases with
tc, then tends to raise slightly again.

Besides the onset temperature, also the peak temperature (Tpeak)
show a double dependence, as evidenced in Fig. 9, in which the peak
temperatures are reported as a function of the crystallization time
tc. An increase of the slope of Tpeak vs. log tc is observed at the same tc

values at which Tonset data reverse their trends. The double depen-
dence is exhibited also if the peak temperatures are plotted as a
function of (m�hmˇ)1/2 (Fig. 10). This quantity is approximately
the measurement of the Tpeak increase caused by the thermal lag.
In fact according to the theory of differential scanning calorimeters,
for a simple and pure substance, for which Tonset corresponds to the
true melting temperature, the broadening of the peak due to ther-
mal lag is proportional to the square root of heating rate, thermal
resistance (R) and enthalpy involved in the process [24–26]:

Tpeak − Tonset =
(

2Rm�hmˇ
)1/2

(2)
where m is the sample mass and �hm is the enthalpy of fusion per
gram. In case of polymers, the onset temperature does not represent
the true melting temperature of the material because of the broad
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ig. 7. Specific heat capacity of PHB in the melting region at 60 K min−1 after isothe
1.5, 15, 18, 25, 35, 75 min), Tc = 403 K (tc = 10, 18, 20, 30, 40, 50, 60, 90, 150 min).

istribution of crystallites stability. Eq. (1) can be substituted by:

peak − Tpeak,o =
(

2Rm�hmˇ
)1/2

(3)

here Tpeak,o is the peak temperature extrapolated to zero mass and
eating rate, with the instrumental effects that cause broadening
emoved. A double linear trend can be evidenced in Fig. 10 at each
rystallization temperature: Tpeak values increase linearly up to a
m�hmˇ)1/2 value approximately equal to 3, then the slope raises,
he trend remaining substantially linear.

Since the heating rate and mass are constant for the measure-
ents detailed in Figs. 8–10, the broadening of the peak should

epend only on the enthalpy involved in the melting process. The
1/2
lope change which is observed in the Tpeak vs. (m�hmˇ) plots

ccurs at a �hm value of about 40–50 J g−1. From the analysis of
he enthalpy of fusion as a function of the respective crystallization
ime (Fig. 11) one can see that a value of 40–50 J g−1 corresponds
pproximately to the inflection point of the �hm sigmoidal curves.

ig. 8. Extrapolated onset temperature of PHB main peak measured at 60 K min−1

fter various crystallization times at the indicated Tc ’s as a function of the crystal-
ization time (tc) on logarithmic scale. The dashed lines are a guide for the eye.
crystallization at Tc = 388 K (tc = 1, 1.5, 1.8, 2.5, 4, 6, 9, 25 min), Tc = 398 K (tc = 4, 6, 8,

Also the crystallization times at which Tonset and Tpeak data reverse
their trend correspond to the inflection points of the �hm curves
(Figs. 8, 9, 11). The �hm inflection point, which is symptomatic of
a slowing of the crystallization process, is usually associated with
spherulite impingement [28,29]. As an example, Fig. 12 shows the
kinetic analysis of the isothermal crystallization at 393 K, according
to the commonly used Avrami equation: [30]

ln [−ln (1 − wc)] = n ln k + n ln (tc − to) (4)

where wc is the relative crystallinity, depicted in insert B, n is the
Avrami coefficient, which is related to the type of nucleation and
geometry of crystal growing, k the overall kinetic constant, tc the
crystallization time and to the induction time for the crystallization

process. The time at which the function ln[−ln(1 − wc)] deviates
from linearity, indicated by an arrow, usually corresponds with
the time at which the minimum of the crystallization heat flow
rate exotherm is observed (insert A). The non-linear trend of the
Avrami function is connected with the so-called secondary crystal-

Fig. 9. Peak temperature of PHB main peak measured at 60 K min−1 after various
crystallization times at the indicated Tc ’s as a function of the crystallization time (tc)
on logarithmic scale. The dashed lines are a guide for the eye.
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Fig. 10. Peak temperatures of PHB measured at 60 K min−1 after various crystalliza-
tion times at the indicated Tc ’s as a function of (m�hmˇ)1/2. The dotted lines are a
guide for the eye.

Fig. 11. Enthalpy of fusion of PHB as a function of the crystallization time at the
indicated Tc ’s. The dotted lines are a guide for the eye.

Fig. 12. Avrami plot for PHB crystallized at 393 K. Insert (A): DSC isothermal crystal-
lization curve of PHB at 393 K. Insert (B): relative crystallinity as a function of time
for the PHB isothermal crystallization at 393 K.
chimica Acta 512 (2011) 59–66

lization, that mainly occurs starting from the inflection point of the
wc curve and implies an increase of the crystallinity degree through
the growth of defective crystallites [31].

The findings of Figs. 8–10 indicate that different mechanisms
of crystalline growth operate during the crystallization process
of PHB. Before spherulite impingement, mainly dominant lamel-
lae grow unhindered and well separated one from the other [32].
The first crystals that develop at the beginning of the crystalliza-
tion are more perfect, successively the crystalline growth occurs
through the formation of crystals with a higher defect concen-
tration, as indicated by the extrapolated onset temperature that
decreases with increasing the crystallization time. The rise of Tpeak,
which is monitored simultaneously with the Tonset decrease, has to
be ascribed to the enthalpy effect on the peak broadening [24–26].
After spherulite impingement, dominant lamellae continue to grow
and form in quite free spaces, as indicated by the intensity of
the main peak that keeps on increasing (Figs. 6 and 7). At the
same time, smaller and less perfect (subsidiary) lamellae develop
diffusely, accommodating between the larger and more perfect
dominant lamellae [33]. This process gives origin in the melting
behaviour to the shoulder, located about 15 K below the major
peak, whose weight increases with the crystallization time. Since
the slope change of the Tonset and Tpeak vs. tc curves occurs in cor-
respondence with the beginning of the secondary crystallization, it
seems likely that the two different trends are connected to the pri-
mary and secondary crystallization processes respectively, as also
found for the melting peak temperatures of linear polyethylene
and ethylene–styrene copolymers, even if for these polymers the
increase of the melting temperature during the secondary crystal-
lization stage originates by the lamellar thickening process [15,34].

According to experimental evidences, a number of polymers
are characterized by dominant and subsidiary lamellae with equal
thickness, as for example poly(4-methylpentene-1) [35]. On the
contrary, for other polymers like poly(ethylene terephthalate) or
poly(ethylene ether ketone), the dominant lamellae are thicker
than the later developed subsidiary lamellae [36–39]. There are
two models describing the spatial distribution and organization of
dominant and subsidiary lamellae respectively: the dual lamellar
stack model (with dominant and subsidiary lamellae in separate
stacks) and the lamellar insertion model (with subsidiary lamellae
inserted between the dominant lamellae within the same stack)
[37]. Poly(3-hydroxybutyrate) likely belongs to the first series, with
dominant and subsidiary lamellae of equal thickness, since from
small-angle X-ray scattering measurements the lamellar thickness
was found to remain constant for the entire isothermal crys-
tallization at various temperatures (398 ≤ Tc ≤ 418 K), which also
indicates that primarily formed crystals do not thicken during the
whole isothermal crystallization process [13]. In addition, in the
same study it was proven that secondary crystallization occurs in
PHB during the later stage of isothermal crystallization, in compe-
tition with the continuous primary crystallization, confirming the
observations here made in Fig. 6, and that secondary crystals form
in the amorphous layers between the primarily formed lamellar
crystal stacks [13].

Notwithstanding that (i) PHB crystals are distinguished by con-
stant thickness, not increasing with time [13], (ii) recrystallization
is hindered at the heating rate of 60 K min−1, Tonset is found to
raise slightly at high crystallization times, after spherulite impinge-
ment, in the same tc range in which Tpeak shows an enhanced slope
(Figs. 8–10).

A tentative explanation of the results could yield to hypoth-

esize a “stabilization” process of the crystalline phase, as it has
been recently suggested for the isothermal crystallization of poly(�-
caprolactone) and syndiotactic polypropylene, studied by means
of a pulsed dynamic mechanical technique [40]. For poly(�-
caprolactone), for example, a melting temperature increase of a
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ew degrees was found to occur during crystallization at 331 K:
he event starts when the crystallinity degree is approximately
qual to 50% of the final value and continues up to the end of
rystallization [40]. The study proved that the degree of stabi-
ization is zero at the beginning of the crystallization process and
ncreases fast during the secondary crystallization. The findings of
he present study on PHB are in perfect agreement with the results
n poly(�-caprolactone): the extrapolated onset temperature of the
HB main melting peak, which is found to decrease during the pri-
ary crystallization, discloses that no stabilization occurs at low

rystallization times. On the contrary, at high crystallization times
he PHB crystalline phase might undergo a stabilization process,
s the extrapolated onset temperature of PHB main melting peak
nverts its trend at a crystallization time corresponding approxi-

ately to the spherulite impingement time.
The probability that the Tonset and Tpeak increase originates from

rystal improvement through the reduction of defects at the inter-
aces of the crystalline regions, should be quite small at high
nd progressively increasing crystallization times, considering that,
wing to the high crystallinity degree achieved by the PHB samples,
he reorganization of the crystalline segments would be rather hin-
ered by the possible presence of vitrified rigid amorphous regions
oupled with the crystals [41].

Conversely, for polymers that do not thicken at the solid state,
s poly(�-caprolactone), syndiotactic polypropylene and poly(3-
ydroxybutyrate), and that do not recrystallize, the elevation of
he melting temperature at high crystallization times could be
xplained considering that after spherulite impingement, both
ominant and subsidiary lamellae are located in geometrically
ore restricted areas. Topological constraints could produce an

ncrease of the energy barrier for the movement of the crystalline-
morphous interface, inducing an enhanced thermal stability of the
rystals, whose melting temperature raises [27]. It might therefore
e an effect due to crystal superheating. In effect it was proven
hat superheating depends on crystallization conditions, specifi-
ally temperature and time, and that it decreases progressively for
c → 0 [10], because fusion of very small crystalline areas, quite
erfect and without constraints and restrictions, can occur with
reduced energy barrier for the crystalline-amorphous interface
ovement. The progressive increase of the crystals extension can

ield to a stabilization of the crystalline phase: such stabilization
rocess is connected with volume filling that occurs after spherulite

mpingement and perhaps it is an event common to other polymers.

. Conclusions

The study of the melting behaviour of poly(3-hydroxybutyrate)
riginal non-reorganized crystals as a function of crystallization
ime is presented and discussed in this paper. For polymers that

elt and recrystallize during heating, like PHB, the melting tem-
erature of original crystals can be obtained by operating at high
rystallization temperatures and high heating rates. The first step of
he study was the identification of the scanning rate which inhibits
he PHB recrystallization process at sufficiently high Tc. It was
ound that the heating rate of 60 K min−1 is sufficient to prevent
he recrystallization that occurs simultaneously with fusion. Suc-
essively the melting behaviour of PHB after various crystallization
imes at different Tc was collected. The dependence on the crystal-
ization time of the extrapolated onset and peak temperatures of
he main melting peak, which is connected to the fusion of dom-
nant lamellae, resulted double, even if different. In particular the

rystallization time at which Tonset and Tpeak change their trends
as found to correspond to the spherulite impingement time, so

hat the two different dependences were put in relation with pri-
ary and secondary crystallizations respectively. The increase of

oth Tonset and Tpeak at high crystallization times after spherulite

[

[
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impingement was considered to be an indication of a “stabiliza-
tion” process of the crystalline phase, as was found to occur also in
other polymers, as for example poly(�-caprolactone) and syndio-
tactic polypropylene. The elevation of the melting temperature at
high crystallization times has been explained tentatively consid-
ering that after spherulite impingement topological constraints for
both dominant and subsidiary lamellae can produce an elevation of
the energy barrier for the movement of the crystalline-amorphous
interface, which in turn can generate an increase of the melting
temperature and the crystal stability. As a result it can be affirmed
that the progressive increase of the crystals extension yields to a
stabilization of the crystalline phase.
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