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ABSTRACT: The enthalpy relaxation behavior of poly(L-lactide) (PLLA) below glass transition temperature
(Tg) and its effects on the mechanical properties were studied using differential scanning calorimetry (DSC),
dynamic mechanical thermal analysis (DMTA), and tensile test. Both the enthalpy loss (δH) and peak endothermic
temperature (Tp) in the glass transition region show a linear increase with the logarithm of aging time (ta). On the
basis of DSC results, the kinetics of the enthalpy relaxation process were analyzed, and the kinetic parameters of
PLLA were obtained: relaxation rate of enthalpy at 40°C âH ) 1.77 J g-1 per decade, and apparent activation
energy∆h* ) 1107 kJ mol-1. Besides, analysis on the kinetic of enthalpy relaxation for poly(DL-lactide) (PDLLA)
shows that the∆h* value of PDLLA is similar to that of PLLA. Moreover, it was found that the strength and
modulus of PLLA increase gradually; on the contrary, the toughness reduces dramatically during the physical
aging. The yield strength and tensile modulus increased respectively 18.8% and 23.1% after being aged at 40°C
for 1008 h, as compared to the unaged sample. Also, the fracture strain of PLLA decreased from more than
300% to about 6% with aging at 25°C for 24 h. Moreover, the fractographic examination evaluated by scanning
electron microscopy showed that the fracture of PLLA changed from the “ductile” to “inductile” manner during
physical aging. The drop of ductility in physical aging is correlated to the rearrangement of polymer chains from
disordered to more ordered morphology.

Introduction

Poly(L-lactide) (PLLA), as a biodegradable polymer, has
tremendous potential in both traditional and nontraditional
applications where thermoplastics are employed. Since it
degrades to nontoxic lactic acid, which is naturally present in
the human body, PLLA can be used in implant materials,
surgical suture, and controlled drug delivery systems. Further-
more, the attributes of biodegradability, producibility from
renewable resources, good mechanical properties, and versatile
fabrication processes make it a promising material for many
disposable products, such as baby diapers and plastic bags as
well as for traditional applications where common thermoplastics
are employed, for instance, industrial devices, packaging, film,
and fiber materials.1

The glass transition temperature (Tg) of PLLA locates around
60°C. When implanted or used in ambient conditions, the PLLA
material will be at a temperature lower (but close) to theTg.
During the rapid cooling processing of PLLA, when it is cooled
through its glass transition, molecular mobility slows down and
the material becomes a thermodynamically unstable glass. From
this nonequilibrium glassy state, the material system will tend
to reach the equilibrium through the slow rearrangements. This
phenomenon is often referred to as physical aging.2 Physical
aging can have a particularly profound impact on polymeric
products during their service life, and it has been reported that
many physical properties, such as mechanical properties, barrier
resistance, optical properties, and crystallization behavior of
amorphous polymers, are greatly affected by this aging
process.3-10 Consequently, the structural relaxation (or physical
aging) in the glassy state is very important in determining the
long-term performance of the material system. Owing to the
influence of physical aging on physical properties of polymers,

in the past few decades, considerable attention has been awarded
to investigate the physical aging behavior of polymers, such as
polycarbonate, poly(ethylene terephthalate), polystyrene, polypro-
pylene, and so on.3-10

Among the family of biomass-derived biodegradable poly-
mers, PLLA has relatively high strength and modulus. Never-
theless, it is brittle and its fracture strain is only about 5% in
the tensile test, which has been a major bottleneck for its large-
scale commercial applications. Accordingly, development of the
PLLA-based materials with high toughness has attracted wide
attention in recent years.11 The previous research suggested that
the brittleness of PLLA is due to the low entanglement density
(Ve) and the high value of characteristic ratio (C∞), a measure
of chain stiffness.12 Furthermore, it has been reported that the
entanglement density of polymer chain changes during the
physical aging process, which will induce the variation of
mechanical properties, especially the toughness and fracture
performance of polymers.2,3g,h Therefore, it is considered that
the mechanical properties of PLLA are also dependent on the
aging process. Thus, the study on the relationship between
physical aging, morphology, and mechanical properties can
probably provide some approaches to improve the toughness
of PLLA-based materials.

In the present work, the effects of physical aging on the
enthalpy relaxation, mechanical properties, and the fracture
mechanism of PLLA were investigated by means of differential
scanning calorimetry (DSC), dynamic mechanical thermal anal-
ysis (DMTA), and tensile test. The kinetics parameters of the
aging process were evaluated on the basis of DSC analysis.
Besides, the effect of physical aging on the mechanical proper-
ties was explained from the viewpoint of the rearrangement of
polymer chains. For a comparison, the enthalpy relaxation
behavior was also studied for poly(DL-lactide) (PDLLA).
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Experimental Section

Materials. The samples of PLLA (Mn ) 121 kg mol-1, Mw/Mn

) 1.54) and PDLLA (Mn ) 46 kg mol-1, Mw/Mn ) 1.91; isotactic
diad fraction [i] ) 0.50) were kindly supplied by Shimadzu Co.
(Kyoto, Japan). The glass transition temperatures (Tg) of PLLA and
PDLLA are about 58 and 45°C, respectively, which were evaluated
using DSC by heating the quenched samples at a heating rate of
10 °C min-1. Before use, all the samples were purified by
precipitating into ethanol from chloroform solution, and then they
were dried in 40°C vacuum oven for 3 days.

The dried PLLA and PDLLA samples were placed on the Teflon
sheets, sandwiched between the flat metal plates, and were hot-
pressed after melted at 200°C for 2 min. Then the pressed samples
were quenched to 23( 0.5 °C. The wide-angle X-ray diffraction
(WAXD) measurements reveal that the PLLA samples prepared in
this condition were amorphous due to the absence of any crystalline
peak. The same processing conditions (temperature, time, and
pressure) were maintained throughout to ensure reproducibility in
the sample preparation. All the hot-pressed samples have a thickness
of 0.38-0.40 mm.

Measurements. Gel Permeation Chromatography (GPC).
Molecular weight of the PLLA and PDLLA samples was measured
on TOSOH HLC-8220 GPC system assembled with a VISCOTEK
T-60AV viscometer. Chloroform was used as the eluent at a flow
rate of 1.0 mL min-1. TOSOH TSK standard polystyrene samples
with the narrow molecular weight distribution were used as
standards to calibrate the GPC elution curve.

Differential Scanning Calorimeter (DSC).The measurements
of enthalpy relaxation were made using a Pyris Diamond DSC
instrument (Perkin-Elmer Japan Co., Tokyo, Japan). The scales of
temperature and heat flow at different heating rates were calibrated
using an indium standard with nitrogen purging. Besides, daily
baseline calibrations were performed at each heating rate to
eliminate any baseline noise.

In the isothermal enthalpy relaxation experiments, samples which
were to be annealed for times of 6 h or less were weighted and
sealed in an aluminum pan, immediately after quenching, and they
were annealed directly in the DSC. Because it is impractical to use
the DSC as an oven for longer annealing times, for annealing times
larger than 6 h, the samples were transferred, immediately after
quenching, into an oven controlled at 40( 0.2 °C. Following the
annealing for certain time, the samples were quickly sealed in an
aluminum pan for DSC measurement. In the DSC analysis, all the
samples were scanned from 0 to 100°C at 10 °C min-1. No
discontinuity was observed between the results obtained for the
samples annealed for less than and greater than 6 h, indicating that
the two annealing procedures (in the DSC and oven) are equivalent.

A further set of experiments was conducted to examine the effect
of cooling rate on the enthalpy relaxation. In these experiments,
the quenched PLLA and PDLLA samples were initially held at
75 °C for 2 min to erase its thermal history. Then, they were cooled
to 0 °C at various cooling rates, followed by a reheating from 0 to
100 °C at 10°C min-1 immediately after the cooling stage.

Dynamic Mechanical Thermal Analysis (DMTA). The PLLA
films, prepared as described above, were machined to the dimension
required by DMTA measurement (30 mm× 10 mm) and tensile
test (a gauge length of 22.25 mm and a gauge width of 4.76 mm),
and then they were transferred to oven or refrigerator for aging.
Before the measurement all the specimens were held at 23( 0.5°C
for 10 min in order to erase the effect of temperature on the
mechanical properties, and all the tests were conducted at this
temperature.

The dynamic experiments were carried out in the tensile mode
under atmospheric air using a DMS210 (Seiko Instrument, Japan)
equipped with a SSC5300 controller. The frequency was chosen
as 1 Hz, the heating rate as 2°C min-1, and the initial temperature
as-10 °C, which is controlled by the flow of liquid nitrogen.

Tensile Test.Tensile properties were measured with the help
of Shimadzu (Tokyo, Japan) EZ test machine at a cross-head speed
of 2 mm min-1. Each value of mechanical properties reported was

an average of seven specimens. The Young’s modulusE was
obtained from the tangent of the initial slope of the stress vs strain
curve.

Scanning Electron Microscopy (SEM).A scanning electron
microscope (model JSM-5200, JEOL, Japan) was used to evaluate
the morphology of fractured surfaces for the unaged and aged PLLA
samples after the tensile test. The samples were sputter-coated with
gold particles up to a thickness of about 10 nm before the surface
characterization.

Results and Discussion

Effect of Aging Time on Enthalpy Relaxation.DSC heating
curves for PLLA samples annealed at 40°C (≈ Tg - 18 °C)
for the various times are shown in Figure 1a. The usual behavior
of glassy polymers can be seen here. The area of the endot-
hermic peak increases, and meanwhile the endothermic peak
shifts to higher temperature with the increase of aging time (ta).
When the polymer is quenched from the temperature aboveTg,
the polymer chains are frozen and their segmental mobility is
drastically reduced. With aging of the material, the segmental
mobility causes volume relaxation and thus reduction of the
free volume, which has been experimentally confirmed by
Cowie et al.10c Finally, the aged sample has smaller free volume
as well as the smaller enthalpy and potential energy than
the unaged one. Therefore, when the materials are reheated,
more energy is required for the glass transition, resulting in
the increase of the area of endothermic peak.3a Moreover,
because of the reduction of segmental mobility, it is necessary
to heat up to higher temperatures to finish the morphological
rearrangement which occurred in the glass transition pro-
cess. Accordingly,Tg is also increased during physical aging.
Figure 1b presents the DSC heating scans of the PDLLA
samples annealed at 40°C (≈ Tg - 5 °C) for different times.
It can be seen that with increasing aging time the DSC curves
of PDLLA show the very similar variation trend as those of
PLLA.

As shown in Figure 1a, as for PLLA, a shoulder is present at
the high-temperature side of the main endothermic peak when
ta is between 3 and 24 h. However, this small shoulder is not
detected for the aged PDLLA samples, as shown in Figure 1b.
This is possibly due to the existence of small amount of
crystalline phase in the polymer, which is probably developed
during the quenching process. Very recently, it has been reported
that two endothermic peaks are present in the glass transition
region of the heating DSC scans for the aged semicrystalline
poly(ethylene terephthalate) and PLLA.5a,13It has been assigned
that the lower temperature side peak corresponds to the

Figure 1. DSC curves on heating at 10°C min-1 in the glass transition
region for (a) PLLA and (b) PDLLA samples annealed at 40°C for
the time (in hours) indicated on each curve.
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segmental dynamics in the bulklike phase, and the higher
temperature one is assigned to the constrained motion in the
amorphous phase located within the crystalline phase. Here, the
peak located at higher temperature-side is much smaller, as
compared to the lower temperature one, indicating that the
content of crystalline phase is extremely small.

On the basis of the DSC curves shown in Figure 1a, the
temperature at the endothermic peakTp and the enthalpy loss
δH (sometimes called “enthalpy recovered”) during annealing
were obtained as a function of the aging time. The latter is found
from the area difference between the DSC curves of the annealed
samples and the reference unannealed sample. As for PLLA,
the peak temperature and the enthalpy loss are plotted against
the logarithm of aging time in parts a and b of Figure 2,
respectively. As depicted in Figure 2, both theTp andδH values
increase linearly with log(ta), which is in well agreement with
the results reported for polycarbonate.3a Although the PLLA
and PDLLA samples were both aged at 40°C in this isothermal
annealing, the value ofTg - Ta for PDLLA (Tg - Ta ≈ 5 °C)
is much smaller than that of PLLA (Tg - Ta ≈ 18 °C).
Therefore, it is considered that the enthalpy relaxation kinetics
of PLLA and PDLA are possibly incommensurable. Here only
the enthalpy relaxation kinetics of PLLA during isothermal
annealing were analyzed.

The enthalpy recovered during physical aging depends on
the thermal history that a glassy polymer experiences and on
the related experimental variables, such as cooling rateq1,
annealing temperatureTa, annealing timeta, and heating rate
q2. In this isothermal enthalpy relaxation experiments, all the
variables except forta are fixed. Hence, it provides a direct
measure of the overall relaxation rate of polymer segments. For
instance, for a bulk sample, the relaxation rateâH, which is a
reasonable indicator of the aging kinetics, is usually defined
as14

whereâH can be estimated from the slope of enthalpy loss vs
log(ta) plot. The slopes of the best fit straight lines in Figure
2a,b give the following values ofTp andδH on log(ta) with Ta

) 40 °C, q2 ) 10 °C min-1: ∂Tp/∂(log ta) ) 4.24°C per decade
andâH ) ∂δH/∂(log ta) ) 1.77 J g-1 per decade, with correlation
coefficients of 0.998 and 0.983, respectively.

Effect of Cooling Rate on Enthalpy Relaxation.The effect
of cooling rate on the enthalpy relaxation of PLLA was also
investigated. The heating scans for PLLA samples cooled at
the different rates are presented in Figure 3a. It can be seen
that the glass transition behavior of PLLA is greatly dependent
on the thermal history. With decreasing the cooling rate, the
glass transition peak shifts to higher temperature, and both the
intensity of endothermic peak and theTg value increase. These
imply that there are possibly some morphological differences
among these samples developed at the various cooling rates.

This variation of polymer morphology during physical aging
can be generally characterized in the terms of a limiting fictive
temperature,Tf, as described by Ritland and Moynihan.15a,bThis
parameter is directly related to the state of aging for glassy
materials.Tf of a material in a given state is defined as the
temperature at which the equilibrium liquid has a relaxational
value ofp the same as that of the system in that state, wherep
is a macroscopic property of a vitreous system, such as, enthalpy,
volume, and refractive index, etc.15a,bDuring the physical aging,
the value ofTf will decrease in a manner that characterizes the
relaxation kinetics. TheTf value can be directly evaluated from
the original DSC heating curves.2b,3g,h,15bFigure 4 illustrates the
determination of fictive temperature from the experimental
enthalpy vs temperature data, which can be attained from the
integration of DSC heat flow vs temperature curve. TheTf value
can be determined as the intersection of the extrapolated pre-
transition and post-transition baselines on this enthalpy vs
temperature curve, as shown in Figure 4. The dependence ofTf

on the cooling rateq1 can be written as3a,c,15

where∆h* is the apparent activation energy for the enthalpy
relaxation andR is the universal gas constant. The plot of ln|q1|
vs reciprocal fictive temperature for PLLA is presented in Figure
5. A reasonably straight line was fitted to the data with a
correlation coefficient of-0.996. From the slope, it was
obtained that∆h*/R ) 133 100 K, and hence the apparent
activation energy∆h* ) 1107 kJ mol-1. Besides, the enthalpy
relaxation of PDLLA, which is intrinsically amorphous in nature,

Figure 2. Dependence of (a) peak temperature (Tp) and (b) enthalpy
loss (δH) during physical aging of PLLA at 40°C as a function of
log(aging time,ta/h). The full lines represent the linear least-square fit
to the data.

âH ) [∂δH/∂(log ta)]q1,q2,Ta
(1)

Figure 3. DSC heating scans at 10°C min-1 in the glass transition
region for (a) PLLA and (b) PDLLA samples cooled at the various
rates (in°C min-1) indicated on each curve.

d(ln|q1|)/d(1/Tf) ) -∆h*/R (2)
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by cooling at different rates was also studied. As depicted in
Figure 3b, as for PDLLA, the variation of DSC heating curves
with the cooling rate shows a very similar tendency with that
of PLLA. Moreover, the apparent activation energy for the
enthalpy relaxation of PDLLA was also evaluated. According
to eq 2, it was obtained that∆h* ) 1123 kJ mol-1.

On the basis of the results shown in Figure 3, the peak
temperatures in the DSC curves of PLLA and PDLLA samples
cooled at each rate are shown in Figure 6. Obviously, with
decreasing the cooling rate, the peaks shift first to lower and
then to higher temperatures when the cooling rate reduces below
about 10°C min-1. This phenomenon was also observed for
polycarbonate.3a It has been proposed that this behavior
represents a change in the nature of the endothermic peak from

an upper peak (invariant with annealing time) at the faster
cooling rates, which gives poorly stabilized glasses with large
values of excess enthalpy before reheating, to a main or
annealing peak (strongly dependent on the annealing time) at
the slower cooling rates, which gives increasingly well stabilized
glasses with reduced values of excess enthalpy before reheating.3a

In addition, it is also suggested that this reversal of the change
in peak temperature is likely caused by the additional aging of
the more quickly cooled samples on the subsequent slower
heating.16

The activation energy∆h* has been linked to the configu-
rational energy barrier and reportedly reflects the cooperative
nature of a relaxation process.17a Besides,∆h* is greatly
dependent on the structure and morphology of the polymer, and
it has been found that increasing the cross-linking density as
well as incorporation of nanoparticles in the polymer will induce
the increase of∆h* due to the restriction of segmental
relaxation.14a,15c,17bThe calculated∆h* of PLLA ( ∆h*/R )
133 100 K) is a little smaller than that of polycarbonate reported
by Hodge (∆h*/R ) 150 000 K).3b This can be possibly
explained by that the chain of polycarbonate bearing bisphenol
A groups is more rigid than that of PLLA because the higher
rigidity of polymer chain naturally requires a higher configu-
rational activation threshold.17c

As evaluated previously, the∆h* value of PDLLA is
comparable with that of PLLA. Since the physical aging is
accompanied by the rearrangement of polymer chains, besides
the chemical structure, the configuration and conformation of
polymer chains will also affect its relaxation behavior. The
spectroscopic simulation performed by Hsu et al.18a indicated
that the incorporation of the D unit into PLLA chains changes
the chain conformation, particularly at the D-L junctions.
Besides, the distribution of D and L units in the polymer chain
also affects the chain conformation. So, the relaxation process
of PDLLA will become more complicated as compared to that
of PLLA. On the other hand, the kinetics parameters for the
enthalpy relaxation process also depend on the molecular weight
of polymer.18b Therefore, it is difficult to make a completely
quantitative comparison between the relaxation mechanism of
PDLLA and PLLA only from the∆h* values.

Dynamic Mechanical Thermal Analysis.The temperature-
dependent curves of storage modulus (E′), loss modulus (E′′),
and tanδ are presented in Figure 7a-c for unaged PLLA and
PLLA aged at 25°C (≈ Tg - 33 °C) for 96 and 480 h,
respectively. TheE′, E′′, and tanδ values for the three samples
give almost the same curves above 70°C. An increase in the
E′ and E′′ curves appears between 100 and 140°C; this is
attributable to the cold crystallization occurring in this temper-
ature range during heating.

However, significant difference among the PLLA samples
with various heat histories is observed in theE′, E′′, and tanδ
curves belowTg. As shown in Figure 7a, theE′ value increases
after aging. Besides, the temperature at the onset of the steep
decrement of theE′ curve for the aged samples is higher than
that for the unaged sample (see inset in Figure 7a). As shown
in Figure 7b,c, both the widths of theE′′ and tanδ peaks
decrease with aging. In addition, corresponding well with the
DSC results, the onset temperature of the glass transition peak
in both theE′′ and tanδ curves increases with increasingta.
These observations can be attributed to the decrease in the
amount of free volume with aging, as suggested by the theory
of Fox and Flory.19 However, it can be discerned from Figure
7b,c that with the increase of aging time the temperature of
glass transition peak is almost not changed, which is different

Figure 4. Schematic determination of fictive temperature from enthalpy
vs temperature curve.

Figure 5. Plot of log(cooling rate,q1/°C min-1) vs reciprocal fictive
temperature (Tf) of PLLA and PDLLA samples for the heating curves
shown in Figure 3. The full lines represent the linear least-squares fit
to the data.

Figure 6. Dependence of peak temperature (Tp) of PLLA and PDLLA
samples on log(cooling rate,q1/°C min-1) for the heating curves shown
in Figure 3.
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from the previous DSC data. This is likely due to the interaction
of this heating scan in DMTA measurement with the previous
aging process. In other words, the morphology of the original
sample can change during the heating process at a low heating
rate of 2°C min-1, especially at temperature close to theTg.3e

Tensile Test.The tensile properties of the PLLA specimens
unaged and aged at 4°C (≈ Tg - 54 °C), 25°C, and 40°C for
various periods were investigated, and the stress-strain curves
for the unaged samples and the samples annealed at 25°C for
6 and 144 h are depicted in Figure 8. Clearly, the mechanical
properties of PLLA are significantly dependent on the thermal
history. The unaged PLLA specimen can elongate to 300% of
its original length. Besides, the neck is formed during tensile
deformation of the unaged sample, signifying that it is ductile
and flexible. Nevertheless, as shown in Figure 8, there is a
significant reduction in the fracture strain with increasingta, in
parallel with the increase in yield strength and tensile modulus.
The fracture strain, yield strength, and tensile modulus of PLLA
samples aged at 25°C for 144 h are 4.41%, 50.1 MPa, and
1509 MPa as compared to those of the unaged PLLA, 304%,
44.8 MPa, and 1323 MPa, respectively.

In order to analyze the fracture mechanism of the unaged
and aged PLLA specimens, the morphology of the fracture

surface was evaluated using SEM after the tensile test. The SEM
micrographs of the unaged and aged (at 25°C for 144 h) PLLA
samples are shown in Figure 9. As shown in Figure 9a, as for
the unaged PLLA specimen, the fracture surface is relatively
regular, with the long ridges and valley relief which are parallel
to the film plane and perpendicular to the stress direction. This
observation is quite similar to the fracture surface of polycar-
bonate, which is characterized as a ductile material with high
toughness.20aBesides, the fibrils of the oriented polymer, which
are the remnants of crazes, can be observed in Figure 9a. These
signify that the unaged PLLA is much more ductile, which
undergoes the crazing and fibrillation process in the tensile
deformation. The crazes, unlike cracks, are both a precursor to
cracking and a toughening mechanism in stressed polymer.
Crazing can be very beneficial because it is an energy-absorbing
plastic-deformation process.20bAll these indicate that the unaged
sample has good deformation ability, and its fracture is in the
“ductile” manner. However, the aged PLLA specimen fractures
in a totally different way. As seen in Figure 9b, the surface is
relatively flat and has lost its orderly ridges and valley relief.
Moreover, large cracks or cavities are present in the surface,
and their edges are also sharp. These indicate the failure of aged
PLLA under tensile loadings is mainly in the “brittle” manner.
This observation agrees well with the results reported by other
authors.20c,dOn the other hand, some microfibrils are also shown
in Figure 9b, signifying that the PLLA specimen aged at 25°C
for 144 h still remains some features of plastic deformation.

The yield strength, tensile modulus, and fracture strain of
PLLA samples annealed at 4, 25, and 40°C were evaluated
and plotted as a function of logarithm of aging time in parts a,
b, and c of Figure 10, respectively. The wide-angle X-ray
diffraction (WAXD) measurements show that the WAXD
pattern of PLLA annealed at 40°C for 1008 h is the same as
that of quenched PLLA samples, and no diffraction peak is
present, confirming that crystallization did not occur during this
aging process. It can be seen that there is a significant increase
in the yield stress and tensile modulus with increasingta. As
for PLLA samples aged at 40°C, the yield strength and tensile
modulus approximately improved by 18.8% and 23.1% after
aged for 1008 h, respectively, as compared to the unaged one.
The aging time of 1008 h corresponds to 3.0035 in the logarithm
scale shown in Figure 10. Also, in contrast to the unaged PLLA
specimen, the yield strength and tensile modulus of those
samples annealed at 25°C for 1008 h increased by about 12.5%
and 16.6%, respectively. Furthermore, as shown in Figure 10a,b,
the increase of both yield strength and tensile modulus becomes
more significant for PLLA samples aged for the same period,
with the increase of the aging temperature.

Nevertheless, the variation of fracture strain of PLLA during
physical aging is more complicated, as depicted in Figure 10c.

Figure 7. Temperature dependence of (A) storage modulus, (B) loss
modulus, and (C) tanδ of (a) unaged PLLA and PLLA annealed at
25 °C for (b) 96 h and (c) 480 h.

Figure 8. Tensile stress-strain curves of (a) unaged PLLA and PLLA
aged at 25°C for (b) 6 h and (c) 144 h.
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As for the samples aged at 4°C, the fracture strain decreased
successively with increasingta. For the samples annealed at
25 °C, the fracture strain decreased from more than 300% to
about 6% with aging for about 24 h, and it reduced gradually
with increasingta when ta is shorter than 24 h. The fracture
strain is almost not changed for samples aged for a time longer
than 24 h. However, with respect to the samples aged at 40°C,
the fracture strain reduced to about 6% suddenly after aged for
only 1.5 h, and then it nearly did not vary with increasingta.
This is probably due to the fact that the fracture strain is more
sensitive to the ductility of the polymer than the yield strength
and the tensile modulus.

Morphological Variation during Physical Aging. Since
glassy polymers are in a nonequilibrium state after quenching,
these materials will pursuit a state closer to the equilibrium state
due to the interactions of the polymer chains, which is usually
accompanied by changes in physical properties. The inter- and
intramolecular interaction between the polymer molecules can
be outlined in a concept of the potential energy landscape.21

This landscape, defined as a distribution of valleys (energy
minima), mountains (energy maxima), and mountain pass
(saddle point), is not static but is subject to dynamic processes
dominated by vibrations and relaxation between local minima.
These dynamic processes lead to local rearrangement of the
chain segments and a slow loss of energy consequently.6a

During physical aging, the potential energy of the glassy
polymer reduces and the minima become deeper. With the
increase of aging temperature, the relaxation and rearrangement
of polymer chains become quicker. Accordingly, the sample
aged at higher temperature has a lower potential energy after
aged for a certain period. In the tensile deformation, the polymer
chains were orientated, and thus the free volume and potential
energy are increased. Consequently, the relationship between
the variation of potential energy (∆E) in the tensile test, which
is related to the required energy for establishing yielding,
between the unaged and aged samples can be given as
∆E(40 °C) > ∆E(25 °C) > ∆E(4 °C) > ∆E(unaged), where
∆E(40 °C), ∆E(25 °C), and ∆E(4 °C) represent the∆E of
sample aged at 40, 25, and 4°C for a certain period, respectively.
Therefore, as shown in Figure 10a, the yield strength increases
during aging, and it also increases with the increase of aging
temperature despite the same aging time.

The local energy minimization which occurs during physical
aging must be interrelated to the conformational rearrangements
of polymer chains. It has been reported that changes occurring
in polycarbonate during physical aging belowTg show shifts
from trans-cis to more stable trans-trans conformations with
increasing aging time.3d,4d The trans-trans conformations,
allowing closer local packing of the polymer chains than the

Figure 9. SEM of the fracture surface of (a) unaged and (b) aged (at 25°C for 144 h) PLLA specimens.

Figure 10. (a) Yield strength, (b) tensile modulus, and (c) fracture
strain as a function of log(aging time,ta/h) for PLLA samples annealed
at 4, 25, and 40°C. The dotted lines represent the data of the unaged
PLLA specimen.
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trans-cis ones, are also known to be more energetically stable.
The similar conformational rearrangement has also been ob-
served in the physical aging of poly(ethylene terephthalate) and
polystyrene by means of FTIR spectroscopy.5b,ePrevious studies
showed that the amorphous PLLA mainly contains four distinct
conformers, i.e., gt, gg, tg, and tt, in which the gt and gg
conformers have the lowest and second lowest energy mini-
mum.22 Furthermore, the conformational populations change as
the increase of temperature.22b Therefore, it is considered that
the conformational changes are likely to take place in the
amorphous PLLA during its physical aging. In other words,
some gg, tg, and tt conformers seem to change into the most
stable one, gt conformer, during the physical aging.

The drop of ductility in physical aging is correlated to the
rearrangement of polymer chains in physical aging. As for
polymer aboveTg, owing to the larger free volume, the chains
possess more mobility. Accordingly, the arrangement of polymer
chains is more irregular and freer. In the quenching, the chains
were frozen suddenly, and the morphology, which is similar to
the one aboveTg, was retained. Because of the more irregular
arrangement of polymer chains, in the unaged PLLA some
chains are possibly twisted and interlaced with each other.
Therefore, the unaged PLLA is likely to possess a relatively
disordered chains arrangement. During the aging process,
because of the reduction of free volume,10c the polymer chains
will rearrange from a loose packing of the quenched polymers
toward more dense chain packing.7b Besides, recent studies by
means of NMR, FTIR, and atomistic simulation suggested the
presence of local order in physically aged polymer.4d,f So, it is
reasonable to consider that the chain packing will become more
and more ordered with physical aging. The unaged PLLA
possesses larger free volume, and besides, the local strain can
be more efficiently transferred through the more disorderedly
arranged polymer chains under tensile deformation. Accordingly,
the unaged sample shows higher toughness and flexibility, as
compared to the aged one. Besides, owing to the decreased
mobility of polymer chains and less efficient transfer of local
strain in the aged sample, the modulus of PLLA increases with
increasingta.

Conclusion

On the basis of the DSC analysis, the kinetics parameters of
physical aging process for amorphous PLLA were evaluated.
Amorphous PLLA has an apparent activation energy∆h* )
1107 kJ mol-1, which is smaller than that of polycarbonate,
indicating that the enthalpy relaxation of PLLA is easier and
faster. Moreover, PDLLA shows the similar∆h* value to that
of PLLA. The dynamic mechanical properties as well as the
tensile properties of amorphous PLLA are quite dependent on
the aging temperature and aging time. The yield strength and
tensile modulus increase with the increase of aging time or aging
temperature. Besides, the fracture strain decreases significantly
during the physical aging, due to the drop of ductility and
toughness.

The variation of ductility of PLLA during physical aging is
correlated with the rearrangement of polymer chains. The more
disordered polymer chains in unaged PLLA is more efficient
for the transfer of local strain during mechanical deformation.
Therefore, it is suggested that depressing the PLLA chain
relaxation belowTg by means of cross-linking the polymer
chains, synthesis of branched PLLA-based polymer, or incor-
poration of layered nanofiller, etc., is possibly the potential
methods for improving the toughness of PLLA-based materials.
Our future work will focus on the conformational behavior of

PLLA during its physical aging, which is of fundamental
importance to elucidate the mechanism for chain rearrangement
and to explain the dependence of mechanical properties on the
aging process.
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