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Abstract

PET and PLLA were cold crystallised at various times and the two polymers were studied by differential scanning calorimetry (DSC), di-
electric spectroscopy (DS) and thermally stimulated depolarisation currents (TSDC). The crystalline, the amorphous and the rigid amorphous
fraction were quantified. The percentage of rigid amorphous fraction is very large in semi-crystalline PET and very low in semi-crystalline
PLLA. From DSC, DS and TSDC data, the values of the relaxation times of four samples were obtained above and below the glass transition.
The ‘‘strong-fragile’’ glass former liquid concept was used and the fragility of polymers was obtained. The presence of the crystalline phase and
of a rigid amorphous fraction does not significantly modify PLLA fragility parameters and the polymer remains ‘‘fragile’’, while for PET the
semi-crystalline material goes towards a ‘‘strong character’’. The coupling between phases is much weaker in PLLA than in PET.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(ethylene terephthalate) PET is one of the most widely
used polymers in the domain of packaging applications due to
its excellent combination of properties such as good mechan-
ical properties, transparency, and easy processing. Its reason-
ably high gas barrier properties allow to understand why
PET became the first choice as a material for soft drink bottles.
Polymers like poly(L-lactic acid) (PLLA) have received a
greater attention as an alternative polymer for packaging. In-
deed, PLLA is a biodegradable thermoplastic, produced from
annually renewable resources. It shows mechanical and barrier
properties comparable to PET [1]. These two semi-crystalline
polyesters can be quenched from the melt to the amorphous
glass and cold crystallisation leads to various degrees of
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crystallinity. The semi-crystalline polymers consist of a crys-
talline phase, an amorphous phase and tie molecules appearing
in both phases. Because of the usual incomplete decoupling
(due to geometrical constraints), a part of the amorphous phase
could appear with different properties. For 20 years, a three-
phase model has been proposed and the affected part of the
amorphous phase was called rigid amorphous fraction RAF
[2,3]. This fraction can be easily characterised by thermal
analysis [4] because it does not participate in the glass transi-
tion of the amorphous phase (called mobile amorphous phase
MAP). Wunderlich has shown the RAF may not remain rigid
up to the melting temperature but seems to decrease and dis-
appear gradually above the glass transition temperature Tg of
the MAP [5]. In a recent work, Androsch [6] has shown, in
various annealed PET, that the amount of RAF must be con-
sidered as a measure of the coupling between the crystalline
and the amorphous phase. In this work, we propose to investi-
gate the coupling between the RAF and the mobile amorphous
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phase. First, the evolution of the coupling between the crystal-
line and the amorphous phases in PLLA and PET was com-
pared for various percentages of crystalline phase. Then, by
comparing the response of the remaining amorphous phase
of PLLA and PET, we have studied how the intrinsic parame-
ters of the MAP are modified by the presence of the RAF and
the crystalline phase. The mobile amorphous phase was stud-
ied using the ‘‘strong-fragile’’ glass former liquid concept pro-
posed by Angell [7] and the variation of the characteristic
relaxation time was analysed for temperatures below and
above the glass transition. The ‘‘fragility concept’’ allows
the definition of a fragility index m [8] which is a measure
of the way the relaxation time t (or related properties) de-
creases with increasing temperature around Tg. A low value
m (z16) characterises a ‘‘strong’’ glass-forming liquid, exhib-
iting an Arrhenian temperature dependence of t as observed,
for example, for rigid network systems [9], while a ‘‘fragile’’
glass-forming liquid with a high m value (z200) exhibits an
important sensitivity of its properties with the temperature.
In this case, this dependence observed, for example, for linear
polymeric materials [10,11] could be fitted by a Vogele
TammaneFulsher relationship [12e14]. The structural relaxa-
tion and the fragility of PET have often been studied [15e21].
For instance, it has been shown that the MAP of a PET film
varies with a uniaxial drawing: for undrawn or weak draw
ratio, the PET is amorphous and can be classified as ‘‘fragile’’
(m¼ 142), while for high draw ratio the PET is semi-
crystalline and classified as ‘‘strong’’ (m¼ 66) [22]. The glass
transition and the fragility of PLLA have not been thoroughly
studied. Recently, the glass transition dynamics of both amor-
phous and semi-crystalline PLLA were investigated by differ-
ential scanning calorimetry (DSC) [23]; in this case no
significant variation of the fragility index was observed and
the PLLA amorphous phase seems to remain ‘‘fragile’’ with
m z 150. In order to characterise the materials above and be-
low the glass transition temperature, our following work was
based on three complementary techniques: DSC, dielectric
spectroscopy (DS) and thermally stimulated depolarisation
currents (TSDC). Moreover, the different chemical structures
of these two polyesters (Fig. 1) led, upon crystallisation, to dif-
ferent morphologies at the lamellar level. This allowed to find
more reliable structure/morphology/glass transition dynamics
relationships and helped to generalise the conclusions
obtained.

2. Experimental

Initial poly(ethylene terephthalate) (PET) material is ob-
tained from a 500 mm thick film extruded by Carolex Co.
The number-average molecular weight is Mn ¼ 31; 000
g mol�1 and the weight-average molecular weight is Mw ¼
62; 000 g mol�1. The film is isotropic and practically amor-
phous judging from birefringence, density and X-ray diffrac-
tion measurements. Samples of poly(L-lactic acid) (PLLA)
are from Cargill Dow. The poly(L-lactic acid) (PLLA) used
in this work is of high stereoregularity. The specific optical ro-
tation [a]D

25 of this PLLA is 154.7 as measured in chloroform
at a concentration of 1 g/dl and 25 �C (AA-1000 polarimeter).
PLLA was estimated to have a L-lactide content of 99.6% by
assuming [a]D

25 of poly(L-lactic acid) and poly(D-lactic acid)
to be �156 and 156, respectively [24]. About 300 mm thick
PLLA films were obtained by pressing at 185 �C for 2 min
under 200 bar followed by a quench in cold water. Number-
average molecular weight is Mn ¼ 69; 000 g mol�1 and poly-
dispersity is 1.73. Semi-crystalline samples are obtained by
the following in situ procedure in the DSC apparatus: first,
a sample of 10� 1 mg was heated above the fusion tempera-
ture for 2 min (300 �C and 180 �C for PET and PLLA, respec-
tively) and cooled as fast as possible (z50 �C/min) to obtain
an as amorphous as possible sample. Then, the sample was
cold crystallised at a temperature Ta above the glass transition
temperature (Ta¼ 100 �C and 80 �C for PET and PLLA,
respectively) for time ta included between 0 and 720 min.
Finally, the sample was cooled down to 30 �C and heated up
at 10 �C/min in order to obtain the DSC curves. This thermal
cycle was repeated on the same samples to obtain the different
DSC curves. For TSDC and DS analysis, the initial amorphous
films were directly analysed and semi-crystalline materials
were obtained after crystallisation in ovens at the same Ta tem-
peratures as for the DSC analysis. The DSC apparatus from
Thermal Analysis Instrument is a Q100 calibrated in temper-
ature and energy (at 10 K/min under nitrogen atmosphere) us-
ing indium and zinc standards. The DSC curves presented in
this paper have been normalised to 1 mg of matter. The given
Tg temperatures are mid-point temperatures. Dielectric mea-
surements were performed by means of a dielectric analyser
(Thermal Analysis Instrument DEA 2970), with a frequency
range between 0.01 Hz and 300 kHz, from 40 �C to 150 �C
by the steps of 5 �C. The studied samples were 25 mm in di-
ameter and 0.5 mm thick disks for PET and PLLA. For each
measuring point, the real and the imaginary part of the dielec-
tric permittivity as well as the temperature and the frequency
were recorded. TSDC measurements described in detail else-
where [25] were performed, thanks to an apparatus developed
in our laboratory [26]. At a polarisation temperature Tp just
above the glass transition (typically Tp¼ Tg endset), samples
were subjected to an electric field (E¼ 106 V/m) for 2 min.
Then, the temperature was lowered to �10 �C, samples were
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Fig. 1. PET and PLLA constitutive units (a. PET; b. PLLA).
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short-circuited and the depolarisation current, I, was measured
during the heating from �30 �C to 150 �C at 10 �C/min to
obtain a complex spectrum.

3. Results

DSC analysis was performed between the glass transition
and the fusion of the two series of samples. The DSC observa-
tions of the cold crystallisation and of the fusion are as ex-
pected and are documented in the literature for PET [27e29]
and PLLA [30,31]. Thus, they are not shown here and we
focused on the amorphous phases as shown in Figs. 2 and 3 dis-
playing glass transition of PET and PLLA annealed samples.
To quantify the different phases inside the samples, the crystal-
linity induced by the thermal treatment at Ta must be calculated
first. This degree of crystallinity Xc could be deduced from the
heating DSC data using the following equation:

Xc ¼
DHf �DHc

DH0
f

ð1Þ

in which DHf is the measured enthalpy of fusion, DH0
f is the

calculated enthalpy of fusion of a wholly crystalline material
(DHf¼ 140 J/g for PET [32] and DHf¼ 93 J/g for PLLA
[33]) and DHc is the cold crystallisation enthalpy obtained
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Fig. 2. DSC curves around the glass transition of a PET cold-crystallised at

100 �C for different times (from a to k: 2, 20, 40, 60, 90, 120, 180, 240,

300, 420 and 720 min). Equivalent Cp is the heat flow normalised to the
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Fig. 3. DSC curves around the glass transition of a PLLA cold-crystallised at

80 �C for different durations (from a to g: 0, 30, 40, 50, 70, 120 and 150 min).

Equivalent Cp is the heat flow normalised to the mass and to the heating ramp.
during the DSC runs. Indeed, the experimental enthalpy of fu-
sion DHf corresponds to the fusion of the whole crystal part of
samples, i.e. the crystalline phase already present before the
DSC scan and the crystalline phase developed during the
scan which is measurable by the peak of cold crystallisation.
The variations of Xc vs. ta reported in Fig. 4 show a quasi-
sigmoidal increase of Xc. For PET, a wholly amorphous sam-
ple could not be obtained and the minimum Xc calculated from
Eq. (1) was close to 7%. Schmidt-Rohr et al. [34] also tried to
prepare a completely amorphous PET but they always found
a residual crystallinity of 5%. For every cold crystallisation
time ta� 40 min, Xc remains constant. For ta included between
40 min and 350 min, a crystalline phase consisting of spheru-
lites appears in the sample. Optical micrographs of similar
cold-crystallised PLLA can be found elsewhere [35,36]. For
longer times, the degree of crystallinity remains constant and
is close to 27%. For PLLA, contrary to the PET, our procedure
allowed to obtain a fully amorphous sample (it has been con-
firmed by X-ray diffraction analysis). The degree of crystallin-
ity remains null till a time ta of 10 min. Then, Xc sharply
increases from 20 min to 60 min to reach a value around 43%.
This value which is the maximum degree obtained is higher
than the PET value. It could be attributed to the difference be-
tween the constitutive units. PLLA ones do not contain aro-
matic rings and macromolecule rearrangements are probably
easier. We now focus on the glass transition in Figs. 2 and
3. For the non-treated PET sample (ta¼ 0 min) the heat flow
step is sharp (z15 �C) and has a value corresponding to
0.30 J/g K. The small overshot at the glass transition is linked
to fast relaxation processes inside the material. For the first
four ta, the heat flow steps have the same value. When increas-
ing ta up to 300 min, the shape of this step remains the same
but the heat flow step at Tg decreases with ta increasing. For
ta� 350 min, the shape of the curve changes and the temper-
ature zone of the phenomenon widens. For these samples,
the degree of crystallinity is maximum. A similar evolution
can be observed for PLLA: under ta� 70 min, the shape re-
mains the same and only the heat flow step decreases, while
for ta� 80 min the shape changes and temperature zone of
Tg is enlarged. The same overshot as for PET is observable
for low Xc. It is interesting to report the range in which the
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Fig. 4. Degree of crystallinity variations as a function of the annealing time at

100 �C and 80 �C for PET (circles) and PLLA (squares), respectively. The

grey points represent samples focused on in this paper.
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glass transition occurs as a function of the crystallisation de-
gree. It allows to have an overview on the influence of the
crystalline phase on the remaining amorphous phase. Conse-
quently, we propose to use Donth’s procedure [37] by measur-
ing two temperatures T1 and T2, respectively, corresponding to
16% and 84% of the heat capacity step. These two tempera-
tures are plotted as a function of the degree of crystallinity
as shown in Fig. 5. By having a look on PET, from Xc¼ 7%
to 14%, T1 and T2 remain constant. Beyond these Xc, T1 in-
creases by 5 �C while T2 increases by 7 �C. This trend is
due to the influence of the crystalline phase, which probably
constrains and rigidifies the amorphous phase. Moreover, the
widening of DT¼ T2� T1 (around 2 �C) is significant of
a larger amorphous phase heterogeneity.

Concerning PLLA, T1 and T2 increase very slowly up to
30% of crystallinity (corresponding to 60 min at 80 �C cold
crystallisation time). For the longest crystallisation times
(achievement of the maximum degree of crystallinity), T1

keeps on increasing slowly (þ2 �C), while T2 raises 7 �C up.
As described for PET, the crystalline phase only influences
the amorphous one at high crystallinity degrees, while for PET
this influence already appears from Xc¼ 15%. For PET, T1 and
T2 increase more than 5 �C, so we can suppose that the molec-
ular mobility decreases in the whole amorphous phase. For
PLLA, the increase in T1 is weaker than in T2. So, a small
part of the amorphous phase is modified by the crystalline
phase but the main part of this amorphous phase does not seem
to undergo any influence from the crystalline phase. Note that
in other PLLA systems, by using other kinds of DSC and
dielectric spectroscopy experiments, it was possible to detect a
more gradual change in the glass behaviour, where the exis-
tence of two independent (inter- and intra-spherulitic) mobile
amorphous phases was suggested [35,38].

In the following, we propose to compare four materials:

- A weakly crystallised PET (Xc¼ 8%) and a non-crystal-
lised PLLA (Xc¼ 0%).

- Two cold-crystallised samples in which the maxima of
crystallinity have been obtained: one is a PET correspond-
ing to a crystallisation time of 720 min (Xc¼ 29%) and the
second is a PLLA with a crystallisation time of 120 min
(Xc¼ 40%).
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Fig. 6 shows, as an example, the dielectric loss factor (300)
depending on the frequency for different temperatures. This
curve is that of the semi-crystalline PLLA and for the other
samples, the same kind of analysis was obtained. A relaxation
peak is observed. This peak is the dielectric manifestation of
the glass transition of the PLLA amorphous phase and will
be labelled a mode as the main relaxation mode. A classical
behaviour is observed: the dielectric loss peak shifts to higher
frequencies with increasing temperatures. This temperature
dependence is characteristic from the amorphous phase
molecular mobility above Tg.

As shown in Fig. 7, the TSDC manifestation of the glass
transition is evidenced by a depolarisation current peak called
a peak which exhibits a maximum at the temperatures
Ta¼ 74 �C and 59 �C for the non-crystallised PET and PLLA,
respectively. For TSDC the depolarisation current peak results
from cooperative motions of dipoles, while for DSC a heat
flow step related to cooperative conformational rearrange-
ments of segments of the macromolecular chains is observed.
These two techniques give responses due to the glass transition
appearing in the same temperature range. For the two semi-
crystalline samples, an increase of the temperature of the max-
imum Ta and a decrease in the peak magnitude are observed,
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while the shape of the peak becomes wider (indicative of more
heterogeneity). The increase of Ta is þ5 �C and only þ1 �C
for the crystallised PET and PLLA, respectively. As for
DSC, the variations are more important in PET than in
PLLA. So, the whole amorphous phase of PET seems to be
modified: the rigidity and the heterogeneity increases, while
in PLLA the heterogeneity increases too but not quite as
much as in PET.

4. Discussion

4.1. Three-phase model

Typically, it is possible to calculate the fraction of amor-
phous phase Xam from the DCp step data at the glass transition:

Xam ¼
DCp

DCp0

ð2Þ

where DCp is the thermal heat capacity step at Tg of an annealed
sample and DCp0 that of a 100% amorphous sample. The
choice of this value is obviously of great importance in the fol-
lowing. Concerning PET, the ATHAS database [32] suggests a
heat capacity increment of 0.405 J/g K. This value is in agree-
ment with our previous results. For PLLA, as our quenched
samples controlled by DSC and X-ray diffraction are wholly
amorphous, DCp0 was carefully measured and a value of
0.48 J/g K can be proposed.

In the case of PET, the decrease of Xam is very important
when Xc increases (Fig. 8) and the data are not along the line
of equation Xcþ Xam¼ 1. As a consequence, a part of the
amorphous phase does not participate to the glass transition.
This rigid amorphous fraction RAF must be taken into account
as the third element of a three-phase model such as Xamþ
Xcþ Xar¼ 1 where Xar describes the contribution of the
RAF. For PLLA, the couples of data are really close to the
line of equation Xcþ Xam¼ 1 up to a crystallisation time of
70 min (achievement of the maximum crystallinity inside the
sample): the two-phase model is relevant to describe the
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material. But, as soon as the maximum Xc is achieved, the
crystallisation treatment influences the amorphous phase:
even if crystallites cannot be created anymore, the thermal
treatment acts on the amorphous phase by transforming
a part of the mobile amorphous phase into a rigid amorphous
one.

Fig. 9 displays the variation of the rigid amorphous fraction
(Xar¼ 1� Xam� Xc) as a function of the crystallinity degree
(Xc). In PET, Xar quasi-linearly increases and reaches 50%
of the material, while for PLLA, Xar remains very weak
up to Xc¼ 40% but drastically increases up to 25% of the
material as the crystallisation time increases.

From these three last curves (Figs. 7e9), the microstructure
of a semi-crystalline PET is well described by the three-phase
model. For very low Xc, Xar is also low (less than 20%) and
the remaining amorphous phase does not seem to undergo
any influence from the crystallites. But as Xc grows, Xar line-
arly increases too, confirming the idea that the rigid amor-
phous fraction surrounds the crystallites lamellae. As soon
as the maximum Xc is reached, and as the annealing continues,
the three-phase model is still relevant as the remaining mobile
amorphous phase becomes rigid and more heterogeneous.

Contrary to the PET, PLLA can practically be described by
a two-phase model until achieving the maximum of crystallin-
ity. This behaviour could be explained by a better chain flex-
ibility as the PLLA constitutive monomer does not contain any
aromatic cycle (Fig. 1). The decoupling between the crystal-
line and the amorphous phase is better than that in PET. Nev-
ertheless, for the longest crystallisation durations, a part of the
amorphous phase becomes rigid (but it only reaches half of the
PET Xar). The PLLA then obeys the three-phase model with a
modified mobile amorphous phase (the characteristic temper-
atures are shifted to higher temperatures). It could be attrib-
uted to a diminution of the free volume in the amorphous
phase induced by the annealing. Following Androsch and
Wunderlich [6], the specific RAF, i.e. the ratio between the
rigid amorphous fraction and the crystalline phase degree,
was calculated (see Table 1). The specific RAF can be consid-
ered as the average amount of rigid amorphous structure per
unit of crystal. In the case of the PET, the specific RAF is large
and decreases from 2.1 to 1.7 for a crystallinity degree from
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0% to 29%. Our values are consistent with Androsch’s results:
for a cold-crystallised PET with Xc¼ 24%, values included be-
tween 5 and 1.7 are given. After additional annealing, the spe-
cific RAF continues to decrease down to 0.75, indicating an
increase of decoupling between crystalline and amorphous
phases. For the samples studied in this work, the decrease
was less significant but not in contradiction. During crystalli-
sation, the crystalline phase essentially grows to the detriment
of the amorphous phase. For PLLA, the specific RAF is weak
(0.3) which means an important decoupling of the crystalline
and the amorphous phase. Due to the absence of aromatic cy-
cle, the PLLA macromolecule is more flexible than PET, and
the folding of the molecule on the crystal surface is probably
more important. So, there exist less tie molecules between
crystal and amorphous phases in PLLA than in PET.

It is now interesting to characterise the mobile amorphous
phase in terms of relaxation time and fragility. We focus on
the four samples studied by DSC and TSDC: two samples
with the minimum degree of crystallinity (and called a-PET
and a-PLLA) and two semi-crystalline samples called sc-
PET and sc-PLLA. The corresponding values of Xc, Xam and
Xar are reported in Table 1.

4.2. Parameters of the mobile amorphous phase

From the DS peaks characterising the a relaxation (dielec-
tric manifestation of the glass transition), relaxation time t can
be obtained. This time was calculated by taking the frequency
at the maximum of the peak for each isothermal curve (t¼ 1/
2pf ). The variations of log t vs. 1000/T were plotted (Fig. 10)
for each sample. They are very similar for a-PLLA and sc-
PLLA, only a small shift in temperature can be observed.
For the a-PET and the two PLLA samples, variations of
log t vs. 1000/T are not linear and can be fitted by the Vogele
TammaneFulsher relationship [12e14]. For the sc-PET, the
variations are very different from those of the a-PET, as the
variations are quasi-linear and follow the Arrhenius law.
Thus, as previously observed on strain induced crystallised
PET samples [22], variations of the relaxation time obtained
by dielectric spectroscopy showed that amorphous PET can
be classified as ‘‘fragile’’, while semi-crystalline PET exhibits
a ‘‘strong’’ behaviour. For PLLA, the amorphous phase re-
mains ‘‘fragile’’ even if a crystalline phase is present inside
the sample.

Variations of the relaxation time t with the temperature can
also be obtained from TSDC data. Indeed, the relaxation time

Table 1

Parameters of the four studied samples

Xc Xam Xar Specific

RAF¼ Xar/Xc

t(Tg) (s) m mg

a-PET 0.08 0.75 0.17 2.1 6 133 120

sc-PET 0.29 0.22 0.49 1.7 90 65 33

a-PLLA 0 1 0 e 2 189 118

sc-PLLA 0.40 0.47 0.13 0.3 9 173 65
t(T ) of the glass transition dielectric manifestation can be cal-
culated by different formalisms. Alegria et al. have shown that
the a relaxation must be analysed with the Kohlrausche
WilliamseWatts (KWW) equation [39] and t can be written as

t¼ b
Q

I

�
ln

Q0

Q

�½1�1=b�

ð3Þ

where QðtÞ ¼
RN

t I dt, Q0 being the value of the initially stored
charge, and b is a parameter accounting for the non-Debye
character of the a relaxation. As pointed out before, DSC re-
sults show a broadening of the glass transition for the highest
degree of crystallinity. This can be due to different reasons
[18]: (i) a decrease in the apparent activation energy around
Tg; (ii) an increase of the composition heterogeneity (link to
the presence of RAF); (iii) an intrinsic broadening of the relax-
ation time distribution. If the latter hypothesis is one of the
causes of the broadening, variation of the KWW parameter
b values could be expected. For a-PET and sc-PET, it has
been shown that b is 0.41 and 0.34, respectively [18,20] while
for a-PLLA and sc-PLLA, similar b values were proposed
before (0.41 and 0.35, respectively [23]).

The TSDC variations of log t vs. 1000/T are also reported
in Fig. 10. For PET, data are well separated between the amor-
phous and the semi-crystalline samples: if the sc-PET presents
a quasi-linear variation, a curvature for amorphous PET is ob-
servable at temperatures close to Tg. For the PLLA materials,
the data are closer to each other. The vertical lines reported in
the figure correspond to the DSC values of the glass transition
temperature (the abscises are 1000/Tg with Tg the mid-point
temperature). It can be observed that the temperature domains
for which the data are collected with DS and TSDC are com-
plementary. Thus, it is clear that the TSDC data concern relax-
ation phenomena occurring in the glassy state [40], while DS
data concern relaxation phenomena occurring in the liquid-
like state. Finally, it can be said that the profile of the relaxa-
tion time variations presented in Fig. 10 is typical of the glass
transition region and has also been observed by means of creep
and dynamic mechanical analysis [41]. The ensemble of re-
sults for each material, except sc-PET due to its ‘‘strong’’
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PLLA (sc-PLLA) and (d) non-treated PLLA (a-PLLA). The vertical lines
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character, then suggests a change from a VogeleTammane
Fulsher behaviour, in the thermodynamic equilibrium state, to-
wards an Arrhenius regime, in the glassy state. Such behaviour
was also found in sc-PLLA from dynamic mechanical analysis
measurements [42], and could be ascribed to the progressive
freezing of configurational entropy when a glass-forming sys-
tem enters through the glassy state upon cooling. All data se-
ries fitted with the ad hoc formula intersected each others at
a temperature very close to the DSC Tg and at a relaxation
time around 10 s (values reported in Table 1). The calculation
of the fragility index m can be done from TSDC and SD tech-
niques according to [22] and using the following equation:

m¼ dðlogðtÞÞ
d
�
Tg=T

�
T¼Tg

ð4Þ

In the following, the DSC mid-point Tg value has been cho-
sen to calculate the fragility indexes from DS and TSDC data.
It has been previously shown that the TSDC fragility index is
the one characterising the glassy state (mg as defined by
Hutchinson [43]) and the DS fragility index is the one charac-
terising the glass-forming liquid (m). For the a-PLLA and the
a-PET, the fragility indexes m are 189 and 133, confirming
these materials must be classified as ‘‘fragile’’ glass-forming
liquids. For sc-PET (with only 22% of mobile amorphous
phase), the fragility is significantly lower (m¼ 65) than for
a-PET. The behaviour of the semi-crystalline material goes to-
wards a ‘‘strong character’’ which is consistent with the quasi-
Arrhenius variations of log (t). An important decrease of mg is
observable from a-PET to sc-PET. So, due to the weak per-
centage of mobile amorphous phase and to the chemical
structure, the relaxation phenomena in the glassy and the
liquid states are completely different from those of a quasi-
amorphous material.

For the sc-PLLA (in which the mobile amorphous phase
represents 47% of the material), there exists no significant
change of m (m¼ 173 for sc-PLLA, 8% less than for
a-PLLA and with an uncertainty equal to 10%). So, the pres-
ence of the crystalline phase and of a rigid amorphous fraction
does not significantly modify PLLA fragility parameters, i.e.
the variations of the relaxation times with the temperature
when the temperature approaches the glass transition. The fra-
gility indexes of the glassy states mg show a significant varia-
tion: a decrease from a-PLLA to sc-PLLA. This decrease
(from 118 to 65) is half that observed for PET (from 120 to
33). This difference between m and mg variations is of interest
and further investigations will have to be done to confirm it.
As previously shown, modifications appear in the PLLA mo-
bile amorphous phase when the crystalline phase is present:
on one hand, the shape of the TSDC a-peak is modified, the
characteristic temperature of the end of the DSC glass transi-
tion (T2) increases. This indicates a higher heterogeneity and
a significant modification of the rigidity for a part of the amor-
phous phase (probably the part of the mobile amorphous phase
close to the rigid amorphous fraction). On the other hand, the
TSDC Ta and the T1 DSC temperatures vary very slowly con-
trary to the PET temperatures. So, a part of the mobile
amorphous phase remains practically the same even if a
crystalline phase is present, and only the fragility parameter
characteristic of the glassy state changes. This result is very
interesting and a first hypothesis can be proposed here follow-
ing Wunderlich’s approach [5]: above the glass transition, the
RAF progressively disappears and the material returns to
a two-phase model. So, in the case of PET, the RAF percent-
age is high enough to be ‘‘detected’’ and influences the fragil-
ity indexes values above and below Tg. In the case of PLLA,
the low percentage of RAF is enough to modify fragility index
below Tg, but above Tg, this RAF quickly disappears, the
amorphous phase fragility being practically independent of
the degree of crystallinity.

5. Conclusion

Amorphous PET and PLLA can be classified as ‘‘fragile’’
material like many other polymers. The variations of the char-
acteristic relaxation time in the liquid-like state are important.
When a cold crystallisation is performed in PET, the material
must be described as a three-phase material: the crystalline
phase, the amorphous phase and an additional fraction consist-
ing of tie molecules between the amorphous and the crystal-
line phases. This rigid amorphous fraction represents the
main part of the material in the fully crystallised PET (49%,
see Table 1). This study has clearly shown that there exists
a strong coupling between the RAF and the remaining
amorphous phase. All the parameters of the amorphous phase
studied are different between the amorphous and the semi-
crystalline PET. The latter goes from a ‘‘fragile’’ to a ‘‘strong’’
character as soon as it becomes semi-crystalline. So, the con-
finement of the a-phase by the RAF has modified the glass
transition dynamic.

Concerning PLLA, the appearance of a crystalline phase
has a lower influence as only few parameters vary. In sc-
PLLA, the RAF is lower (13% for highly crystallised PLLA)
and the coupling between the crystals and the amorphous
phase is weaker than in PET. We attributed this difference to
more flexible macromolecules in PLLA. The coupling be-
tween the RAF and the mobile amorphous phase is also
weak. The glass transition dynamic is only slightly modified
and the material remains ‘‘fragile’’. Nevertheless, some pa-
rameters of the amorphous phase have changed showing there
is some coupling. This work has pointed out to an important
and new result concerning PLLA fragility. When the degree
of crystallinity increases, the fragility index m of the glass for-
mer liquid remains constant while the fragility index of the
glassy state varies. It is attributed to a rapid disappearance
of the RAF above the glass transition, and as a consequence,
of the coupling between the phases.

References

[1] Auras RA, Harte B, Selke S, Hernandez R. J Plast Film Sheet 2003;19:

123.

[2] Suzuki H, Grebowicz J, Wunderlich B. Br Polym J 1985;17:1.

[3] Menczel J, Wunderlich B. J Polym Sci Polym Lett 1981;1:261.

[4] Kattan M, Dargent E, Grenet J. Polymer 2002;43:1399.



1019M. Arnoult et al. / Polymer 48 (2007) 1012e1019
[5] Wunderlich B. Prog Polym Sci 2003;28:383.

[6] Androsch R, Wunderlich B. Polymer 2005;46:12556.

[7] Angell CA. In: Ngai KL, Wright GB, editors. Relaxation in complex

systems. Washington: Naval Research Laboratory; 1984. p. 3.

[8] Plazek DJ, Ngai KL. Macromolecules 1991;24:1222.

[9] Bureau E, Chebli K, Cabot C, Saiter JM, Dreux F, Marais S, et al. Eur

Polym J 2001;37:2169.

[10] Godard ME, Saiter JM. J Non-Cryst Solids 1998;235:635.

[11] Saiter A, Hess M, D’Souza NA, Saiter JM. Polymer 2002;43:7497.

[12] Vogel H. Phys Z 1921;22:645.

[13] Fulcher GS. J Am Ceram Soc 1925;8:339.

[14] Tammann G, Hesse G. Z Anorg Allg Chem 1926;156:245.

[15] Montserrat S, Cortés P. J Mater Sci 1995;30:1790.

[16] Dobbertin J, Hensel A, Schick C. J Therm Anal 1996;47:1027.

[17] Zhao J, Song R, Zhang Z, Linghu X, Zheng Z, Fan Q. Macromolecules

2001;34:343.

[18] Alves NM, Mano JF, Balaguer E, Meseguer Dueñas JM, Gómez
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