
Polymer 48 (2007) 4558e4566
www.elsevier.com/locate/polymer
Dielectric spectroscopy of poly(butylene succinate) films
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Abstract

Dielectric properties of poly(butylene succinate) crystallized under different conditions have been reported in the temperature range of
163e383 K and in the frequency range of 0.01e105 Hz. Both the dipolar a and b processes have been identified at low temperatures: the a pro-
cess is associated with the amorphous fraction while the b with the relaxations in both the amorphous and crystalline fractions. The space charge
effect dominates the high temperature dielectric spectra. These spectra have been analyzed in the light of an equivalent circuit model. The Max-
welleWagnereSillars polarization, electrode polarization and free charge motion are well resolved. At 383 K, near the melting temperature
(387 K), massive melting and subsequent recrystallization have been observed. The peculiar evolution of the spectra is also analyzed using
the same equivalent circuit model. The relationship between the fitting parameters and the evolved microstructures is discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(butylene succinate), PBSu, is a biodegradable syn-
thetic aliphatic polyester. It can be found in packaging film,
bags, flushable hygienic products, and garden mulch. It has
a similar melting range as that of low density polyethylene,
so can be processed on conventional equipments commonly
used for polyolefins [1]. In order to promote its application
in various fields, more studies are needed to achieve a better
understanding, especially in the material processing aspect.
PBSu has two polymorphs e the a and b crystal forms. The
latter can be found only when the material is under strain.
The transition between these two forms occurs reversibly un-
der the application and removal of strain. Both forms are of
monoclinic crystal system, but have different lattice parame-
ters, which are attributed to the different conformations in
the tetramethylene unit [2e5]. PBSu exhibits an interesting
multiple melting behavior, which invoked many thermal
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investigations. Yoo and Im studied the melting behavior of
isothermally crystallized PBSu using differential scanning cal-
orimetry and X-ray diffraction and suggested there existed two
morphologically different crystallites, and that simultaneous
melting and recrystallization occurred [6]. A study on noniso-
thermally crystallized PBSu using DSC and temperature mod-
ulated DSC by Qiu et al. also came to a similar conclusion [7].
Yasuniwa and Satou study the meltingerecrystallization be-
havior of PBSu resins of three different molecular weight dis-
tributions and reported that the height of the high temperature
melting peak decreased with increasing molecular weight,
whereas that of the low temperature one increased [8]. It
was attributed to the lower recrystallization rate for the higher
molecular weight polymers.

Relaxation properties are very important in polymer pro-
cessing. Many processes are characterized as being elastic,
while others as viscous. Many products, such as shrink films
and foams, make use of materials in their unrelaxed state. Re-
laxation properties can be best studied by dynamic mechanical
spectroscopy, dielectric relaxation spectroscopy (DRS) or
NMR spectroscopy. Relaxation processes play a dominant
role and result in a complex pattern of temperature and
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time/frequency-dependent properties [9]. For polymers in the
solid (crystalline or amorphous) state or in the viscoelastic
liquid state, the way of molecular packing is of great impor-
tance in determining the relaxation behavior. Structural transi-
tions in polymers are generally accompanied by changes in
relaxation properties. When an oscillatory electric field is ap-
plied to a polymeric material, several types of polarization are
operative: electronic, ionic, orientational and space charge.
A dielectric spectrum is a complicated manifestation of the
combination of these operative polarization sources. Orienta-
tional and space charge polarizations are particularly important
when structural transitions are concerned. For a polymer, many
relaxatory modes are involved in orientational polarization.
They can be grouped into local processes, cooperative pro-
cesses in longer chain sequences, chain diffusion (flow) and
specific processes in semicrystalline states [9]. Polymers
exhibit thermorheological complexity: different relaxation
processes contribute to viscoelasticity which shows different
temperature dependences [10]. Reported DRS studies on
PBSu are scarce. However, much has been done on poly(eth-
ylene terephthalate), PET, a more popular member in the ther-
moplastic polyester family. PET has the advantage that it can be
prepared in a completely amorphous state as well as in a semi-
crystalline state. The loss curve in a dielectric lossefrequency
plot becomes much broader for semcrystalline PET than that
for an amorphous specimen; the relaxation times are much lon-
ger and their distributions are much broader. The Maxwelle
WagnereSillars (MWS) interfacial polarization effect can
also be seen in the dielectric permittivity curve for the two-
phase semicrystalline polymer, which is absent for its amor-
phous counterpart [11]. No specific crystalline relaxation
process was reported for PET. This process had been reported
for semicrystalline polyvinyl alcohol. DRS can be applied to
monitor a crystallization process. Fukao and Miyamoto re-
ported that the segmental relaxation during slow cold crystalli-
zation near the glass transition temperature in PET experienced
a change in relaxation modes: the relaxation function changed
from a KohlrauscheWilliamseWatts equation in the amor-
phous state to a ColeeCole equation in the semicrystalline state
[12]. The space charge-related effects in biaxially stretched
PET films were studied by Neagu et al. [13]. They found that
the DC conductivity followed the VogeleFulchereTammann
(VFT) equation and concluded that the charge carrier transport
mechanism is governed by the motion of the polymer chains.
It is very interesting to see how this biodegradable polymer
behaves in the DRS experiment. In this study, we explore the
relaxation properties of PBSu and seek to correlate them with
the polymer crystalline structure.

2. Experimental

2.1. Materials

The PBSu resin used in this study was Bionolle #1001
supplied by Showa Highpolymer Co. Ltd, and its chemical
structure is shown in Scheme 1. It has a melt flow rate of
1 g/10 min at 190 �C and melting and glass transition
temperatures of 387 and 241 K, respectively [3]. Its Mw is
160,000 g/mole and its Mn is 35,000 g/mole [1,3]. The resin
was used as-received.

2.2. Sample preparation and analysis

The PBSu pellets were dried at 343 K for 4 h and then melt
processed at 453 K for 3 min using a Brabender Plasti-Corder
PL2000 equipped with roller blade rotors. The melts were
transferred to a compression molding machine which was pre-
set at the same temperature. After the melts were heat pressed
into films for 3 min, the heating platens were water-cooled to
363 K. The films were allowed to crystallize at 363 K for 2 h.
Films of thicknesses of about 100 mm were thus prepared.
DRS measurements in the frequency range of 10e0.1 MHz
were carried out by means of a TA Instruments DEA 2970
dielectric analyzer equipped with a liquid nitrogen cooling sys-
tem. The ceramic parallel plate sensor was employed and the
specimen size was 26� 26 mm2. Three different DRS experi-
mental methods were used. The first was to study the dielectric
behaviors for the previously prepared 363 K crystallized sam-
ples. The specimens were firstly cooled down to 163 K and
then scanned isothermally using a temperature step/frequency
sweep method and measurements were taken every 10 K
over the temperature range between 163 and 363 K. The sec-
ond was to study the dielectric behaviors for the quenched
PBSu samples. The procedure here was the same as that adop-
ted by Yoo et al. [6] to obtain amorphous samples for the cold
crystallization study. At first, the specimens were held at 423 K
for 0.5 h to achieve complete melting. Next, the specimens
were quenched down to 163 K with liquid nitrogen and then
treated with the same experimental steps used for the 363 K
crystallized samples. The third was to study the dielectric be-
haviors for the recrystallized samples: the 363 K crystallized
specimens were heated directly up to 383 K and held at that
temperature for 7 h, during which continuous isothermal fre-
quency sweep measurements were taken.

3. Results and discussion

3.1. a and b relaxations

The isothermal plots for the permittivity, 30, and the loss
factor, 300 vs. frequency of the 363 K crystallized PBSu sam-
ples in the temperature range 163e363 K are shown in Figs.
1 and 2, respectively. In order to better demonstrate their fea-
tures, curves of temperatures of 163e263 K are shown in
a semilog format, while curves of temperatures of 273e
363 K are shown in a logelog format. At low temperatures
(Fig. 2(a)), we see an extremely broad relaxation peak in 300

that becomes narrower and moves toward the high frequency

Scheme 1. Chemical structure of poly(butylene succinate).
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Fig. 1. Dielectric (relative) permittivity spectra of the 363 K crystallized PBSu

films at various temperatures. Solid curves are drawn through the data to guide

the eye.
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Fig. 2. Dielectric loss spectra of the 363 K crystallized PBSu films at various

temperatures. Solid curves are drawn through the data to guide the eye.
side as the temperature increases. In Fig. 1(a), we can also see
the corresponding slow transition steps in the 30 curves. This is
the subglass b transition process, which can be identified more
easily as the spectra were presented in an isochronal format
later. The origin of this process is not clear yet, some authors
assigned it to a reorientation of the ester groups [14,15]; others
believed it to be related to the torsional vibrations of main
chains in the neighborhood of its local equilibrium conforma-
tion [16]; still others thought it to be involved with certain con-
formation sequence transitions [17]. It seems that this broad
peak is constituted of several individual peaks which are con-
tributed from different components of the material. Burshtein
et al. had presented in thermotropic linear polyesters relaxa-
tional transitions which could be resolved as two peaks with
two different relaxation times and were attributed to the mo-
tion of ester groups in the amorphous and crystalline regions,
respectively [15]. Since there is no well-defined peak which
can be assigned positively to either amorphous, crystalline
or intermediate phases in these figures, here it is difficult to
use curve fitting techniques to resolve these individual peaks
unbiasedly. However, the low-frequency portion of this com-
posite peak is believed to be contributed from the slower relax-
ation processes originated from the crystalline component (see
discussions on Figs. 3 and 4). This low-frequency portion
shifts much faster than the composite peak, indicating that
the b motions in the crystalline phase are controlled by a differ-
ent mechanism. Lattice vibrations, which provided the free
space needed for the dipoles to oscillate with the applied field,
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Fig. 3. Dielectric (relative) permittivity spectra of the quenched PBSu films at

various temperatures. Solid curves are drawn through the data to guide the eye.
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could be the cause. When the temperature is raised, thermal
fluctuations with higher frequencies and amplitudes relax the
constraints imposed upon the crystalline component; the b mo-
tions become less correlated and relax at a similar rate as those
b dipoles in the amorphous component, wherein the b motions
are local in nature. As the b processes merge into a narrower
peak with increasing temperature, another relaxation process
become evident at the low-frequency end in the curves for
213 and 223 K (Fig. 2(a)). This is the a process which is
related to the segmental mobility. This process can be best ob-
served in Figs. 1(b) and 2(b) when one compares the dielectric
behaviors among the 233e263 K 30 and 300 curves: with in-
creasing temperature, a peak (in 300) moves fast from a fre-
quency 10�2 Hz to 104 Hz and a step change in 30 behaves
similarly. The observation of the rapid shifting of the loss
maximum frequency of the a relaxation with increasing tem-
perature at temperatures above Tg is not unusual [18]. After-
wards, it often merges with the b process. The a dielectric
response function is greatly influenced by the effects related
to space charge activities on the low-frequency side and the
broad b processes on the high frequency side; hence one can
not see clear-cut features of this process in the plots.

The space charge effects are evident in Fig. 2(b): the 253
and 263 K 300 values increase dramatically at low frequencies
with decreasing frequency. It is also interesting to note that
these effects become evident only when the temperature is
raised higher than Tg (241 K). At temperatures higher than
263 K, growths in 30 with decreasing frequency (Fig. 1(c))
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Fig. 4. Dielectric loss spectra of the quenched PBSu films at various temper-

atures. Solid curves are drawn through the data to guide the eye.
are observed. DC conduction alone will not affect the behavior
in 30, and the slope of a log 300elog f plot for low-frequency 300

values at 263 K is �0.65, instead of �1. The high values of 300

in Fig. 2(c) do not correspond to the intrinsic dipolar loss
characteristic of PBSu. A relaxation process other than
dipolar ones sets in, which must have something to do with
the mobilization of space charges. It is assigned to a Max-
welleWagnereSillars (MWS) interfacial polarization process,
which originates from the charge build-up created by contact
of two phases of different charge conductivity. This relaxation
can be better identified in the 30 plots than in the 300 plots where
the relaxation was masked by the DC conduction loss. In
Fig. 1(c), step-like transitions in 30 can be easily identified,
especially for the 303 and 313 K curves. While for 300 curves,
relaxation shoulders instead of relaxation peaks, caused by
joint contributions from a MWS polarization and DC conduc-
tion, are observed. At these temperatures, the unmasked dipo-
lar behaviors can only be observed at frequencies higher than
104 Hz in Fig. 2(c), where dipolar relaxation peaks shift to-
ward the high frequency end with increasing temperatures.
At temperatures higher than 313 K, both 30 and 300 exhibit ex-
tremely high values at low frequencies (Fig. 2(c) and (d)).
Similar features can be seen: a MWS plateau at 10e100 Hz
along with a steep ascent with decreasing frequencies. When
30 and 300 for the same temperature are plotted together, the
low-frequency portions are not parallel to each other. The dis-
persion in 30 indicates the existence of another relaxation
process at frequencies lower than those where the MWS relax-
ation takes place. This rather slow process is assigned to an
electrode polarization. The molecular reason for this polariza-
tion is the blocking of space charges at the sample/electrode
interface, which results in a build-up of space charges within
the sample adjacent to the electrodes. The associated capaci-
tance and complex admittance for this electrical double layer
are large and the effect increases with decreasing frequency
[19]. The low-frequency slopes of the 300 curves in Fig. 2(d)
are close to �1, implying that the electrode polarization con-
tribution to 300 is masked by the DC conduction loss due to the
strong DC conductivity at high temperatures.

In comparison, Figs. 3 and 4 are the 30 and 300 plots of the
quenched PBSu samples. If compared with the 163 K curve
in Fig. 2(a), the b relaxation peak in Fig. 4(a) is much nar-
rower. The low-frequency contribution to 300 disappears; that
is why we attribute the low-frequency portion of the broad
composite b relaxation peak in Fig. 2(a) as contributed from
the crystalline component of the 363 K crystallized samples.
The dispersion features in Fig. 4(b) are similar to those shown
in Fig. 2(b), except that the space charge effects are switched
on earlier for the quenched samples: the low-frequency up-
swing in 300 can be clearly identified for 243 K curve and but
can not be seen in Fig. 2(b); the steep upswings in 300 start
at higher frequencies for the 253 and 263 K curves, as com-
pared to their counterparts in Fig. 2(b). Similar peculiarities
can also be found if we compare Fig. 3(b) with Fig. 1(b). In
Figs. 3(c) and (d) and 4(c) and (d), we also see higher 30

and 300 values than those shown in Figs. 1 (c) and (d) and
2(c) and (d) because of the fact that charge carriers are more
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mobile in the less crystalline matrix and space charge effects
are more prominent at higher temperatures. We see step-like
growths in 30 with decreasing frequency in Fig. 3(c) around
10�2e102 Hz and in Fig. 3(d) around 1e104 Hz. This is the
MWS process as pointed out previously. This MWS process
is less distinctive in 300 (compared to that in Fig. 2(c)) because
it is blurred by the higher and earlier DC conduction and elec-
trode polarization effect. The value of the low-frequency
log 300elog f slope in Fig. 4(c) is �0.68, indicating that the
electrode polarization has already taken place. The extremely
high 30 values at low frequencies in Fig. 3(d) are also manifes-
tations of the electrode polarization effect. The values of the
low-frequency slopes of the 300 curves in Fig. 4(d) are close
to �1, which is also seen in Fig. 2(d). Again, in the loss spec-
tra, the strong DC conductivity at high temperature over-
shadows the electrode polarization contribution.

Concerning about the features of the a and b relaxations, it
is more revealing when the dielectric spectra are presented in
an isochronal format. Fig. 5(a)e(c) presents the isochronal 300

plots for both the 363 K crystallized and the quenched samples
at 50, 500 and 5000 Hz, respectively. We see sharper a relaxa-
tion peaks with higher relaxation strengths and broader but
weaker b relaxation peaks. Clearly, both the a and b relaxa-
tions become resolved much better. The separation between
these two relaxations is better for the quenched samples.
Only when at frequencies lower than 50 Hz can the b peak
for the 363 K crystallized samples be resolved better. Com-
pared with the results for the 363 K crystallized samples, the
b peak for the quenched samples displaces at a higher rate;
the space charge effects on the a peak are also more promi-
nent. The shapes of the a peak for these two kinds of samples
look similar. The minor differences in the shape and position
come from a combination of more pronounced space charge
effects on the quenched samples on the high temperature
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Fig. 5. Isochronal plots of 300 for both the 363 K crystallized and the quenched

samples at the indicated frequencies. The lines are drawn through the data to

guide the eye.
side and more overlapping of the b peak for the 363 K crystal-
lized samples on the low temperature side. At frequencies
much higher than 5000 Hz in the isochronal 300 plots, the
two relaxation peaks tend to merge together and only the
a peak can be clearly identified.

The peak positions, that is the temperatures at which the 300

values are at their local maxima, of the two relaxations are re-
trieved from these isochronal plots and presented in the Arrhe-
nius plot of Fig. 6. The fmax, which represents the local
maximum position in an isothermal plot, in Fig. 6 is actually
the specified frequency at which the isochronal plot is made.
The abscissa in Fig. 6 is constructed with the interpolated
temperatures obtained from the local maxima in the iso-
chronal plots. The dielectric b processes obey an Arrhenius
temperature dependence typical of a subglass transition pro-
cess. The activation energy for the quenched samples is esti-
mated to be 10.2 kcal/mol, which agrees very well with those
reported for aliphatic polyesters in the literature (9e13 kcal/
mol) [16,17,20e22]. The activation energy for the 363 K crys-
tallized samples was considerably higher, of a value 18 kcal/
mol. The b relaxation has contributions originated from the
crystalline fraction and is of a more correlated nature. We spec-
ulate that this is related somehow with the lattice vibrations in
the crystalline fraction; and at higher temperatures, the lattice
vibrations become so violent that the structure is open for the
local b process that it eventually merge with that in the amor-
phous fraction (see Figs. 2(a) and 4(a)). The curves for the a pro-
cess are curvilinear and follow the VogeleFulchereTammann
form. The apparent Arrhenius activation energies were esti-
mated to be 43.2 and 46.3 kcal/mol for the quenched and
363 K crystallized samples, respectively. Actually the two
curves are very close to each other. Taking the DC conduction
effect and the overlapping b contributions into account, the
relaxation peak positions for the two kinds of samples can be
considered as nearly identical.

3.2. MWS and electrode polarizations

Among the DRS features of PBSu, the prominent interfa-
cial MWS polarization is especially interesting. It is related
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to the difference in the mobility of charge carriers between the
two phases within the matrix. Since the working experimental
electric field is only 104 V/m and under an AC condition,
charge carrier injection is not likely to happen. The charge car-
riers may originate from the additives in the commercial resin.
The characteristic MWS relaxation frequency reflects the time
scale of rearrangements of the charges [23]. The behaviors of
MWS relaxation depend strongly upon the geometry of the in-
terface or the shape and size of the dispersed phases [24]. For
a quantitative analysis of the complex dielectric spectra of the
MWS process and also to account for the electrode polariza-
tion process, we have adopted an equivalent circuit model,
which contains a ColeeCole (CC) distributed element and
a constant phase-angle (CPA) element, to fit the frequency de-
pendence of the isothermal complex dielectric function. The
fitting job was done with the complex nonlinear least squares
frequency-response fitting software LEVMW developed by
Macdonald [25]. The equivalent circuit model and related for-
mula are explained in Appendix section. The fitting was re-
stricted to the spectra within the temperature range between
303 and 363 K because isothermal curves were less compli-
cated in this range, and within the frequency between 0.01
and 10,000 Hz to avoid the complication from the dipolar pro-
cesses that were still present at high frequencies. The fitting
was also restricted to the spectra of the 363 K crystallized
samples only, because the morphology of the quenched sam-
ples would change in this temperature range due to recrystal-
lization. Fig. 7 shows the comparison of the experimental and
fitted 30 and 300 curves and Table 1 lists the fitted parameters.
As the temperature increases, the behavior of the CPA element
changes from being purely capacitive (f z 1 at 303 K) to
more resistive (f¼ 0.7 at 363 K). Non-uniform current and
potential distributions exist between the electrodes and a semi-
crystalline polymeric sample because of the large difference in
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Fig. 7. Phenomenological data-fitting for the 363 K crystallized PBSu films.
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in Appendix and parameters of Table 1.
the conductivity between the amorphous and crystalline re-
gions. The non-uniform current and potential distributions on
the electrodes lead to a distributed and frequency-dependent
Ohmic resistance [26]. At high temperatures, the sample bulk
conductivity (so in Table 1) becomes stronger and the resultant
potential difference becomes higher accordingly, which leads
to an electrode polarization with a more prominent mixed
capacitive-resistive behavior.

The intrinsic relaxation spectra for the sample itself are char-
acterized by a combination of an MWS process and a DC con-
ductivity effect. The relaxation strength, D3, for the MWS
process grows with increasing temperature, as can be seen in
Table 1. Charge carriers, which are trapped by the surrounding
crystallites, accumulate at the interface and move through the
amorphous phase under the influence of an applied voltage.
These charge carriers are responsible for this relaxation, and
the resultant relaxation strength is much stronger than those
for dipolar processes. The mild increase in D3 implied that
a higher amount of charge carriers are involved at higher tem-
peratures. The mobility of these charge carriers should also in-
crease with increasing temperature so that the relaxation time
becomes shorter. The bulk conductivity in a polymer is closely
related to ion mobility. The behaviors of the trapped charge car-
riers should resemble those of global charge carriers which are
responsible for bulk conductivity. One interesting demonstra-
tion of this aspect is presented in Fig. 8. The Arrhenius plots
of the reciprocal of the MWS relaxation time and of the bulk
conductivity exhibit two parallel lines. For a more conductive
spherical amorphous phase having a permittivity 302 and a
conductivity s2 dispersed in a much less conductive crystalline
matrix having a permittivity 301 and a conductivity s1z0, the
MWS relaxation time can be expressed as [24]:

tMWSz
301þ ð302� 301Þ=3

s2=3
: ð1Þ

If we assume that these conditions can be applied to the PBSu
samples and that the bulk conductivity s is proportional to s2

according to the rule of mixtures, the MWS relaxation time
and the bulk conductivity will be inversely correlated. The
result depicted in Fig. 8 is in good agreement with the above
deduction. The activation energies are 26.84 kcal/mol, which lie
in between those for a and b relaxations. The ion mobility in
polymer electrolytes is considered to be related to segmental
motion of polymer chains [18,27,28]. Most of the ions move
from one coordinating site to a neighboring site through the
cooperative rearrangement of polymer segments. The Arrhe-
nius (instead of VFT) nature of the line and the lower activa-
tion energy seems to indicate that the transport of these
impurity ions is not highly associated with the movement of
polymer chains and that the ions move in a more independent,
less correlated manner.

3.3. Spectroscopic evolution at 383 K

The 363 K crystallized samples were further heated to
383 K and held isothermally for a long period of time so



4564 H.-J. Tai / Polymer 48 (2007) 4558e4566
Table 1

The fitting parameters for the equivalent circuit described in Appendix

T (K) 3N so (S/m) D3 t (s�1) a A (S sf) f

303 4.7 1.7� 10�11 8.0 4.5� 10�1 0.76 1.3� 10�8 0.93

313 4.7 4.2� 10�11 8.2 1.6� 10�1 0.76 8.4� 10�8 1.04

323 4.7 1.2� 10�10 8.6 4.7� 10�2 0.78 1.4� 10�7 1.04

333 4.7 3.3� 10�10 8.7 1.4� 10�2 0.82 1.4� 10�7 0.99

343 4.7 9.6� 10�10 9.5 5.5� 10�3 0.81 2.3� 10�7 0.88

353 4.7 3.0� 10�9 9.8 2.4� 10�3 0.77 2.4� 10�7 0.77

363 4.6 8.4� 10�9 10.3 1.0� 10�3 0.81 6.2� 10�7 0.70
that melting and recrystallization might occur. The evolving
spectra are shown in Fig. 9. At the beginning (t¼ 0 min),
the spectrum manifested a completely different features from
those obtained at low temperatures. We see a single relaxation
process in the 30 spectrum and that the 300 spectrum is domi-
nated by a DC conductivity effect. As the time increases, an
additional higher frequency (w104 Hz) relaxation process be-
come evident in 30, and we can also see the parallel change in
300. The final spectra (t¼ 405 min) have features similar to
those seen in Fig. 7. From the discussions in the above section,
the relaxation at the lower frequency is identified as an elec-
trode polarization process, and the higher frequency one as an
MWS process. PBSu exhibits prominent melt-recrystallization
behaviors [5e8]. According to Yasuniwa and Satou [8],
intensive melting and recrystallization occur between 366
and 383 K. PBSu has a reported melting temperature of
387 K [4]. Yoo and Im [6] even reported a single melting
peak at 391 K was obtained for melt crystallization at 388 K
for long hours. At 383 K, extensive melting in the samples
can be expected. However, 383 K is certainly not high enough
for all the crystal seeds to be destroyed completely. Fig. 9
gives us clear evidences of simultaneous melting and recrys-
tallization, a scheme proposed by many authors [5e8]. Melt-
ing and recrystallization are competing with each other;
recrystallization is more dominant at low temperatures while
melting is more dominant at higher temperatures. The samples
experienced extensive melting at the beginning (t¼ 0), and
after about 400 min, the slow recrystallization process had
finally come to an end.
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Fig. 8. Arrhenius plots of the bulk conductivity (so) and the reciprocal of the

CC relaxation times (t) for the MWS process for the 363 K crystallized films.
Using the same fitting equivalent circuit model as described
in Appendix section, the fitted parameters are depicted in
Fig. 10. The parameters A and f for the CPA element which
simulates the electrode polarization behavior are relatively sta-
ble throughout the whole period. However, the parameters for
the elements which represent the intrinsic material behaviors
did vary to higher extents in systematic manners but the pat-
terns of change are different for each of these parameters.
The bulk conductivity, so, and the relaxed dielectric constant,
3N, are both decreasing functions of recrystallization time.
The reduction of the more conductive amorphous fraction re-
sults in a decrease in the bulk conductivity, while the increase
in crystalline fraction makes parts of dipoles inactive for polar-
ization as they are locked inside. The MWS relaxation
strength, D3, experiences the most dramatic change among
these parameters and also levels earliest. The appearance of
this curve is reminiscent of crystallization conversion curves
in kinetic studies. If we accept the assumption that D3 is pro-
portional to the amount of trapped charge carriers in the amor-
phous region surrounded by the closed crystalline matrix, then
the change in D3 can be taken to represent the degree of spher-
ulitic conversion from the melt. The MWS relaxation time, t,
also increases with recrystallization time, and it continues to
increase after D3 have leveled off. The continuous increase
suggests that the internal structure is constantly changing, until
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Fig. 9. Evolution of the dispersion spectra during the 383 K isothermal recrys-

tallization of the 363 K crystallized PBSu films. Symbols are experimental,

solid curves are the best fits to the model described in Appendix.



4565H.-J. Tai / Polymer 48 (2007) 4558e4566
2

4

6

8

5.5

5.7

5.9

6.1

Δε

0

10

20

30

40

50

6

7

8

9

σ o
 (1

0-6
 S

/m
)

α
τ (10

-5 s)
ε∞

Time (min)
0 100 200 300 400

0.80

0.85

0.90

0.95

0.5

0.6

0.7

0 100 200 300 400

3

4

5

6

A (S s
φ)

(a)

(c) (d)

(e) (f)

(g)

(b)

φ

Fig. 10. Variations of model parameters with recrystallization time.
the recrystallization process comes to an end at about 400 min.
The increase in the relaxation time could be ascribed to the
decrease of the ionic mobility or to the lengthening of the
route along which the charge carriers reciprocate as the inter-
nal structure builds up. The inference here is in accord with
what Strobl [29] has proclaimed: spherulites are built up
sequentially, starting with a rapid growth of dominant lamel-
lae, which is then followed by an in-filling process running be-
hind the growth front of growing spherulites. The ColeeCole
stretching exponent a shows a continuous decreasing trend. It
means a continuous broadening of the MWS relaxation time
distribution and implies the microstructure becomes more
heterogeneous as recrystallization proceeds. PBSu has inter-
esting recrystallization features which are dielectrically active.
However, more studies are needed to elucidate the relationship
between the dielectric behaviors and the morphological
evolution.

4. Conclusions

PBSu exhibits complicated dielectric relaxation behaviors.
At low temperatures (163e203 K), only the local b processes
are observed. The much broader relaxation loss peak in the
isothermal plot for the 363 K crystallized samples (compared
to the quenched samples) leads to the speculation that it has
a crystalline component. A well-defined a relaxation that orig-
inated from the segmental motion is not seen in the isothermal
plot but can be well resolved in the isochronal plot. The a
relaxation is obscured by the space charge effect, which
becomes very pronounced at temperatures higher than 263 K.
The spectra for temperatures higher than 303 K are totally
dominated by DC conduction effect, interfacial MWS process
and electrode polarization. The low temperature b process, DC
conductivity and the MWS process all show an Arrhenius tem-
perature dependence, while the a process exhibits an VFT de-
pendence. The activation energies for the DC conductivity and
the MWS process are identical, indicating they are of the same
origin. A simultaneous melting and recrystallization scheme,
which is usually employed to explain the multiple calorimetric
melting behavior, is most evident in the 383 K spectrum. The
fast melting and slow recrystallization allow us to observe
clearly the spectroscopic evolution. The MWS relaxation
time and strength and the distribution breadth increase with in-
creasing recrystallization time, while the DC conductivity and
the dielectric permittivity decrease. For these model parame-
ters, the kinetic implication on recrystallization and the
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relationship with microstructural evolution are not clear yet.
However, they will be useful for exploring the recrystallization
kinetics and microstructural development.
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Appendix [19]

The equivalent circuit which represents the material in this
present study consists of a ColeeCole element in parallel with
a capacitor and a resistor. The ColeeCole element is chosen to
represent the MWS polarization process. The capacitor repre-
sents the limiting high frequency MWS permittivity of the
material, while the resistor represents the bulk conductance
(resistance). The electrode polarization, which is resulted
from the accumulation of charge carriers at the sample-
electrode interface, is represented by a constant phase-angle
(CPA) element. The overall measured admittance Yt(u) due
to the combined admittance of the sample Ym(u), and the
blocking electrodes, can be calculated considering the equiva-
lent circuit made up by the series of Ym(u) with the CPA
element Ye(u). The general expression for Ym(u) can be
written as

YmðuÞ¼
�

ju3o

�
3Nþ

D3

ð1þ ðjutÞaÞ

�
þ so

�
� S

d

where 3o is the permittivity of free space, S and d are the
sample surface and thickness, respectively, 3N is the limiting
high frequency MWS permittivity, D3 is the amplitude of the
MWS polarization, a is the stretching exponent for the Colee
Cole element, t is the median MWS relaxation time and so is
the bulk ionic conductivity. The complex admittance for a
CPA element is expressed as

YeðuÞ ¼ AðjuÞf;

where A and f are positive constants with f� 1. With f¼ 1,
the element behaves like a pure capacitor while with f¼ 0,
like a pure resistor. The total measured admittance is then
expressed as:

YtðuÞ ¼
YmðuÞ

1þ YmðuÞ=YeðuÞ
:

The measured admittance YtðuÞ is directly related to the
complex permittivity 3�ðuÞ ¼ 30ðuÞ � j300ðuÞ, given that

3�ðuÞ ¼ d

ju3oS
YtðuÞ:
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