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Abstract Poly(L-lactic acid) was crystallized from the
glassy state at different temperatures to produce fully
transformed semi-crystalline specimens exhibiting different
lamellar morphologies. The materials were tested by
dynamic mechanical analysis, where a 7, decrease was
found with an increasing crystallization temperature. Con-
sidering a three-phase model, this tendency was related to
the corresponding increase in the thickness of the rigid
amorphous phase. It is suggested that this phase could, in
some extent, accommodate through local translational/
rotational motions the cooperative motions taking place
within the mobile amorphous phase. This could be due to
the non-compact structure of the cooperatively rearranging
regions, which can present a string-like or fractal structure
in their edges. The width of the loss factor peak associated
to the glass transition increases with increasing crystalliza-
tion temperature, suggesting an increase in the broadness of
the distribution of relaxation times. The drop in the storage
modulus across T, varies systematically with the crystalli-
zation temperature in the different materials and could be
correlated with the crystalline content. Above T, the loss
factor exhibits a plateau-like behaviour at significantly high
values, which seems to be a rather general behaviour in
semi-crystalline systems that could be related to the
contribution of pure irreversible flow in the overall
viscoelastic behaviour.
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Introduction

Polylactides are widely well-known biodegradable and
biocompatible systems used both in implantable medical
devices and in environmental applications [1-3]. The glass
transition of poly(L-lactic acid) (PLLA) is not far above
room or physiological temperature, and thus, this phenom-
enon should be well studied as it could influence the
general behaviour of the material under use. For example, it
was shown that structural relaxation, studied at 37 °C by
differential scanning calorimetry (DSC) and microhardness,
could highly influence the mechanical performance of
amorphous PLLA along the time [4]. The features of the
amorphous phase strongly depend on the existence of
crystallinity: Upon crystallization, the glass transition
temperature (7,) increases, and the distribution of relaxa-
tion times enlarges [5—7]. PLLA is known to have a slow
crystallization rate (see for example [8] for TMDSC
studies), and it is therefore possible to obtain materials
with a wide range of crystalline contents. For intermediate
crystallinity degrees, two distinct glass transitions could be
observed [6, 7, 9]. The one with the lower temperature
exhibits similar features of the glass transition dynamics for
the amorphous materials, whereas the one with the higher
temperature should be assigned to the motions within the
inter-spherulitic amorphous phase constrained by the
existence of the crystalline phase. These two processes,
for PLLA, are not correlated, and their relative contribu-
tions are highly dependent on the degree of crystalline
transformation [9]. The study of the higher temperature
glass transition process is especially interesting, as its
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behaviour will be dependent upon the characteristics of the
nanometric confinement provoked by the stiff wall of the
lamellae. It is well known that a fraction of the amorphous
phase in fully transformed semi-crystalline polymers does
not contribute to the glass transition of the mobile
amorphous phase nor to the heat of fusion. The well-
established three-phase model considers the existence of a
non-oriented nanophase between the mobile amorphous
phase and the crystalline lamellae (see [10] and references
cited therein). The scheme in Fig. 1 shows the arrangement
of the three phases, where their thicknesses can be obtained
from small-angle X-ray scattering combined with DSC
data.

The degree of geometrical confinement felt by the
mobile amorphous phase between the crystalline lamellae
will depend on the corresponding layer thickness L,,.
However, it would be interesting to understand if the rigid
amorphous layer could influence independently the glass
transition features. In a previous work, some DSC data,
combined with both wide- and small-angle X-ray scatter-
ing, demonstrate that PLLA crystallized at different temper-
atures could be an adequate model to investigate the
influence of the rigid amorphous phase in the segmental
mobility of the mobile amorphous regions [11]. In the
present work, further discussion in this context will be
provided using dynamic mechanical analysis (DMA). Such
results can also be useful to understand the general
solid-state rheological properties of PLLA samples fully
crystallized at different temperatures. In this context, the
viscoelastic properties around 7, were previously extensively
discussed for a semi-crystalline PLLA [12]. Therefore, this
work also extends such studies for PLLA crystallized at
different temperatures and thus exhibiting distinct lamellar
morphologies.

Fig. 1 Scheme of the lamellar
morphology considering the
three-phase model. The long
period as detected by small-
angle X-ray scattering will
combine the thicknesses of the
crystalline layer, L., the mobile
amorphous phase, L,,,, and the
rigid amorphous phase, L,. A
CRR is schematically repre-
sented in the mobile phase,
occupying part of the rigid
amorphous layer

@ Springer

Experimental

PLLA of commercial grade (Resomer® L 210) was from
Boehringer Ingelheim, with molecular weights of M,=
180,000 and M,,=220,000 and evaluated from gel perme-
ation chromatography (Shimadzu, LC 10A, Japan) using
polystyrene as standard and chloroform as solvent. The
specific optical rotation measurement of the polymer
allowed to estimate a content of L-lactic acid above 99%.
PLLA plates were obtained by hot pressing at about 200 °C
and then quenching in cold water (around 15 °C).
Isothermally cold-crystallized specimens were prepared by
annealing the plates for 12 h in an oven at temperatures
ranging between 95 and 165 °C from the glassy state. After
annealing, all the specimens were quenched through air to
stop further crystallization. More experimental details
related to the preparation of the samples and other
complementary tests performed can be found elsewhere
[11].

DMA experiments were performed on a DMA7e Perkin-
Elmer analyser with controlled cooling accessory, and high-
purity helium was used as a purge gas. Samples with
dimensions 0.4x4.4x10 mm® were cut from the PLLA
plates mentioned above and were analysed in the tensile
mode. The DMA experiments were performed in isochronal
conditions from 20 to 110 °C at a heating rate of 3 °C
min ' and a frequency of 1 Hz. A dynamic stress of
amplitude 1 MPa and a static stress of amplitude 1.2 MPa
were applied in all the DMA experiments. Before the
experiments, all the necessary thermal and mechanical
calibrations were performed.

Results and discussion

DMA allows to obtain information about the viscoelastic
properties of materials at distinct temperatures and frequen-
cies. In a DMA experiment, the sample undergoes repeated
small amplitude strains in a cyclic manner. Polymeric seg-
ments perturbed in this way store a portion of the imparted
energy elastically and dissipate a portion in the form of heat. In
this case, the modulus acquires a complex form, E*=FE'+iE"
[13, 14]. The quantity E’, the storage modulus, is a measure
of the energy stored elastically, whereas E” is the loss
modulus that is a measure of the energy lost as heat. The loss
factor is defined as tan d=FE"/E’, § being the angle between
the in-phase and out-of-phase components in the cyclic
motion and measures the damping capability of the material.
Figure 2 shows the temperature dependence of the storage
modulus and the loss factor for the PLLA samples
crystallized at different temperatures (7;) at a fixed frequency
of 1 Hz. The presence of «-relaxation is clear in this figure,
as revealed by the presence of a well-defined peak in tan §
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Fig. 2 Storage modulus (a) and loss factor (b) against temperature for
PLLA fully crystallized at different crystallization temperatures (7;),
recorded at 1 Hz and during a heating scan at 3 °C min™"'

around 7, accompanied by a strong decrease in £, and it is
associated to the occurrence of the glass transition upon
heating.

The normalized storage modulus in Fig. 2a allows
to perceive the strength of the decrease in E' during the
transition from the glassy to the liquid state of the mobile
amorphous fraction within the materials. We reported
before that as 7, increases, the overall crystallinity
increases, and the corresponding content of the mobile
amorphous phase decreases [11]. This explains why the
rubbery plateau tends to stabilize at a higher relative
modulus as T, increases because the drop in E' will be
intimately related to the content of the amorphous
counterpart. Another consequence of the decrease in
the amorphous content is the tendency for the
corresponding decrease in the intensity of the loss factor
peak (Fig. 2b).

The loss factor peaks clearly present an ascending
behaviour at the low-temperature side, but above T, tan §
stabilizes to values around 0.1, rather than descending to
values close to the ones found below 7,. This behaviour
can be detected by DMA in different materials during the
occurrence of the glass transition phenomenon, but no
conclusive explanation has yet been provided. High damp-
ing capability above T, may affect the properties of the
materials and can be relevant for their processing. A
physical model was proposed to elucidate the origin of this
phenomenon, which included a typical viscoelastic re-
sponse around a relaxation process coupled in series with
a Newtonian dashpot [15]. The concept behind the model
suggests that an irreversible flow, modelled by the viscous
dashpot, takes place more easily above 7, due to the
slippage of polymeric chains. This dissipative process could
add some extra contribution in tan §. When the main
relaxation was described by this modified solid linear
standard [15], it was found that the addition of the dashpot
leads to an expression of tan § having a positive and
additive term relatively to the pure solid linear standard,
which could explain qualitatively the existence of a plateau
above T, in the tan § versus T plot.

The most important result in Fig. 2b is the consistent
shift of the position of the loss factor towards lower
temperature as 7, increases. As the samples are fully
transformed, as seen by the full spherulitic occupation of
the volume from parallel optical microscopy observations
[10], this shift in T, should be related to the different
environment felt by the mobile amorphous phase at the
lamellar scale. It is well known that the glass transition
involves cooperative motions that can progress in a nano-
metric length scale, and that this process can be interfered
by geometrical confinement. Adam and Gibbs [16] intro-
duced the concept of cooperatively rearranging regions
(CRR), defined as the smallest region around a relaxing
entity that upon a sufficient fluctuation can undergo a
transition to a new configurational state independently of its
environment. The length scale £ of the CRRs assigned to
the glass transition relaxation in glass formers increases
with decreasing temperature, as more extensive coopera-
tivity is needed for the molecular entities to move,
diverging near the so-called Vogel temperature. Generally,
¢ at T, ranges between 1.0 and 3.5 nm [17].

Schick and Donth [18] have proposed that in a semi-
crystalline system, the inner mobile amorphous phase
would be disturbed with respect to the dynamic glass
transition of the amorphous bulk phase if the thickness of
the mobile amorphous layer is smaller than the typical
dimension of the CRR at T, of the bulk material, i.e., ~2&.
In a simple picture, one may consider that during heating
from the glassy state, if the distances of the amorphous
domains to the rigid walls are higher than &, then the
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mobility will be reached at a temperature similar to the 7,
of the bulk material. If the distance of the amorphous
segments to the wall is smaller than &, the mobility at that
temperature is not possible, as the conformational rear-
rangement cannot take place due to the hindering of the
rigid wall. It is known, and observed experimentally [19],
that there is a decrease in dynamic correlations and length
scales as the temperature increases above 7T,. Therefore,
only at higher temperatures, for sufficient smaller correla-
tion lengths, the segmental mobility can take place without
the perturbation of the confining walls that are linked to the
amorphous mobile phase through covalent bonds. In an
experimental point of view, this will result in a shift of the
glass transition temperature towards higher values. More-
over, within the mobile amorphous layer, one may find
mobile segments at different distances from the confining
walls, enlarging the temperature range along which the glass
transition takes place. This observation is compatible with
the broader distribution of characteristic times observed in
semi-crystalline systems, with respect to the corresponding
amorphous material. For the specific case of PLLA,
such comparison was investigated from DSC measure-
ments [5], where the stretched exponent of the Kohl-
rausch—Williams—Watts model was found to be smaller for
semi-crystalline PLLA (5=0.35) than for the amorphous
counterpart ($=0.40). The «-relaxation loss peak
corresponding to the dynamic glass transition, observed in
PLLA by dielectric relaxation spectroscopy, was also found
to be described by a broader distribution of relaxation times
for the semi-crystalline case [6—7].

From the above considerations, it is not surprising that a
correlation between the thickness of the mobile amorphous
layer and T, should exist in semi-crystalline systems (see,
for example, [20]). It would also be interesting to
understand if the rigid amorphous layer could have any
influence on the features of the glass transition dynamics.
This possibility has been scarcely analysed in the literature
[21-23], and this work intends to further investigate the
effect of the rigid amorphous layer using viscoelastic
measurements around 7. In a previous work [11], which
combined X-ray scattering data and DSC results of PLLA,
it was found that with an increasing T, a consistent increase
in the thickness of the rigid amorphous layer could be
observed, whereas no conclusive variation in L, could be
found—Fig. 3 resumes some of the data obtained from that
work. Therefore, PLLA seems to be an interesting system
where one can, within limited possibilities, produce
materials having rigid amorphous layers with different
thickness while maintaining approximately the thickness of
the mobile amorphous layer. At the same time, DSC results
revealed a decrease in T, with an increasing 7; [11]. The
same trend between T, and 7, was also observed by DSC
some years ago for PLLA [24]; however, the authors did
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Fig. 3 Plot of L, (open circles), L., (open squares) and L. (filled
squares in the inset graphics) versus T, for cold-crystallized PLLA
(data taken from [11]). For the L, data, a linear regression is presented

not provide any explanation for this behaviour. On the
contrary, they referred that the opposite trend should be
expected due to the decrease in mobility associated with a
higher crystallinity degree as T, increases [24]. In the
present work, we can also observe a shift of the tan J peak
towards lower temperatures with an increasing 7, (Fig. 2b),
compatible with the calorimetric data. Figure 4 shows such
variation in more detail, suggesting in a first approximation
a linear relationship between the temperature of maximum
tan 0, Tax, and Ty.

From viscoelastic measurements, it was then confirmed
that when the thickness of the rigid amorphous layer
increases, the glass transition shifts to lower temperatures.
The rigid amorphous phase should not participate directly
in the glass transition; that is, it does not contribute, for
example, to the increase in the heat capacity across 7, nor
contribute to the «-relaxation loss peak in spectroscopic
experiments. However, the results obtained for PLLA
suggest that this phase could influence, to some extent,
the glass transition features. A possible explanation for the
observations found in this work could be related to the fact
that the micromechanical and dynamic properties of the
rigid amorphous phase are quite different from those of the
crystalline layer: The lower density and the lack of chain
organization make the rigid amorphous phase more ductile
than the crystalline one; this may enable the existence of
local mobility within the polymeric chains, which could not
be observed in the regular structure of the crystalline phase.

Taking into account the typical characteristic length of
the CRR [17] and the average thickness of the mobile
amorphous layer (Fig. 3), it is expected that the CRR for
the chain segments that are in the central region of this
layer would not be affected by the rigid amorphous layer.
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Fig. 4 Temperature of maxi-

mum loss factor, Th,ax (squares),
and width at half-height for the
tan § peak, Wy, (circles), as a
function of crystallization tem-
perature (7;), taken from the
data of Fig. 2b. Linear regres-
sions for the two representations
are also shown (solid lines). The
scheme at the right-hand side
explains how W;,, was
obtained: The peak describing
the glass transition in the tan ¢ o

trace (solid line) is fitted using a . . . .

increasing of L, o 414
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However, if the segments are at a distance lower than &
from the rigid amorphous phase, then this phase might be
included in the CRR, as the scheme of Fig. 1 intends to
illustrate. Therefore, upon the cooperative motions of such
kind of chain segments within the mobile amorphous layer,
the molecular organization of the rigid amorphous layer
located within the CRR could be adapted up to a certain
extent, in such a way that the segmental motions could be
accomplished. The motion of the segments in the centre of
the CRR will be possible if some low-extent conformation-
al adjustments inside the rigid amorphous phase permit the
occurrence of the overall cooperative conformational
motions. Note that if no rigid amorphous layer would exist,
or if its thickness is sufficiently small, such motions could
not take place, as the CRR of the segments that are at a
distance lower than ¢ would include a part of the crystalline
layer that could not be involved in the dynamic event. In
that case, the temperature must increase until the CRR is
small enough to exclude the crystalline fraction; that is, an
increase in T, should be observed. Therefore, this possible
model permits to expect an increase in T, with the decrease
in the thickness of the rigid amorphous layer. This is, in
fact, the trend observed in this work for PLLA.

This model suggests that the rigid amorphous phase
possesses some degrees of freedom that could help the
segments in the mobile amorphous layer to accomplish
their cooperative motions. This “pillow” effect occurring in
the rigid amorphous phase is expected to involve low
amplitude motions within this phase: We suggest that just
small free volume fluctuations or rotational/translational
motions of a few monomers could be enough to facilitate
the conformational motions occurring in the mobile
amorphous phase, especially in the edges of the CRR.
Note that the shape of CRRs in glassy liquids are not
completely compact: Both computer simulations and theory
suggest that the geometry of such regions could be
described by string-like or fractal morphology [25].
Therefore, we may hypothesize that motions within some
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of such irregular regions could take place in the more
compact rigid amorphous phase. It must be noticed that the
hypothesis proposed in this work is just a possible
explanation based on the observed data, which should be
confirmed based on further experimental or theoretical
information.

It would be expected that the involvement of the rigid
amorphous phase in the motions occurring in the mobile
phase could diversify the molecular environments felt by the
segments during conformational changes, enlarging the
distribution of relaxation times. Therefore, besides the change
in T,, it would be interesting to address if the different
lamellar morphology also changes the distribution of
characteristic times assigned to the glass transition dynamics.
The complex response of a polymeric system reflects a
spectrum of times, each of one characteristic of a determined
type of molecular motion that contributes to the overall
mechanical response, and that is inversely proportional to the
frequency of the corresponding motions. For isothermal
experiments, the broadness of the loss peak is higher for
broader distributions of characteristic times. For systems
with similar temperature dependencies of the characteristic
times, such as the different materials analysed in this work,
one should also expect that the broadness of the loss peaks in
the frequency axis (isothermal experiments) and in the
temperature axis (isochronal experiments) should be corre-
lated. This relationship was explained qualitatively, for
example, by Cameron et al. [26]. Therefore, in this work, it
was used as a qualitative approach to have an indication
about the broadness of the distribution of characteristic times
by measuring the broadness of the loss factor peak obtained
by DMA. This procedure was already used by other authors
[21]. The isochronal tan § data were fitted by a simple
function, and we assume a correlation between the broadness
of the distribution of characteristic times and the half-height
width of the peak ), (see right-hand-side scheme in Fig. 4).
Figure 4 shows W;, as a function of the crystallization
temperature, where a relationship seems to exist. However,
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the statistical significance of this finding should be more
deeply confirmed by also using other polymeric systems.
According to the previous results, we may then suggest that
as the thickness of the rigid amorphous phase decreases, 7,
increases, and we concomitantly observe an increase in the
broadness of the time spectrum. In a future work, broadband
dielectric relaxation experiments in such system will be
reported, where more information on the trend in the
distribution of relaxation times of the lamellar morphology
will be discussed.

Conclusions

This work showed that DMA could be a suitable technique
to relate the crystalline morphology of semi-crystalline
polymers and the corresponding glass transition features.
For the specific case of PLLA, a decrease in the glass
transition temperature with an increasing crystallization
temperature was observed. This finding was consistent with
previously reported DSC results [11]. The decrease in T,
was correlated with the changes in the thickness of the rigid
amorphous phase. It was suggested that this phase,
although not participating directly in the cooperative
segmental motions, could have some translational/rotation-
al degrees of freedom. Such local mobility could allow for
the accommodation of the segmental mobility of chains in
the mobile amorphous phase, in which the edges of the
CRR overlap with the rigid amorphous phase. For thinner
rigid amorphous layers, this process could be more
hindered as the mobile amorphous phase would be in a
more direct contact with the rigid crystalline layer. In that
case, such cooperative segmental motions could only take
place at higher temperatures, where the characteristic
lengths of the cooperative rearranging regions are smaller.
Besides the changes in Ty, the increase in the crystallization
temperature broadens the loss factor peak, which could
indicate an increase in the broadness of the distribution of
relaxation times. Therefore, the results reported in this
study provided further data on the dependence of the glass
transition on the geometrical confinement provoked by the
crystalline lamellae in semi-crystalline polymers, and also
supply information about the general viscoelastic behaviour
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of PLLA crystallized at different conditions and thus
exhibiting different morphologies.
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