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The dielectric behaviour of poly(3-hydroxybutyrate) (PHB) has been mvestlgated for the glass (o) relaxation
in the temperature and frequency ranges of —60 to 100°C and 10°-10° Hz, respectively. Also, the
crystallization kinetics of PHB has been studied dielectrically as a function of heating rate, time and
temperature. Crystallinity has a marked influence on the glass relaxation characteristics owing to the relative
constraint imposed on the amorphous phase by the crystallites. Furthermore, the results obtained showed
that: (1) the optimum crystallization temperature is about 25°C; (2) the time at which crystallization starts is
a function of the working temperatures and apparently is reduced to just a few minutes at 40°C; and (3) the
crystallization process is completed within a period of less than 1 h in the temperature range 20-40°C. The
bulk crystallization phenomena could be also described by the Avrami equation with an exponent ~ 3.8.

© 1997 Elsevier Science Ltd.
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INTRODUCTION

Recently, much effort has been expended to find
polymeric materials that can replace many synthetic
materials and can degrade fully into harmless, naturally
occurring small molecules'. In this respect, intensive
fundamental and applied research has been devoted to
the study of the physical properties of poly(3-hydroxy-
butyrate) (PHB), and its related alkanoate?~4, which are
naturally occurring polymers produced by a wide variety
of bacteria.

PHB is a highly crystalline thermoplastic polymer
which is suitable for injection moulding and extrusion. In
addition, it shows gas barrier properties comparable to
those of poly(vinyl chloride) and poly(ethylene ter-
ephthalate). The combination of these properties may
enable PHB to compete with commodity polymers in the
packaging industries, especially in areas where non-
biodegradable plastic items are not allowed due to
environmental pollution'®. A special property of PHB is
the formation of large spherulites, which is probably due
to its exceptional purity. For this reason, PHB has been
studied as a model of spontaneous polymeric nucleation
and crystallization, as it is free from any catalyst re51dues
that are typically used in synthesis of polyoleﬁns
Previous studies of PHB showed that crystalhzatlon
takes place from the melt over a wide range of tem-
peratures including room temperature1 Remarkable
embrittlement of PHB is observed at ambient tempera-
tures, which is attributed to progressive crystallization
occurring upon storage of the material. PHB can be
rejuvenated by simple annealing treatment, preventing to
a large extent subsequent ageing'®.

Dielectric spectroscopy is a powerful technique that
can detect the molecular dynamics as well as the

* To whom correspondence should be addressed

transformation phenomena in polymers at the earlier
stages. A part of our present work is the study of
dielectric relaxation of amorphous and highly crystalline
PHB. We have also monitored the crystallization kinetics
of PHB around room temperature dielectrically. In
addition, d.s.c. was carried out to trace the crystallization
behaviour.

EXPERIMENTAL

A commercial sample of bacterial origin of PHB was
kindly supplied by Aldrich, USA.

Calorimetric measurements were carried out using a
differential scanning calorimeter (PL-DSC) of Polymer
Laboratories, UK. The calorimeter was calibrated for
temperature, heat and heat flow according to the method
recommended by GEFTA, Germany!®20, The calori-
metric measurements were carried out for small samples
(3-5mg) placed in sealed aluminium pans. The pans
were heated at 200°C for 3min, and the melt formed was
then quenched rapidly in liquid nitrogen. D.s.c. measure-
ments were carried out on the melt—quenched sample
once immediately, and another after the elapse of 3 days
at room temperature. The scans were carried out in the
temperature range — —60 to 200°C with heating rates of 10
and 20°Cmin~". The glass temperature, T, was taken as
the inflection point of the specific heat increment, and the
melting point, Ty, as the peak temperature of the melting
endotherm. In contrast, when multiple endotherms were
obtained, the temperature of the main peak was
considered, and the enthalpy of fusion, A Hy, was directly
obtained from the area under peaks.

Dielectric measurements were performed using a
Polymer Laboratories dielectric thermal analyser (PL-
DETA), which gives directly the dielectric constant, &',
and loss, €”. Three types of measurements were under-
taken: (1) temperature scans at a constant heating rate at
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various frequencies; (2) temperature scans at different
heating rates at constant frequency (10kHz); and (3)
isothermal measurements over extended periods of time
at 10kHz. The crystallization kinetics was monitored
dielectrically using thin amorphous PHB films, which
were obtained by pressing the PHB powder between two
copper electrodes at 185°C for Smin to obtain a con-
denser, which was also quenched in liquid nitrogen. This
temperature/time regime was strictly followed for all
samples in order to eliminate the nucleation contribution
to the crystallization process and, therefore, confining
the investigation only to the crystal growth process.

The crystallization process in the melt—quenched
samples of PHB taking place at various temperatures,
namely between 10 and 40°C, was traced dielectrically by
measuring the dielectric constant at 10 kHz as a function
of time over a period of 4h at each temperature. This
chosen frequency allows the three types of polarization
to occur. It may be noted that the time elapsed between
the removal of the sample from liquid nitrogen and the
start of measurements was minimized to be less than
2 min. This was accomplished by adjusting the tempera-
ture of the dielectric measuring cell while it was empty to
the required working temperature. Then, the sample was
immediately inserted so that the time for attainment of
thermal equilibrium was reduced, and, in turn, the
possibility of any crystallization of the melt—-quenched
sample before the beginning of measurement also
minimized.

The error in ' and " resulting from the change in the
thickness associated with the crystallization is estimated
to be less than 3.5%. This value is calculated from the
densities of the crystalline and amorphous PHB (1.260
and 1.177gem”™ 3 respectlvely) "2l and by assuming that
the final crystalhzatlon was about 56%.

RESULTS AND DISCUSSION

The d.s.c. scan of the melt—quenched PHB sample
shows, as can be seen from Figure 1, a glass transition in
the vicinity of —2°C, which is first followed by an
exothermic crystallization peak at 45°C and then by a
multiple of melting endotherms between 110 and 160°C.
In contrast, repeated measurements of the same sample
after 3 days show only multiple melting endotherms, and
neither a glass transition nor an exothermic crystal-
lization peak could be detected (see Figure 1). This
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Figure 1 D.s.c. curves for PHB at a heating rate of 20°C min~ I solid
line, amorphous sample; broken line, annealed sample
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Figure 2 Temperature dependencies of (a) dielectric constant, ', and
(b) dielectric loss, £”, at various frequencies for amorphous PHB

suggests that, most likely, the equilibrium crystallinity
stage has already been attained.

A comparison between AH; of a 100% crystalline
sample, which is equal to 146J g_l 17 with the measured
value, which is equal to 73.2Jg!, implies the equi-
librium crystallinity of our PHB sample amounts to
~56 + 4%. This value is practically the same as that of
the as-received PHB powder.

The temperature dependencies of the dielectric con-
stant ¢’, and the dielectric loss £”, at various frequencies
for the amorphous PHB (the melt—quenched sample) are
represented in Figure 2. The value of €', shown in Figure
2a, increases sharply with increasing temperature, reach-
ing a maximum at about 30°C. This increase corresponds
to the dispersion of the a process in the amorphous
phase of PHB, which is attributed to the micro-Brownian
cooperative reorientation of the polymer segments
associated with the glass transition. At temperatures
above 30°C, the crystallization of the amorphous PHB
starts and, in turn, results in a sudden decrease in ¢’. The
shape of the ' curve above the maximum is determined
by three factors: (1) temperature, which causes an increase
in the number of reorienting dipoles; (2) the conversion
of amorphous to crystalline material, therefore leading
to a decrease in €’; and (3) the decrease in film thlckness
From the known densmes of the crystallme (1.260gecm™ )
and amorphous phases (1.177gcm™ %), the thickness
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change is too small where it is expected to be less than
4%, assuming that the equilibrium crystallinity is about
56 +4%. The thickness change affects only the dielectric
constant above 30°C.

The ", shown in Figure 2b, is similarly affected by the
crystallization. First the amorphous sample undergoes a
glass—rubber relaxation, oy (the subscript b indicates
‘before crystallization’), and £” shows a maximum. Then,
¢” decreases strongly due to crystallization, and an
additional shoulder appears on the high-temperature
side of the glass relaxation.

During cold crystallization, spherulites grow into the
matrix until they impinge on each other. The spherulites
consist of crystalline lamellae and constrained amor-
phous interlayers. The rigid amorphous fraction differs
in electric field response from the normal amorphous
phase. Thus, the molecular motion in the disordered
(rigid amorphous) regions within the spherulites differs
from that in the normal amorphous phase. This means
that the second relaxation which appears as a shoulder
on the high-temperature side of the o, relaxation may be
attributed to the micro-Brownian motion of chain
segments of the rigid amorphous fraction in the crystal-
line regions. We call this process «,, where the subscript
a indicates ‘after crystallization’.

Figure 3 represents the results for the same sample
after cooling and annealing at room temperature for
3 days. A comparison between Figures 2 and 3 reveals
the following characteristics. Firstly, the semicrystalline
sample exhibits only the «, relaxation process. Secondly,
the o, absorption band is much broader than that of the
ap, peak, and the maximum in &’ appears at higher
temperatures (lower frequencies) than the maximum of
the o, peak. The logarithm of the measured frequencies
is plotted against the corresponding reciprocal of the
temperature at loss maximum, 7y, for the process of
the annealed PHB sample. The experimental data, shown
in Figure 4, can be fitted by the Meander equation??~%*,

= (fo/w) e

where f, is the local vibration frequency, Q. is local
activation energy, 3r/ d is the number of chain stems per
structural unit, & is the dislocation energy per segment,
d is the interchain distance and s is the segment length.
The fitting is carried out for Q.,, 3r/d and ¢, where f,,
d, and s are given as known parameters and equal
to 10 Hz, 6.2A and 4.14A, respectively. The values
obtained for 0, & and 3r/d are 30.18k]J mol~!
4.115kImol™! and 21.2, respectively. The overlappmg
of the relaxation and crystalhzatlon processes does not
provide accurate data for fitting the o process of the
quenched sample.

In addition, the decrease in the dielectric constant
observed in Figure 2a at temperatures above 30°C
implies that:

Qw/RT[l _ (1 _ ess/RT)3r/d] (3r/d)*(d/s) (1)

(1) the crystallization process is slow enough to be
followed dielectrically, and,;

(2) the crystallization process is taking place in this
range of temperatures.

This is in good agreement with the d.s.c. measurements
of the quenched sample, which showed that PHB
exhibits an exothermic crystallization peak at 45°C (see
Figure I). Therefore, it would be of interest to follow the
crystallization kinetics of amorphous PHB.
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Figure 3 Temperature dependencies of (a) dielectric constant, €/, and
(b) dielectric loss, £”, at various frequencies for annealed PHB
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Figure 4 Activation diagram of the glass process for annealed PHB

However, a prerequisite for the study of the crystal-
lization kinetics by the dielectric method is to trace the
optimum crystallization temperature 7c(max), Where each
method of investigation (dlelectnc d.s.c., optical, etc.)
detects another molecular level”>, The term ‘optimum
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Figure 5 Temperature dependencies of (a) dielectric constant, €', and
(b)4 dielectric loss, ”, at different heating rates for amorphous PHB at
10" Hz

crystallization temperature’ is used to indicate the tem-
perature at zero heating rate where large spherulites
grow at a small rate of nucleation. Accordingly, the
temperature dependence of ¢” and ¢” at different heating
rates (0.2, 1, 2 and 5°C min~!) has been measured at
10* Hz and presented in Figure 5. It can be seen in Figure
5a that the expected increase in the dielectric constant
with temperature is observed only at low temperatures.
Thereafter, this increase is overweighed by the strong
decrease caused by the crystallization process, which
leads to a strong decrease in the number of freely
reorienting dipoles. It can also be observed in this figure
that the temperature at which the dielectric constant
starts to decrease (i.c. when the crystallization process
starts) is strongly dependent on the heating rate, where
the higher the heating rate the higher is the onset
temperature of crystallization T, This finding implies
that the crystallization kinetics is of the same order of
magnitude as the rate from the measurements. The
optimum crystallization temperature, 7¢(max), Can be
obtained by plotting the onset temperature of crystal-
lization, 7T, against the heating rate, as shown in
Figure 6, and extrapolating 7, t0 zero heating rate.
The obtained value of the optimum crystallization
temperature, Tc(may), is about 25°C.
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Figure 6 The onset crystallization temperature, T, as a function of
heating rate

On the other hand, the temperature dependence of
dielectric loss presented in Figure 56 shows a relaxation
process appearing at temperatures slightly higher than
Tonser- This relaxation process is simply due to the a,
glass relaxation process of the constrained amorphous
part, which is restricted within the spherulites (between
crystalline lamellae).

Furthermore, it can be seen that the relaxation
temperature, Ty, of the glass process is rate-dependent,
where the higher the heating rate the higher is Tp,,.
Moreover, the positions of the relaxation maxima are
very close to those observed in annealed samples (see
Figure 3). This finding implies that the higher the heating
rate the greater are the constraints on the amorphous
region and consequently the higher T,,. This result can be
understood in view of the work done by Barham et
al.'*""_ who showed that the rate of nucleation of PHB
increases rapidly with increasing temperature, reaching
its maximum value at 80°C then decreasing again. Also,
they reported that the increase of the crystallization
temperature from 20 to 40 and 80°C led to an increase in
the nucleation rate constants by factors of 100 and 300,
respectively. Therefore, one would expect that the higher
the heating rate the shorter the time spent by the sample
at lower temperatures, and consequently the number of
nuclei (spherulites) formed at a high heating rate would
be larger than that at slower heating rate, taking into
consideration the following: (1) the spherulite growth
rate increases by a factor of less than 10 upon increasing
the temperature from 20 to 80°C, while the rate of
nucleation increases by a factor of 300'7; (2) the highest
heating rate used in our study (0.083 K s~ is still lower
than the smallest nucleation rate used by Barham ez al. at
20°C (0.1 eventss™! mm™3)!,

Accordingly, it can be concluded that the heating rate
leads not only to a higher number of spherulites per unit
volume but also to a smaller size of crystallites. The high
population of small spherulites could restrict the whole
cooperative motion responsible for the glass process.
Therefore, these small spherulites could be envisaged to
act as thermoreversible cross-links.

However, lower heating rates would lead to smaller
numbers of large spherulites concentrated in a certain
region. Consequently, it would be expected that the
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Figure 7 Dielectric constant, ', as a function of time at different
crystallization temperatures (7;)

restriction applied to the reorienting units will be
concentrated in certain zones (crystalline and semi-
crystalline), leaving the amorphous region less restricted
than that obtained at higher heating rates.

On the other hand, the optimum crystallization
temperature can be evaluated experimentally using the
traditional method. This can be done by scanning the
dielectric constant at different crystallization tempera-
tures as a function of time, as shown in Figure 7. This
figure shows that the dielectric constant increases during
the first few minutes of measurement. The increase can
be attributed either to an increase in the sample
temperature to attain the measurement temperature
(10, 20, 30 and 40°C), or to a global dipolar reorientation
to attain a pre-ordered state that is required for achieving
the crystallization process. However, due to the extre-
mely small weight of the sample (0.2 g) which is placed
between two copper electrodes (thermally conducting)
and mounted in a preheated measuring cell with a
cylindrical homogeneous heating flux, it is impossible to
attribute this increase to the attainment of thermal
equilibrium. This is because ¢ increases for periods of
time reaching 70min for the isothermal temperature
10°C. Therefore, it can be concluded that this increase is
mainly attributable to a pre-order reorientation process
of the dipoles. This process is followed by the crystal-
lization process which strongly restricts the dipolar
reorientation and therefore leads to a rapid decrease in
the dielectric constant (as observed in Figure 7). If one
accepts this suggestion, it would be expected that the
increase in the temperature would lead to a faster pre-
order process, since the dipolar reorientation of the free
dipoles of the amorphous phase will be faster by a factor
of 200 for each 10°C increment (in this temperature
range). This implies that the onset time at which the
crystallization process starts will be shorter with
increasing temperature. This has been already realized
in Figure 7, where the onset crystallization time is
shortened from 70 min to 14, 10 and 4 min for 10, 20, 30
and 40°C, respectively.

The decrease in the dielectric constant as a result of
crystallization at a given temperature can be taken as an
accurate measure for the amount of amorphous phase
that has undergone crystallization, i.e. the increment in
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Figure 8 Decrement in the dielectric constant, é¢, as a function of
crystallization temperature (7,) at 1064 Hz (A), and 10° Hz (A) (see
text)

the percentage of crystallinity. The key point in this
approach is that the dipole relaxation is very specific to
the local environment at a given temperature. A dipole in
the amorphous phase can respond only to certain
oscillation frequencies of the electric field. As the
amorphous material crystallizes, there are fewer remain-
ing amorphous dipoles able to respond to the field.

Accordingly, one would expect that a plot of the
decrement in the dielectric constant, éc, would offer a
possibility for determining the optimum crystallization
temperature T¢max), Where ée is the difference between
the dielectric constant, &', at the onset time of crystal-
lization and that after attaining equilibrium. Figure 8
shows that the optimum crystallization process is around
25°C for quenched PHB. This is in a good agreement
with the results obtained by the above method (see
Figure 06).

The results obtained from Figure 7 can also be
employed to momtor the crystallization kinetics using
Avrami relations??’. This can be done by using the
normalized dielectric constant, €,, as a function of the
crystalhzatlon time. The normalized dielectric constant is
given by?®

en(t) = (61— €,)/(&; — &) (2)

where &; is the dielectric constant at the start of
crystallization, ¢; is the long-time limiting value and ¢,
is the value at time ¢. Figure 9 is a representative example
illustrating the variation of ¢, with time at 30°C. The
normalized change in the dielectric constant is equivalent
to the measurements of the relative degree of crystal-
linity. The time dependence of £,(t) can be described by
the Avrami equation®?’, using the following expression:

en(t) = 1 —exp(—kt") (3)

where k and »n are the Avrami rate parameter and
exponent, respectively.

The so called Avrami plot of log{— In(1 — &,)] versus
log(¢) for the quenched PHB sample crystallized at 30°C
and measured at 10% Hz is given in Figure 10. From the
slope the Avrami exponent parameter of the main
crystallization was found to be 3.8, which is consistent
with sporadic three-dimensional spherulitic growth.
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Based on the above, it is clear that the dielectric
measurements can supply some useful information
about the crystallization kinetics and its parameters,
where it was possible to fit the results using the Avrami
equation.

It has been found that the optimum crystallization
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temperature is about 25°C. In addition, the onset
crystallization time is found to be temperature-depen-
dent, and can be reduced to less than 5 min by annealing
at 40°C. Furthermore, the dielectric measurements
showed that the crystallization process reaches its end
after about 1h at the storage temperatures (20—40°C)
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