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SYNOPSIS

The effect of thermal treatment on compression-molded poly (L-lactic acid) (PLLA) has
been investigated by means of viscosimetric molecular weight (M,, ) determination, dif-
ferential scanning calorimetry (DSC), and dynamic mechanical thermal analysis (DMTA).
Starting from two initial molecular weight PLLAs, amorphous samples with different
M, have been obtained due to degradation occurring during the molding. The crystallization
capability of the materials after different thermal treatments has been determined as a
function of the molecular weight, and their dynamic mechanical properties have been mea-
sured. Initially fully amorphous PLLA matrices attained very high degrees of crystallinity
(up to 90% ) following different annealing processes. Concomitantly, PLLA degrades due
to thermal cleavage of the chains. This is an unavoidable effect that must be taken into
consideration when defining the material processing and annealing conditions. Crystalli-
zation phenomena occurring in the material during the treatment are clearly documented

by DMTA.

INTRODUCTION

Development of new biodegradable polymers has
attracted much attention in recent years, mainly due
to their increasing clinical demand."* The advan-
tages of biodegradable implants pertain to both the
quality of the healing process at the implantation
site and to the fact that there is no need for a second
operation to remove the device.

Poly (lactic acid) (PLA) has been, since it was
synthesized, one of the most important biodegrad-
able polymers.3® It represents the preferred alter-
native to polyglycolic acid®® whenever slower deg-
radation kinetics are required. Numerous research-
ers have investigated different aspects of this
polymer, including its synthesis, morphology, and
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mechanical properties, as well as its degradation ki-
netics under both in vitro and in vivo conditions.”*
Efforts have also been invested in developing
biomedical systems based on PLA, especially for or-
thopedic applications'®*~'" and controlled drug deliv-
ery systems.'81°

Notwithstanding the fact that PLA is very suc-
cessful in various uses, there are still numerous clin-
ical areas in which PLA cannot perform, mainly due
to mechanical limitations. The often excessively fast
degradation kinetics of PLA was overcome, to a
given extent, by using the L-enantiomeric form'®*
and high molecular weight poly(L-lactic acid)
(PLLA) chains.}"2"22

This introductory work is part of a broader re-
search program aiming at investigating the rela-
tionship between the mechanical properties and
morphological characteristics of PLA and its bio-
degradation kinetics. It is part of a more compre-
hensive research conducted by several laboratories,
focused on both the improvement of PLA mechan-
ical properties, as well as the control of its degree
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Figure 1 DSC thermogram of an amorphous PLLA with molecular weight of 85,000.

of crystallinity, so different degradation kinetics
could be obtained. The present article deals with the
effect of thermal treatments and processing condi-
tions on the degree of crystallinity of PLLA and
their molecular weight. Light will be shed on the
difficulties inherent to thermal instability of PLLA,
which seriously limits the merits of thermal treat-
ments as a way to engineer improved PLA biode-
gradable devices.

EXPERIMENTAL

Materials
Samples have been prepared by compression mold-
ing of poly-L-lactic acid obtained from Boehringer,

TableI Molecular Weight Before (Initial) and
After Molding of Investigated PLLA Samples

M,, M.,
Sample Initial After Molding
PLA230 440,000 230,000
PLA200 200,000
PLAG8 68,000
PLAS85 300,000 85,000

PLA40 37,000-41,000

Ingelheim, or synthesized from L-lactide in our lab-
oratory following the procedure described in ref. 23.
PLLA with initial molecular weights of 440,000 and
300,000 were used.

PLLA sheets (10.0 X 5.0 X 0.15 cm?®) were
compression molded at a temperature of 210°C. Af-
ter molding, samples were quenched by circulating
cold water in the mold plates and over the polymer
dye. Care was taken to avoid any contact between
the polymer and water.

Specimens with dimensions of 5.0 X 1.0 cm? were
cut from the different sheets and stored under vac-
uum in a desiccator until use.

Methods

Differential scanning calorimetry was performed by
using a Mettler DSC 30 calorimeter, at a heating

Table II Molecular Weights, M,,, , of PLA230 (I)
and PLA40 (II) Treated at 160°C
for Different Times

Time (h)

Sample 0 1/4 1 20 90

I 230,000 185,000 180,000 110,000 64,000
I 41,000 34,000 25,500 24,000 17,000
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Molecular weight determinations were made by
means of viscosimetric measurements of diluted
chloroform/polymer solutions in a Ubbelohde vis-
cosimeter at 25°C. The viscosimetric molecular
weight, M, , was calculated from the intrinsic vis-
cosity by using the following equation?*:

[7] = 5.45 X 10™* X M3P.

Dynamic mechanical tests were conducted under
a bending loading mode in a dynamic mechanical
thermal analyzer (DMTA, model MKII), by Poly-
mer Laboratories, at a frequency of 1 Hz, from 30—
150°C with a heating rate of 2°C/min.

RESULTS AND DISCUSSION

In an attempt to bring all samples to the same initial
amorphous state, the different materials were
quenched from the melt to room temperature. Figure
1 presents a typical thermogram, in this case for
PLLA with molecular weight equal to 85,000, dem-
onstrating the effectiveness of the quenching pro-
cedure. The amorphous nature of the material is
revealed by the fact that the crystallization exotherm
and melting endotherm have identical energy con-
tent (the same area). Clearly, the 22% relative crys-
tallinity of the material developed at a relatively high
temperature range starting at around 95°C. Above
the glass transition, PLLA chains have sufficient
thermal energy to rearrange and develop crystalline
arrays. The sharp glass transition is consistent with
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Figure 7 DSC thermograms for PLLA of three different molecular weights as indicated.

Samples were of identical weight.



the fully amorphous state of the PLLA starting ma-
terial.

The molecular weight of the molded specimens
was determined and compared to that of the cor-
responding as received material. The data presented
in Table I clearly show that significant thermal deg-
radation has taken place, even though precautions
were taken and the materials were thoroughly dried.

Significantly lower molecular weights were mea-
sured also for samples after different thermal treat-
ments, conducted in an oven, in a nitrogen atmo-
sphere, under strictly controlled dry conditions. This
is exemplified in Table II, which shows the extent
of chain scission as a function of time at T'= 160°C,
i.e., the highest used curing temperature, for two
PLLA samples that represent the extremes of the
molecular weight range being studied.
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Additional experiments, conducted in the DSC
apparatus under dry nitrogen, after repeated flushing
and purging, using thoroughly dried material,
showed similar results.

It becomes apparent, therefore, that the degra-
dation is caused by the thermal cleavage of the mac-
romolecules, not by a hydrolytic process. Depending
on the temperature and on the treatment duration,
degradation of PLLA appears to be an unavoidable
effect that must be taken into consideration while
defining the material processing and annealing con-
ditions.

Figure 2 presents combined crystallinity and mo-
lecular weight data for PLLA230 specimens (initial
M,,, = 230,000) undergoing thermal treatments at
160°C, for different periods of time, and then
quenched. The crystallinity degree vs. treatment
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time curve displays a fast initial increase followed
by a much slower raise, attaining an 89% level after
90 h. Given the high treatment temperature (ap-
proximately 100°C above the glass transition), the
amorphous material develops very rapidly its crys-
tallizability; however, as crystallinity develops, mo-
lecular motion is increasingly hindered, resulting in
the slowing down effect just described. Already after
15 min, PLLA displays a sharp melting endotherm
at 189.5°C, shifted to 191.9°C after 1 h. These find-
ings indicate that the increase in the degree of crys-
tallinity (see Fig. 2) is accompanied by the devel-
opment of better organized crystallites. It should be
stressed, however, that the temperatures reported
are shifted to somewhat higher values due to the
rather fast heating rate used (20°C/min). Separate
experiments conducted at slower heating rates (10,
5, and 1°C/min) displayed the expected shift to

somewhat lower temperatures, while the basic pat-
tern of the phenomena under study remained un-
changed.

Simultaneously, a steady decrease of the molec-
ular weight as crystallization proceeds was detected,
this not necessarily implying that a causative rela-
tion exists between the two phenomena. Moreover,
the plateau region in Figure 2 seems to indicate that
the degree of crystallinity of the sample is indepen-
dent of its molecular weight. However, when the
chain length becomes shorter than a critical mini-
mum value, the increasing defect concentration due
to the chain ends will play a determinant role, in-
terfering with the development of crystalline arrays.
Nevertheless, for higher molecular weights, the in-
fluence of the chain ends becomes negligible, the
equilibrium degree of crystallinity being now essen-
tially independent of the chain length. It should be
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Figure 9 Effect of the crystallinity on damping of (a) PLA85 and (b) PLA230.



stressed, however, that kinetic effects could be an
important limiting factor, as chain mobility de-
creases as molecular weight increases. Therefore,
lower crystallinity values could be obtained, within
the time scale of the experiments, for high molecular
weight PLLA chains.

The effect of the treatment temperature on the
rate at which crystallization develops is presented
in Figures 3 and 4 for two different molecular weight
PLLA matrices. As expected, both the maximum
degree of crystallinity attained by the material, as
well as the rate at which it increases, are a function
of temperature. It can be seen in Figure 3(a) that
at the lowest temperatures (100 and 120°C) almost
constant crystallinity levels are attained, the plateau
being lower the lower the temperature of the treat-
ment. For the higher temperatures (140 and 160°C),
no maximum constant value for crystallinity was
measured for the duration of the treatment. Cor-

Tan&
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respondingly, the melting temperatures of the ma-
terials annealed at the higher temperatures increase
as a function of time, as reported in Figure 3(b).
The glass transition temperature showed a consis-
tent tendency to increase with the degree of crys-
tallinity, due to the expected stiffening effect of the
crystallites on the amorphous phase.

An additional factor to consider has to do with
the thermal degradation of the polymer during the
treatment, the extent of degradation being a function
of the temperature. The findings in Figures 3(a)
and (b) can be understood in light of the following
considerations. It can be surmised that due to the
relatively high molecular weight of the starting
polymer (200,000) the shorter chains generated
during degradation also fall within the length range
for which crystallinity is essentially independent of
molecular weight. The data in Figure 2 are fully
consistent with this explanation, a plateau level
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being apparent even though considerable chain
scission is taking place.

The fact that a constant crystallinity level is
reached already at the early stages of the experiment,
no further increase in crystallinity being gained for
longer treatment periods, has rather important ap-
plicative implications. Clearly, short treatments
should be preferred, not only because longer ones
do not result in higher crystallinity values but, most
importantly, due to the thermal degradation that
inevitably accompanies the treatment. The impor-
tant consequence of this phenomenon pertains to
the detrimental effect of reducing the molecular
weight on the mechanical properties of the material,
an aspect that will very much determine the biolog-
ical performance of the implanted system.

PLA samples having different molecular weights
exhibited the same thermal behaviour just described.
This is exemplified in Figure 4 for an 85,000 PLLA
polymer that follows a basic pattern consistent with
the previous discussion. In this case, however, where
the effect of very short time crystallization treat-
ments has been investigated, at 160°C the initial
crystallization rate proceeds slower than at lower
treatment temperatures, even if higher crystallinity
levels are reached already after 15 min. Crystalli-
zation measured as a function of the time for the
230,000 weighing PLLA at 120 and 160°C (see Fig.
5) proceeds similarly, a lower crystallization kinetics
and final crystallinity being displayed for the higher
temperature treated material. These findings well
agree with data reported in ref. 25, where an increase
and then a decrease of the crystal radius growth rate
with temperature was observed.

The behaviour described is seen as determined
by the relation between the temperature of the
treatment and both the glass transition of the start-
ing amorphous matrix on one hand and the melting
temperature of the increasingly crystalline polymer
on the other. Clearly, the higher the working tem-
perature, the more mobile the polymeric chains. This
accounts for the initial faster response of the amor-
phous material because of the larger temperature
difference with T,. However, the higher the treat-
ment temperature, the closer it is to the gradually
increasing T,, of the crystallizing polymer. This
should explain the observed decrease of the polymer
initial crystallization kinetics at 160°C until the
melting temperature of the polymer increases as
crystallinity develops.

Figure 6 presents crystallinity vs. treatment time
curves, at 160°C, for four PLLA samples, charac-
terized by different molecular weights. It is apparent

from the data shown that the polymers display sig-
nificant differences in both the rate of crystallization
increase, as well as the maximum value attained
during the treatment. The behaviour encountered
can be attributed to the gradually decreasing mo-
bility of the polymeric chains as their molecular
weights increase. This, in turn, significantly hinders
the possibility of the chain to rearrange in space,
therefore kinetically controlling the maximum de-
gree of crystallization attainable. The differences
among the different molecular weight polymers do
not substantially change with the treatment tem-
perature.

The DSC thermograms shown in Figure 7 clearly
demonstrate the pronounced influence that the
chain length exerts on the molecular mobility of the
different PLLA polymers and, in consequence, their
substantially different ability to crystallize. While a
relatively low molecular weight (M,, = 37,000)
amorphous polymer is able to rapidly crystallize
during the fast heating cycle (20°C/min), as re-
vealed by the rather sharp crystallization exotherm,
this process is hindered for longer chains. This is
especially clear for the high molecular weight
PLA230 (M,, = 230,000), where only a broad and
ill-defined exotherm could be detected.

DMTA

The storage modulus E’, the loss modulus E”, and
the damping tan §, measured in bending under dy-
namic loading conditions, are reported in Figure 8
as a function of temperature for an untreated, ini-
tially amorphous PLA40 sample.

The glass transition temperature of the polymer
is well evident in the sharp decrease of E' following
the initial glassy plateau. Due to the corresponding
increase of E” at T,, as the molecular relaxation
takes place, the tan é curve exhibits a well-quoted
peak, with a much better overall resolution of the
transition phenomenon than in the calorimetric
analysis.

Most polymers usually display, after T, a second
plateau region in the E’ curve. The extension of this
plateau will depend on the crystallinity and molec-
ular weight of the polymer until the respectively
limiting processes of melting or degradation take
place. In the case of PLA40 (see Fig. 8), however,
the increase in chain mobility of the material above
T, favours the activation of the crystallization pro-
cess, which proceeds as temperature increases. After
a second short plateau following the T, the storage



modulus of the polymer significantly increases due
to the increase in crystallinity. This process contin-
ues until the enhanced crystallinity reduces the mo-
lecular mobility and, therefore, the crystallization
rate of the polymer. Kinetics becomes slower and
further development of crystallinity takes a very long
time, at least as compared to the duration of the
experiment. This results in a new, apparent plateau,
the level of which accounts for the stiffening effect
exerted by the crystalline domains on the modulus
of the amorphous material.

The different degrees of crystallinity largely affect
the height of the tan é peak, as shown in Figures
9(a) and (b), for PLA85 and PLA230, respectively.
The height of the damping peaks should account for
the differences in the polymer crystallinity, being
the transition associated only with the polymer
amorphous regions mobility. A quantitative depen-
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dence of PLLA crystallinity on the damping value
has not been detected, this contrasting with rela-
tionships of this kind reported in the literature for
other semicrystalline polymers.?

From the position of the peak along the temper-
ature axis, a more precise evaluation of the polymer
glass transition temperature can be made. The re-
sults, however, obtained from the large number of
samples that have been investigated indicated that
the T, scatter significantly as a result of the complex,
combined effect of both molecular weight and crys-
tallinity. In the tan & curves, additional, though
much smaller, peaks or shoulders are sometimes ev-
ident; their correlation with other transition phe-
nomena occurring in the materials, likely associated
with conformational changes, appears to be difficult.

The E’ vs. T curves for PLLA85 samples having
different degrees of crystallinity are shown in Figure
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Figure 10 E’vs. temperature of PLA85 with initial crystallinity degree equals to (a) 2,
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10. The more crystalline polymers do not exhibit
any further crystallization process after T,. These
findings are in full agreement with the slower crys-
tallization kinetics displayed by the polymers with
initial higher crystallinity. The two typical glassy
and rubbery plateau are exhibited with the transition
from one mechanical behavior to the other taking
. place at temperatures that depend on the crystal-
linity and actual molecular weight of the polymer.
It should be stressed, however, that due to softening
of the samples as temperature approaches T, the
experimental temperature range was bounded at
150°C. Therefore, the analysis was confined to phe-
nomena taking place at relatively low temperatures,
additional crystallization processes being expected
at higher temperatures.
Given the same molecular weight, storage moduli
should increase with crystallinity. Due to the test
settings, the absolute values of the moduli are not

fully reliable, even if data within the same curve can
be assumed to be consistent. Accordingly with the
above statement, in fact, the differences between the
modulus values in the glassy and rubbery state de-
crease with crystallinity.

The curve of untreated PLA85 differs from that
of the previously shown PL.A40: After a comparable
increase starting at approximately 85°C, the E’ value
shown by PLA85 decreases once again, with a peak
being exhibited in the loss modulus vs. T'curve. The
same behaviour is presented also by PLLA230 curves
(see Fig. 11) for the amorphous and 9% crystalline
samples, while the behaviour of the more crystalline
specimen (22% ) is comparable with that of the pre-
viously presented amorphous PLLA40. Experiments
performed on PLLA40 samples taken from a different
sheet have displayed, however, the presence of a
similar peak. Further experiments behave similarly,
and indicate that during the test, when the temper-
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ature of 85-90°C is reached, the modulus increases
if crystallinity is below a certain value. The phe-
nomenon can be stable or not (i.e., after the raise a
decrease of E’ can be detected) as function, once
again, of the polymer M,, and crystallinity.

Since they were treated at rather low tempera-
tures, the three samples presented in Figure 11 have
very similar initial molecular weights while clearly
differing in their degrees of crystallinity. This ren-
dered the curves reported, especially useful in as-
sessing the effect of crystallinity on polymer behav-
iour.

To gain a better insight into these phenomena,
four different amorphous samples of PLLA40 (taken
from a PLLA sheet with molecular weight 37,000)
have been run in the DMTA from 30 to 80, 95, 110,
and 150°C, respectively, and then suddenly
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quenched. In addition to the initial and final tem-
peratures, the three additional points were selected
just before, at the peak, and immediately after the
increase and subsequent decrease of E' after the
sharp drop at T,. After each run, the glass transition
temperature, crystallinity, and molecular weight of
the polymer were measured.

The E’ vs. T results presented in Figure 12 dem-
onstrate that, while the molecular weight of the
sample does not appreciably change during the ex-
periment, a sudden increase of crystallinity occurs
20-30°C after the glass transition, confirming that
the increase of the storage modulus after T, is a
result of a crystallization process of the material.
As the temperature increases, a progressive but lower
additional gain in crystallinity is achieved in full
agreement with the overall expected behaviour. The
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Figure 12 Molecular weights and crystallinities measured on four different PLA40 sam-
ples run in the DMTA up to 80, 95, 110, and 150°C. The values reported on the E’ and
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presence of the peak in the storage modulus curve,
generated by the decrease in E’, cannot be theoret-
ically accounted for and must therefore be attributed
to limits that the apparatus presents when measur-
ing the bending modulus of the softened polymer.
In other words, the peak appears to be an artefact
due to the test setting and apparatus capability,
which could be overcome if the material rigidity after
T, would be higher than a certain value.

In agreement, three different PLLA40 samples,
similar to the ones presented in Figure 12, have been
treated in the DSC with a heating rate of 2°C/min
from 30 to 95, 110, and 150°C, respectively, following
partial paths of the run reported in Figure 13(a).
Crystallinities, measured from the difference of the
areas between the melting and crystallization peaks
in the following scan [Figs. 13(b), (¢), and (d)],
appear to be consistent with those measured for the
DMTA-treated samples. The treatment, which in
this case has been performed with a heating rate of
2°C/min, leaves the materials enough time to de-
velop crystallinity even at lower temperatures, as
shown by the fact that only a residual small crys-
tallization develops in the next DCS full scan [Fig.

13(b)]. In this case, another small crystallization
peak appears just before the melting, which has been
detected, independently on the heating rate, for
samples with a certain initial crystallinity range.
This peak can be associated with secondary crys-
tallizations and is argument of work in progress.

CONCLUSION

The results have shown the need for an accurate
definition of the conditions of both processing and
annealing, being molecular weight and crystallinity
and, hence, the material properties dependent on
time and temperature of treatment.

Very high crystallization degrees can be attained
by the combined effect of time and temperature of
annealing; nevertheless, the process is always as-
sociated with a thermal cleavage that causes a sub-
stantial reduction in the polymer molecular weight.
Independently of the initial molecular weight and
of the temperature of annealing, crystallization pro-
ceeds at the beginning with a very fast kinetics,
reaching a quasi equilibrium value. Further crystal-
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Figure 13 DSC thermograms for (A) amorphous PLA40 and samples treated in the

DSC up to (B) 95, (C) 110, and (D) 150°C.



lization is developed after very long treatments, but
at the expense, however, of the polymer molecular
weight.

Less amorphous materials have a lower damping

and, consistent with the previous findings, a lower
crystallization capability, as shown by the samples
during the DMTA runs.
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