
3224 | Soft Matter, 2020, 16, 3224--3233 This journal is©The Royal Society of Chemistry 2020

Cite this: SoftMatter, 2020,

16, 3224

Distinct dynamics of structural relaxation in the
amorphous phase of poly(L-lactic acid) revealed
by quiescent crystallization†

Xavier Monnier, ‡ Nicolas Delpouve * and Allisson Saiter-Fourcin

Fast scanning calorimetry (FSC) experiments were performed to investigate physical aging in amorphous

and semi-crystalline poly(L-lactic acid)s (PLLAs) that were thermally crystallized under conditions leading

to the a0- or a-crystalline form, and either favouring or inhibiting the development of a rigid amorphous

fraction (RAF). The enthalpy of recovery was calculated after two procedures of rescaling to the content

of the whole amorphous phase and also to the only content of the mobile amorphous fraction (MAF),

which helped in clarifying the contribution of the RAF. From the dependence of the structural relaxation

rate on the aging temperature, two regimes were evidenced for all samples. In the aging temperature

domain situated close to the glass transition, the structural relaxation occurs significantly faster in the

MAF. Its rate is independent of the aging temperature and is not influenced by the microstructure.

However, the distance to equilibrium is higher in samples for which the coupling is strong between

crystal and amorphous, implying that the time to reach equilibrium is also higher. In contrast, at low

aging temperatures, for which the whole amorphous phase can be considered as solid, MAF and RAF

exhibit the same structrural relaxation rate. This convergence in the relaxation kinetics by decreasing the

temperature of physical aging was interpreted as the evolution of relaxation dynamics in the MAF from

segmental to local. This change is highlighted by the comparison between MAF and RAF relaxation

kinetics, but it occurs similarly in a pure amorphous system.

1. Introduction

Fast scanning calorimetry (FSC) has recently emerged as a powerful
technique for polymer characterization. Among the results
obtained thanks to FSC, some refer to topics such as crystallization
kinetics,1 crystalline reorganization,2,3 and nucleation.4,5 Glassy
dynamics related to the structural relaxation of polymers has also
been vastly explored.6–24 Structural relaxation, or physical aging, is
characterized by a change in thermodynamic quantities such as
enthalpy and specific volume. During the structural relaxation,
the thermodynamically out-of-equilibrium glass minimizes
its thermodynamic quantities to approach equilibrium.25–29

The distance separating a glass from equilibrium can be
evaluated from the concept of fictive temperature introduced by
Tool.30 Using FSC, Gao et al.7 measured the limiting fictive
temperature, meaning the fictive temperature in the case of a
non-aged glass,7 over five decades of cooling and heating rates.
They showed that the limiting fictive temperature is dependent
on the cooling rate and is not a function of heating rate.7

Another change in the glass structure, the departure from
equilibrium, introduced by Kovacs,31 has been studied in
polystyrene by Lopez et al.8 They performed intrinsic isotherm,
asymmetry of approach, and memory effect experiments8

(experiments historically performed by Kovacs31 that demon-
strated the nonlinear and nonexponential character of structural
relaxation). They obtained, thanks to FSC, the complete response
of these three signatures of structural recovery in enthalpy space.8

Recently, Grassia et al.24 have fitted the experimental data obtained
by FSC for polystyrene with a new modified version of the Tool–
Narayanaswamy–Moynihan model.32–34

Depending on their distance to equilibrium, the stability
of glasses differs. For example, highly stable glasses can be
obtained by physical vapour deposition of organic molecules.35,36

Yoon et al.18 have prepared by vacuum pyrolysis deposition 300
to 700 nm thick ultrastable amorphous fluoropolymer glasses.
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They report a 57 1C reduction of the fictive temperature in these
ultrastable glasses compared to the nominal glass transition.
Mc Kenna et al. investigated structural relaxation in ultrastable
amorphous Teflon.19 They reported deviations from VFT toward a
higher activation energy Arrhenius-like behaviour, similar to
previous results obtained on amber.37 Monnier et al.38 obtained
thermodynamic states, with a fictive temperature 80 1C below
the polymer glass transition temperature, in glassy poly(4-tert-
butylstyrene) confined at the micrometer length scale. They
correlated the access to these thermodynamic states to a fast
equilibration mechanism, promoted by the large amount of
free interface.39,40 Fast equilibration mechanisms based on
enhancing the amount of free interface were also exploited by
Boucher et al.,41 who reported the fictive temperature to reach
the predicted Kauzmann temperature value in 30 nm stacked
PS films.

The possibility for a polymer glass to reach the extrapolated
liquid line has been contested in some past studies.42–45 It has,
for example, been assumed that the structural relaxation was
hindered because of chain entanglement and steric hindrance.46

Nevertheless, Koh et al.47 have presented measurements of the
enthalpy recovery of polystyrene, 15 1C below the nominal glass
transition temperature, for aging times up to 1 year, and showed
that the equilibrium enthalpy line can be reached. In addition,
among recent studies, some show that physical aging occurs via a
single step process toward equilibrium,8,9,47 whereas others report
the existence of a plateau,48,49 and two different mechanisms
of equilibration.50–53 Data obtained from FSC regarding this
question are provided in previous studies.8,9,51 In this context,
one of the main advantages of FSC, when it comes to physical
aging study, is that the very high cooling rates that are possibly
used, about 1000 K s�1, increase the temperature for which the
liquid-like state is quitted in comparison to what is possible
using classical differential scanning calorimetry (DSC).10,12

Thus, aging investigations from FSC can be performed at
temperatures that are hardly accessible from DSC, and for
which the time to reach equilibrium is shorter due to the high
mobility of the chains. FSC experiments show, for aging times
compatible with in situ experiments, the possibility for a polymer
glass to reach the extrapolated liquid line.8,11,54 Moreover, at a
given aging temperature, so for a given equilibration time, the
glass formed at a high cooling rate by FSC is at a higher distance
to the liquid-like equilibrium line. Therefore, it is possible to
conjugate two conditions that facilitate the observation of any
effect impacting the kinetics of physical aging: a short equili-
bration time and high distance to equilibrium.

In this work, we use FSC to investigate the impact of
crystallization conditions on the structural relaxation mecha-
nism of poly(L-lactic acid) (PLLA). PLLA is likely one of the more
reliable semi-crystalline biopolymers to replace petroleum-
based polymers for longer life-time applications despite its
brittleness and low thermal resistance.55 Its dimensional stability
during service should also be considered.56 In particular, and
because poly(lactic acid)s (PLAs) exhibit a glass transition
temperature, about 60 1C, which is slightly above their tempera-
ture of use, generally ambient or human body temperature,57

PLLA is strongly sensitive to the structural relaxation. Several
results were recently obtained from PLLA physical aging.
Androsch and Di Lorenzo58 evidenced a nucleation mechanism
below the glass transition temperature. Di Lisio et al.59 showed
from modulated temperature FTIR spectroscopy that the struc-
tural relaxation is dependent on the conformer distribution in
the liquid before its vitrification. Cui et al.60 investigated the
mechanical properties of injection moulded aged PLA. Monnier
et al. investigated the structural relaxation kinetics of PLAs in
amorphous samples,11,16 under quiescent and flow-induced
crystallization conditions,61 and in polystyrene/polylactide
multilayer films.17

As for many polymers,62–65 the decoupling between both
amorphous and crystalline phases is imperfect in PLLA, so a
rigid amorphous fraction (RAF) forms.66 In this part of the
amorphous phase, the molecular mobility is highly restrained,
leading its devitrification to occur significantly above the glass
transition.67 In a recent study,68 the participation of RAF in the
physical aging process at high undercooling has been assumed.

Furthermore, in PLLA, the coupling differs depending on the
crystallization conditions, and is associated with polymorphism.
By annealing above 120 1C, the most stable polymorph, the
a-form, is created.69 Crystallization below 100 1C leads to a
more disordered form, the a0-form,69–71 which is characterized by a
looser chain packing and slightly larger unit cell dimensions.72

These latter annealing conditions induce a local increase in free
volume,73 related to strong coupling. The idea of this work is to
confront, for different quiescent crystallization conditions, the
theoretically antagonistic effects on the aging kinetics caused,
respectively, by the crystalline phase nature and the local dedensi-
fication of the amorphous phase associated with the RAF.

2. Experimental
2.1 Materials

PLLA pellets were purchased from PURACs, Corbion, Netherlands
(PURASORB PL24s GMP commercial grade of homopolymer).
Average molecular weight in number Mn = 59 500 g mol�1 and
the polydispersity index Ip = 1.8 were provided in a previous
study.74 Before any experiment, PLLA pellets were heated at
50 1C to remove residual humidity.

2.2 Polarized optical microscopy (POM)

Polarized optical microscopy (POM) images were obtained in
transmission and reflection modes, for bulk PLLA and PLLA on
the FSC chip respectively, using a universal EPI-illuminators

polarized optical microscope equipped with Nikon M Plan �5
objective lenses, and connected with a digital camera system
from Nikon Corporations. To observe the appearance and
growth of spherulites during isothermal crystallization, the
samples were heated on a hot stage Mettler FP 82s.

2.3 Fast scanning calorimetry (FSC)

Fast scanning calorimetry (FSC) investigations were carried out
on Flash DSC 1 (Mettler Toledos) apparatus equipped with a
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Huber TC100s intra-cooler. PLLA pellets were cut into slices
using a microtome. The samples were positioned on the
sensitive area of a MultiSTAR UFS 1 MEMSs chip sensor. Prior
to use, the chip was conditioned and corrected according to
Mettler Toledos procedures. Following the recommendation of
Toda et al.,75 samples with thickness less than 10 mm were
prepared to prevent a thermal gradient. The adhesion of the
PLLA sample onto the chip was promoted by adding a thin layer
of silicon oil, thus improving thermal contact. Prior to any
experiment, a good thermal contact was ensured by consecutive
heating and cooling at 1000 K s�1, up to 250 1C, and down
to �80 1C. The sample was positioned in the middle area of
the sensor, where the temperature distribution is the most
homogeneous, as shown by Jariyavidyanont et al.76

Experiments were performed under a 20 mL min�1 nitrogen
flow. Sample mass was estimated from the step change in heat
flow at the glass transition by assuming that the heat capacity
step value DCp of PLLA obtained by FSC at |bc| = bh = 1500 K s�1

is identical to the value obtained by modulated temperature
differential scanning calorimetry (MT-DSC) at bh = 2 K min�1.
The mass of the samples ranged between 60 and 80 ng. The
calibration procedure of FSC has been previously detailed,17

and it includes the correction of both static and dynamic thermal
lags following the equations recommended by Schawe.77

Experiments were repeated twice.

2.4 Crystallization procedures

Amorphous PLLA samples were obtained by cooling from the
melt temperature down to ambient temperature at 1500 K s�1.
Crystallization from melt was performed by cooling the sample
at 1500 K s�1 down to Tc. Crystallization from glass was
performed by successively cooling the sample down to �60 1C
at 1500 K s�1 then heating it up to Tc at the same rate.
Crystallization time tc ranged between 1 and 600 min. After
crystallization, the sample was cooled down to�60 1C at 1500 K s�1.
The subsequent FSC scan was also performed at 1500 K s�1.
Crystallization temperatures, 89 and 149 1C, were chosen to
maximize the selective formation of the a0- and a-polymorph,
respectively.

The degree of crystallinity Xc of PLLA was calculated by:

Xc ¼
DHm �

P
DHc

DH�
m

(1)

where DHm is the enthalpy of melting, DHc is the enthalpy of

cold crystallization, and DH
�
m is the theoretical enthalpy of

melting of the totally crystalline polymer. DHc is equal to zero
when the heating rate is fast enough to prevent any cold
crystallization or reorganization, which is the case in this study.
In the present study, we used the temperature dependence

of DH
�
m proposed by Righetti et al.,78 which leads to

DH
�
m ¼ 111:1 J g�1 for a0-crystals melting at Tm = 160 1C and

DH
�
m ¼ 149:7 J g�1 for a-crystals melting at Tm = 200 1C. The

RAF content, noted as XRAF, was then calculated from:

XRAF ¼ 1� XC þ XMAFð Þ with XMAF ¼
DCp
DCp�

(2)

where XMAF is the content of mobile amorphous fraction and

DCp
�

is the heat capacity step associated with the glass transi-
tion of fully amorphous PLLA.

2.5 Physical aging

Physical aging kinetics was investigated on amorphous and
semi-crystalline PLLAs by means of FSC. Two sets of physical
aging experiments have been performed. In the first set,
the structural relaxation process has been investigated for a
given aging time tag = 10 minutes at different temperature Tag

ranging from 72 down to �3 1C. In the second set, two aging
temperatures, respectively 50 and 63 1C, have been chosen.
Then, the physical aging experiments were performed with the
aging time tag varying from 0.001 to 1000 minutes. Amorphous
and semi-crystalline PLLAs (annealing procedure described in
paragraph 2.4, with tc = 200 min) were cooled down to �60 1C
and then heated up to Tag at 1500 K s�1. Consecutive to the
aging step, PLLA samples underwent two consecutive cooling/
heating steps at 1500 K s�1. The first one allows getting the
calorimetric signature of the aged PLLA, i.e., the structural
recovery,28 while the second allows obtaining the FSC curve
for a non-aged PLLA.

For amorphous and semi-crystalline PLLAs, the enthalpy of
recovery DH (Tag, tag) was calculated as reported in previous
studies,11,17,68 according to the following equation:

DH Tag; tag
� �

¼
ðT2

T1

CpagedðTÞ � Cpnon-agedðTÞ
� �

dT : (3)

in which Cpaged(T) and Cpnon-aged(T) are the heat flows of the
aged and non-aged samples, respectively, which are normalized
to both sample mass and heating rate in order to be expressed
in units equivalent to specific heat capacity. T1 and T2 are
temperatures arbitrarily chosen, and they correspond to the
start and end of the thermal signature of the glass transition,
with the enthalpy recovery peak superimposed, respectively.
At T1 and T2, the values of Cpaged(T) and Cpnon-aged(T) are the
same. When an exotherm appears in the normalized heat flow
curve prior to the appearance of the broad endothermic peak,
the area of the dip has to be included in the calculation of the
enthalpy of recovery.68,79

3. Results and discussion
3.1 Morphology and signature of the coupling between crystal
and amorphous

Fig. 1 displays the pictures obtained from POM after crystal-
lizing bulk PLLA from the melt at 89 1C (Fig. 1A) for 140 minutes
and at 149 1C for 170 minutes (Fig. 1B) in the hot stage.
In consistence with several authors80–83 reporting that the size
of the spherulites increases with the crystallization temperature,
crystallization at 89 1C under predominant germination
conditions81 generates mostly small size spherulites with diameter
less than 50 mm, whereas crystallization at 149 1C in predominant
growth conditions81 generates well-defined big spherulites with
diameter about 200 mm.
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In the insets of Fig. 1, the POM pictures of PLLA samples
on the FSC chip sensor after in situ crystallization are shown.
The sample diameter is close to 85 mm, slightly higher than the
spherulite average diameter after crystallizing at 89 1C and less
than the spherulite average diameter after crystallizing at
149 1C. Therefore, one can reasonably question the possibility
to get identical microstructures in FSC compared to bulk
samples. Although it is not possible to distinguish any spherulite,
interestingly, the difference in crystallization conditions is
reflected in the sample feature. Multiple grain-like structures
similar to germs are observed after crystallization at 89 1C on
the FSC chip sensor. On the other hand, one can observe a
continuous coloration for the sample crystallized at 149 1C,
which leads us to suppose that the sample volume is wholly
invaded by one or a few spherulites. Despite the space limit in
the growth of the spherulitic structure, one can assume that the
morphology of FSC samples, and bulk samples, is dependent
on crystallization conditions.

Fig. 2 shows the heat flow curves from FSC analyses,
subsequent to the crystallization from the glass at 89 1C
(Fig. 2A) and at 149 1C (Fig. 2B), for annealing times ranging
from 5 up to 600 minutes and 7 up to 600 minutes, respectively.
For a clear comparison between curves, the FSC heat flow
curves were normalized to both scanning rate and sample
mass. The focus on the glass transition, which is detected
between 60 and 100 1C classically, reveals a decrease in the
heat flow step with the annealing time, as the content of
amorphous phase progressively decreases with the crystalline
phase growth. The melting occurs at higher temperatures
(onset at about 180 1C and peak maximum at about 200 1C)
when crystallizing at 149 1C in comparison to crystallization at
89 1C (onset at about 140 1C and peak maximum at about
160 1C), and the enthalpy of melting is also higher. This is the
expected signature of the formation of the more perfect a-form,
characterized by a higher degree of perfection, when crystal-
lizing at higher temperatures. Moreover, it is consistent with
the POM pictures and with the literature,69 reporting that the
a0-form generated at 89 1C is a disordered imperfect crystalline
form in comparison to the a-form generated at 149 1C.

FSC allows determining the cooling rate needed to anni-
hilate crystalline reorganization.84 The investigations led by

Androsch et al.85–87 show that non-isothermal nucleation can
be suppressed by cooling PLLA at 50 K s�1 and that the
reorganization of the a0-form into the a-form, which is observed
when performing DSC analysis at conventional heating rates,
i.e., about 10 K min�1, can be prevented for heating rates
higher than 30 K s�1. Therefore, the melting peak in Fig. 2A
really corresponds to the melting of a0-crystals, which is usually
not observable.

The MAF and RAF contents with crystallization advance-
ment are respectively given in Fig. 3A and B. One can observe
that XRAF is higher by crystallizing at 89 1C, in comparison to
the crystallization at 149 1C (XRAF = 15 � 4% for Tc = 89 1C, and
5 � 4% for Tc = 149 1C) but it does not reach a content as high
as that obtained from bulk crystallization.68 Crystallization
under confinement might be detrimental for the formation
of RAF as a minimum space is needed for its creation.88

Fernandes Nassar et al.89 have shown that it is possible to
crystallize PLLA up to 43% without forming RAF when PLLA is
confined against polystyrene in 20 nm layers obtained by a layer
multiplying co-extrusion technique.

To evaluate the impact of the annealing conditions on
the amorphous phase properties, the glass transition measured

Fig. 1 Polarized optical micrographs of PLLA bulk samples crystallized
from melt at Tc = 89 1C for 140 minutes (A) and at Tc = 149 1C for
170 minutes (B), as well as respective polarized optical micrographs of
PLLA samples on the FSC chip sensor after in situ crystallization (insets).

Fig. 2 Heat flow curves from fast scanning calorimetry normalized to
both sample mass and heating rate of initially amorphous PLLA samples
crystallized from the glass for tc = [5, 7, 10, 12, 15, 20, 30, 50, 70, 100, 200,
and 600] minutes at Tc = 89 1C (A) and for tc = [7, 10, 20, 30, 50, 70, 100,
200, and 600] minutes at Tc = 149 1C (B). A focus on the glass transition is
given in the insets.
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upon cooling Tg,mid has been determined for amorphous PLLA
and PLLA crystallized for tc = 200 minutes, i.e., for Xc = Xc,max

(see ESI†). Moreover, as shown in Fig. 4, the midpoint of the
glass transition signature obtained upon heating Tmid heat has
also been measured for various tc. The difference Tmid heat �
T0 mid heat is given as a function of Xc, where T0 mid heat = 72 1C is
the midpoint of the glass transition signature obtained upon
heating for an amorphous PLLA. As revealed from previous
studies,72,73,90,91 low crystallization temperatures cause broad-
ening of the MAF devitrification and the shift of its midpoint to
higher temperatures. According to Fig. 4, the shift Tmid heat �
T0 mid heat with the annealing time is indeed significantly
stronger, close to 12 1C after 600 minutes of annealing, when
crystallizing at 89 1C, in comparison to crystallization at 149 1C,
wherein it is close to 3 1C after 600 minutes of annealing.

There is no clear consensus regarding the causes for the
MAF constraint, which results in the shift of the glass transition
signature towards higher temperature. The microstructure of
PLLA, after crystallization at low and high temperatures, has
been depicted according to the heterogeneous stack model by
Righetti et al.72 In this model, the RAF locates in the inter-
lamellar regions and the MAF in the larger interstack gaps.72

Thus, the glass transition shift relates to the dimension of the

interstack region. Androsch et al.92 associated the coupling
between amorphous and ordered phases with the presence of
nanometer-sized ordered domains to explain the shift of the
glass transition of PA11. The studies performed by Schawe93,94

on isotactic polypropylene revealed that the RAF induces a
strong increase of the glass transition, although this shift was
essentially interpreted as the consequence of mobility restric-
tions imposed by the crystalline fraction. Esposito et al.95

interpreted the shift of the glass transition towards higher
temperatures as the result of gradual mobility constraints,
transferring from the crystalline phase to the MAF through
the RAF behaving as a buffer. Fernandes Nassar et al.89 crystal-
lized PLLA beyond 40% in PS/PLLA multi-nanolayered films.
They reported, for similar confinement conditions, that
the glass transition increases when XRAF = 25%, whereas it
shifts towards lower temperatures in the absence of RAF. They
concluded that the glass transition of the MAF depends on the
coupling between phases. Regardless of the interpretation,
Fig. 4 shows that the MAF is more constrained by crystallizing
at 89 1C.

3.2 Structural relaxation in the mobile amorphous fraction
(MAF)

It is possible using the FSC scans following the physical aging
procedures to investigate the impact of the microstructure on
the structural relaxation. However, the direct comparison of the
enthalpy of recovery is misleading, since the quantity of PLLA
relaxing at the glass transition is lower in semi-crystalline samples.
Consequently, one cannot discriminate only from the determina-
tion of values of DH(Tag, tag) in semi-crystalline polymers what
results from changes in relaxation dynamics such as mobility
restrictions induced by crystals and what is linked to the lower
content of amorphous phase. As an answer, it might be proposed to
rescale the enthalpy of recovery to XMAF, i.e., the content of
amorphous phase relaxing at the glass transition (see Fig. 5). The
onset of structural relaxation TOnset

Struct.,Relax. was determined as
detailed in the ESI.† 96 It is remarkable that the signature of

Fig. 3 Quantities of amorphous fractions during PLLA crystallization from
glass and melt at 89 and 149 1C. (A) Mobile amorphous fraction versus
degree of crystallinity. The blue line indicates the expected variations
according to the two-phase model and allows quantifying the deviation
from this model. (B) Rigid amorphous fraction versus the crystallization
time. See the ESI† for more details concerning the variation of Xc with tc,
and the influence of the chosen value for DH

�
m on the calculation of XRAF.

Fig. 4 Difference between Tmid heat the midpoint of the glass transition
signature obtained upon heating and T0,mid heat the midpoint of the glass
transition signature obtained upon heating for an amorphous PLLA as a
function of Xc for crystallization at 89 1C and 149 1C, from both the glass
and the melt.
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physical aging is detected in amorphous PLLA and, to a lesser
extent, in semi-crystalline PLLA, for aging above Tg mid.
Therefore, the structural relaxation can start in a sample not
completely vitrified. The experimental values of DH (Tag, tag =
10 min) and the FSC curves from which these quantities were
extracted are given in the ESI† (Fig. S5–S7).

The dependence of the enthalpy of recovery on the aging
temperature can be fitted for all PLLA following the equation
DHN = DCp � (Tg mid � Tag), where DCp = 0.47 J g�1 K�1 is the
heat capacity step associated with the glass transition of
amorphous PLLA calculated from MT-DSC measurements,
DHN is the total enthalpy loss, defined as the change needed
in the enthalpy of recovery to reach the thermodynamic
equilibrium, and Tg mid is the value of the glass transition
midpoint obtained upon cooling, which also corresponds to
the glass transition midpoint obtained upon heating after
correcting the thermal lag. For most of the aging temperatures
above 50 1C, the structural relaxation occurs fast enough for
reaching equilibrium in 10 minutes aging. Therefore, the
equation DHN = DCp � (Tg mid � Tag) correctly fits the calcu-
lated enthalpy of recovery (Fig. 5). However, DH (Tag, tag =
10 min) is not linearly correlated with the aging temperature
Tag and shows a maximum at Tag = 50 1C. This behaviour is
generally interpreted as the consequence of antagonist effects,
thermodynamic and kinetic, on the structural relaxation.
On one hand, the glass is farther from thermodynamic equili-
brium when decreasing Tag, so the driving force of the struc-
tural relaxation increases with reducing the aging temperature.
On the other hand, the molecular mobility decreases with
decreasing Tag. Recently, it has been proposed that the
shape of the enthalpy of recovery dependence on the aging
temperature could be an indication that different regimes are
responsible for the structural relaxation.97 At temperatures
close to the glass transition, the relaxation dynamics in PLLA

is mostly cooperative, whereas small-scale local motions become
predominant with decreasing temperature.97 A decrease of the
activation energy, when going farther in the glassy state, has been
reported in polylactide from thermally stimulated depolarization
currents.98 For aging temperatures ranging from �3 up to 50 1C,
the curves appear approximately overlapping; so there is no clear
effect of the microstructure on the structural relaxation kinetics of
the MAF (Fig. 5). These results are consistent with the assumption
that this temperature range corresponds to the local motion
regime. Indeed, local motions are expected to be less influenced
by the presence of crystalline domains than by cooperative
motions.99–102 On the other hand, above 50 1C, i.e., in the
segmental motion domain, the curves obtained for amorphous
and semi-crystalline PLLAs do not superimpose. This should be
related to the differently hindered cooperative motions in the
MAF. As an example, above 50 1C, the RAF disturbs the molecular
dynamics in the MAF. It contributes to decreasing the scale of
cooperative motions, and shifting the glass transition to higher
temperatures.90

Androsch et al.92 recently investigated the impact of the
crystalline morphology on the structural relaxation in poly-
amide 11. They found that the crystalline morphology strongly
impacts the enthalpy of recovery for annealing temperatures
slightly below the glass transition, whereas it has a minor
impact when physical aging is performed far below the glass
transition. They suggested the possible existence of different
mechanisms involved in the structural relaxation, in consistence
with our results.92

To investigate how the structural relaxation kinetics of the
MAF is influenced by the microstructure in the segmental
motion regime, physical aging experiments have been per-
formed for various times at 63 and 50 1C, i.e., very close to
the glass transition, and at the maximum of the DH (Tag, tag =
10 min), respectively. The FSC curves of amorphous and semi-
crystalline PLLAs after aging times ranging from 0.001 up to
1000 minutes are presented in Fig. 6. Classically, the peak of
enthalpy of recovery shifts to higher temperatures, and it
increases in intensity, with the aging time. One can observe
that the equilibrium seems to be quickly reached for all
samples when performing aging at 63 1C. On the other hand,
by aging at 50 1C, the enthalpy loss continues to increase
progressively.

In Fig. 7, the enthalpy of recovery values are reported as a
function of aging time. For an aging temperature equal to
63 1C, one can observe that amorphous PLLA reaches equili-
brium in the shortest time, after 0.01 min of aging, while
10 min of aging is needed to reach equilibrium in semi-
crystalline PLLA. Two hypotheses could be considered. This
might be the signature of a slower structural relaxation rate in
semi-crystalline PLLA, or it might only be caused by a higher
distance to equilibrium, i.e., higher total enthalpy loss. Aging at
50 1C helps to reveal that amorphous and semi-crystalline
PLLAs follow the same line, from 0.001 up to 10 minutes aging.
This evidences that the initial structural relaxation rate is the
same in the MAF of amorphous and semi-crystalline PLLAs at
50 1C, in consistence with the results obtained at Tag = 63 1C.

Fig. 5 Enthalpy of recovery rescaled to the content of mobile amorphous
fraction as a function of aging temperature for amorphous and semi-
crystalline PLLAs (tc = 200 minutes) aged for tag = 10 minutes. The onset of
structural relaxation at 72 1C is indicated by an arrow. The solid lines
correspond to the variations of the total enthalpy loss with the aging
temperature.

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
5 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 P
ur

du
e 

U
ni

ve
rs

ity
 o

n 
8/

12
/2

02
0 

9:
52

:1
6 

PM
. 

View Article Online

https://doi.org/10.1039/c9sm02541c


3230 | Soft Matter, 2020, 16, 3224--3233 This journal is©The Royal Society of Chemistry 2020

It is only after 100 minutes aging that the behaviour of
amorphous PLLA starts deviating from the general trend, likely
because it approaches equilibrium. These results are consistent
with previous investigations from standard DSC measurements,
showing that the complex interconnection existing between

amorphous and crystalline phases in spherulites weakly influ-
ences the dynamics of structural relaxation processes.91

The way by which the structural relaxation in the MAF is
influenced by the crystallization conditions in the segmental
motion regime is summarized in Fig. 8. While independent of
the microstructure, all PLLAs leave the liquid-like state at the
same temperature, which corresponds to the onset of structural
relaxation; the glass transition midpoint is a function of the
coupling between amorphous and crystal. As a consequence,
for a given aging temperature, the total enthalpy loss is the
lowest for amorphous PLLA and the highest for PLLA crystal-
lized at 89 1C. Since the structural relaxation rate is the same at
63 and 50 1C, and also between samples, the observation that
PLLA crystallized at 89 1C needs more time to reach equilibrium
may be fully attributed to its higher distance to equilibrium.

3.3 The contribution of the rigid amorphous fraction (RAF) to
the structural relaxation

Rescaling the values of enthalpy of recovery to the MAF content
is a procedure that does not take into account the possibility
that the RAF also contributes to the structural relaxation.
Despite its lower mobility, RAF should also minimize its excess
of enthalpy. Moreover, at temperatures far below the glass
transition, RAF and MAF are hardly discriminated, since
the whole amorphous phase could be depicted as a solid.
Therefore, one could consider that the amorphous phase
participates in totality in the structural relaxation.68 In a recent
study,97 it has been suggested that at high undercooling,
structural relaxation occurs only through short-range motions
both in the MAF and RAF regions. In Fig. 9, this hypothesis is
tested: the values of enthalpy of recovery are presented after
rescaling to the whole content of amorphous phase.

For aging temperatures below 55 1C, the enthalpy lost by
semi-crystalline samples is significantly lower, with this effect
being more pronounced for PLLA crystallized at 89 1C. This
evidences that the RAF dramatically slows down the relaxation
process. Interestingly, DH (Tag, tag = 10 min) tends to converge

Fig. 6 Heat flow curves normalized to both sample mass and heating rate
of initially amorphous PLLA (top) and PLLA crystallized from glass for
200 minutes at Tc = 89 1C (middle) and Tc = 149 1C (bottom) recorded
after aging for tag = [0.001, 0.01, 0.1, 1, 10, 100, and 1000] minutes at
Tag = 63 1C (A) and Tag = 50 1C (B). A focus on the glass transition for semi-
crystalline PLLA is given in the insets. The curves for non-aged samples are
also presented.

Fig. 7 Enthalpy of recovery rescaled to the content of mobile amorphous
fraction as a function of aging time for amorphous and semi-crystalline
PLLAs.

Fig. 8 Schematic representation of the microstructure influence on the
structural relaxation process of PLLA from FSC investigations.
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towards the values recorded for amorphous PLLA when
decreasing the aging temperature down to �3 1C. This means
that far below the glass transition, the structural relaxation
kinetics in both MAF and RAF are identical. One can assume
that the disappearance of cooperative motions occurs progres-
sively in the MAF from Tag = 50 1C down to Tag = �3 1C. It was
identified that when Tg mid � Tag exceeds 55 1C, exclusively local
motions produce structural relaxation in PLLA.97 Thus, MAF
and RAF should relax concomitantly.

For aging temperatures above 55 1C, it is expected that the
structural relaxation dynamics strongly differ between RAF and
MAF because the latter can participate in cooperative motions,
whereas the former cannot. In other terms, the RAF is non-
crystalline but it does not participate in the segmental process.
As shown in Fig. 10, by including the participation of RAF in the

physical aging, the kinetics is slower for semi-crystalline samples,
in particular for PLLA crystallized at 89 1C. It has been observed
above that the structural relaxation rate of the MAF is independent
of the microstructure and is the same in the whole segmental
motion regime. Consequently, this difference in terms of kinetics
could reveal not only that the relaxation occurs at a much slower
rate in the RAF, but also that the relaxation of each amorphous
fraction is governed by different mechanisms. This is consistent
with the assumption that only local motions are allowed in the
RAF due to the constraining effect of the neighbouring crystals.
This also implies that the MAF relaxation should occur, thanks to
local motions, far below the glass transition, when both fractions
exhibit the same relaxation kinetics.

4. Conclusions

FSC offers a good compromise for physical aging experiments
between the time to reach equilibrium that must be sufficiently
short to be compatible with a laboratory timescale, and the
distance to equilibrium that must be sufficiently high to high-
light possible differences in aging rate related to the micro-
structure. Taking benefit of this, we investigated in this study
how quiescent crystallization conditions impact the physical
aging of semi-crystalline PLLA. It is proposed that a fair rescaling
of the enthalpy of recovery in semi-crystalline PLLA would consider
the participation of the RAF. By comparing the structural relaxa-
tion rate between MAF and RAF, we deduced that several dynamics
are involved in the structural relaxation of the MAF.

In the temperature domain situated slightly below the glass
transition, for which segmental motions are allowed, the pro-
cess is driven by the distance to equilibrium. This one is farther
in semi-crystalline PLLA for which the induced microstructure
hinders the molecular dynamics strongly enough to shift the
glass transition midpoint to higher temperature. The relaxation
rate of the MAF is the same between samples. Moreover, it does
not depend on the temperature, meaning that the time to reach
equilibrium is directly correlated to the total enthalpy loss.

In contrast, the RAF, which is farther from its devitrification
temperature, is not involved in the cooperative relaxation and
contributes to the physical aging to a lesser extent. The relaxation
dynamics are so distinct in this domain between RAF and MAF
that they are easily separated. However, these observations are not
valid anymore when physical aging is performed at temperatures
low enough. Structural relaxation proceeding thanks to local
motions arises identically in both RAF and MAF, indistinguishable
in terms of mobility, behaving as a solid amorphous phase.
Therefore, the quiescent crystallizations performed in this study
confirm that the structural relaxation motions in the MAF evolve
from segmental to local when decreasing the temperature of aging.
This could contribute to the discussion regarding the nature of
equilibration mechanisms associated with the physical aging.
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Fig. 9 Enthalpy of recovery rescaled to the sum of mobile and rigid
amorphous fractions as a function of aging temperature for amorphous
and semi-crystalline PLLAs (tc = 200 minutes) aged for tag = 10 minutes.
The onset of structural relaxation at 72 1C is indicated by an arrow. The
solid lines correspond to the variations of the total enthalpy loss with the
aging temperature.

Fig. 10 Enthalpy of recovery rescaled to the whole content of amorphous
phase as a function of aging time for amorphous and semi crystalline
PLLAs.
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