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ABSTRACT: This article contains a detailed calorimetric
analysis of the multiple melting behavior of poly(L-lactic
acid) (PLLA) in dependence of crystallization conditions.
PLLA crystals formed upon primary crystallization have a
greater tendency to reorganize into more stable structures
during the heating scan that leads to fusion. Depending on
crystallization temperature, one or multiple melting endo-
therms and/or reorganization exotherms can be evidenced.
This complex melting behavior arises from the fusion of a
certain amount of the original crystals (already partially

perfected during the heating scan), followed by recrystalli-
zation and final melting of more perfect crystals, partly
grown during primary crystallization, and partly formed
through the reorganization processes occurring during the
heating scan. A detailed map of the melting behavior of
PLLA is described in this contribution. © 2006 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 100: 3145-3151, 2006
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INTRODUCTION

The recent advances in polymerization technology al-
low the production of poly(r-lactic acid) (PLLA) with
competitive costs, which has led to an increasing in-
terest in the use of PLLA in applications that require
disposable and biodegradable materials."* PLLA can
be degraded by simple hydrolysis of the ester bonds,
in both the presence or absence of enzymes as cata-
lysts.?>"® The rate of degradation depends on the size
and the shape of the molded product, as well as on p-L
isomer ratio, molecular mass, and crystal structure
and morphology.*>” In addition, PLLA can be used for
a wide number of medical applications, including su-
tures, orthopedic implants, and drug delivery sys-
tems, because of its good biocompatibility,® and can
also be used in food-contact applications.’

The crystallization process of PLLA has been inves-
tigated by a number of authors. Three structural mod-
ifications, characterized by different helix conforma-
tions and cell symmetries, have been identified. The «
form grows upon melt or cold crystallization, as well
as from solution-spinning processes at low drawing
temperatures and/or low hot-draw ratios.” Its chain
conformation is a left-handed 10; helix, which packs
into an orthorhombic unit cell with parameters a
= 1.06 nm, b = 1.737 nm, and ¢ = 2.88 nm.!* A few
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more recent analyses report the observation of addi-
tional 001 reflections in the « form of PLLA, suggest-
ing some deviation from a “pure” 105 helix conforma-
tion.'® The B modification develops upon mechanical
stretching of the more stable « form, or from solution-
spinning processes conducted at high temperatures or
high hot-draw ratios.''*! The crystal structure of the
B form has not been solved yet. Recent studies con-
ducted by Puiggali et al. show that the B phase is
indeed a frustrated structure of three three-fold helices
in a trigonal unit cell of parameters a = b = 1.052 nm
and ¢ = 0.88 nm, able to accommodate the random
up—-down orientation of neighbor chains associated
with rapid crystallization conditions.”® A third crystal
modification of PLLA, the y form, has been recently
reported to develop upon epitaxial crystallization on
hexamethylbenzene substrate; the y phase has two
antiparallel helices packed in an orthorhombic unit
cell with a = 0.995 nm, b = 0.625 nm, and ¢ = 0.88
nm."*

Crystallization kinetics of PLLA has been analyzed
in a wide temperature range, from slightly above the
glass transition temperature (T,) to almost the melting
point.”>?! Some peculiarities have been observed in
crystallization behavior of PLLA, as crystallization
rate is very high at temperatures between 100 and
118°C, showing a clear deviation from the usual bell-
shaped curve. Recent analyses have shown that this
discontinuity is due to a sudden acceleration in
spherulite growth rate, and is not associated to mor-
phological changes in the appearance of PLLA spheru-
lites.”!
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The melting behavior of PLLA has also been inves-
tigated, but has not received the same attention as the
crystallization process. AFM analyses of the melting
process of PLLA single crystals have been recently
published.” Sarasua et al. and Abe et al. analyzed the
influence of D-L isomer ratio on melting behavior of
poly(lactic acid) copolymers.”*** Yasuniwa et al. re-
ported the influence of crystallization rate on fusion
behavior of PLLA, showing the occurrence of double
melting peaks when crystallization is conducted at
low cooling rates.”> The observation of multiple melt-
ing endotherms is a common phenomenon for syn-
thetic macromolecules, being observed for several
other polyesters, including poly(ethylene terephtha-
late) (PET), poly(trimethylene terephthalate),®” poly-
(butylene  terephthalate),®°  poly(3-hydroxybu-
tyrate), and its copolymers with 3-hydroxyvalerate.*!
However, a general explanation of such a complex
process has not been achieved yet. This behavior can,
in principle, be ascribed to a number of factors, such as
the presence of more than one crystal modification,
molecular weight segregation that accompanies crys-
tallization, different crystal morphologies, orientation
effects, or reorganization processes that occur during
the DSC heating scan.®” To better clarify this aspect, a
detailed map of the dependence of the multiple melt-
ing behavior of PLLA on crystallization conditions is
reported in this contribution.

EXPERIMENTAL
Materials

A poly(r-lactic acid) (PLLA) of molecular mass M, =
101,000 Da, produced by Boehringer Ingelheim (Ger-
many) was received in the form of small chips, and
was used without further purification.

Calorimetry

The thermal properties of PLLA were measured with
a Mettler DSC-30 differential scanning calorimeter.
The apparatus was calibrated with pure indium, lead
and zinc standards at various scanning rates. Dry
nitrogen gas with a flow rate of 20 mL/min was
purged through the cell during all measurements and
thermal treatments. A fresh sample was used for each
experimental measurement, so as to minimize thermal
degradation. Each measurement was repeated three
times to improve accuracy.

PLLA was isothermally crystallized at various tem-
peratures, using the following temperature program:
each sample was heated from 30 to 200°C at a rate of
20°C/min, melted at 200°C for 2 min, then cooled at a
rate of 50°C/min to the desired T, and allowed to
crystallize. Preliminary investigations showed that the
scanning rate used to reach T, from the melt (50°C/
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min) was high enough to prevent crystallization dur-
ing cooling.'”?! The time (t.) of residence at T. was
kept constant within groups of temperature ranges, to
minimize possible crystal perfection after primary
crystallization. For crystallizations conducted in the
range 92°C = T, = 128°C, t, was 15 min. For T, = 90°C
and T, = 130°C, t. was increased to 30 min, because of
the slower crystallization kinetics. For the experimen-
tal conditions used, the effect of a different crystalli-
zation time on melting behavior was found to be
minor, as detailed in the next section. After isothermal
crystallization, the sample was heated from T, to
210°C using a linear heating rate. For most measure-
ments, the constant heating rate from T, to complete
fusion was set at 20°C/min. Slower heating rates were
also used, as detailed in the text.

From the melting endotherms, the crystal fraction
(w,) of PLLA, isothermally crystallized at the various
T. was calculated, using the value of enthalpy of
fusion of the fully crystalline sample AH = 91 J/g.**
Because of the complex melting behavior of PLLA,
crystallinities were also determined from the exo-
therms recorded during isothermal crystallization,
which values resulted in excellent agreement with the
data measured during heating.

Temperature-modulated DSC analyses (TMDSC)
were conducted with a Perkin—Elmer Pyris Diamond
DSC. A sawtooth modulated temperature program,
with heating-only segments, was built in the standard
DSC mode, with the following parameters: the under-
lying heating rate was set to 1.5°C/min, the modula-
tion amplitude was 1°C, and the modulation period
was 4 min.

RESULTS AND DISCUSSION

Polymer melting is affected not only by crystallization
temperature (T,), but also by the time of residence at
T., as a longer crystallization time may induce a larger
occurrence of crystal perfection and /or annealing pro-
cesses, which influences melting behavior.’> As men-
tioned in the experimental section, care was taken to
optimize the crystallization conditions of PLLA, to
minimize the effect of further structural reorganiza-
tion after primary crystallization. One possibility to
control these processes is to choose a single crystalli-
zation time for all the investigated temperature range.
However, this results in a much longer annealing at T,
when primary crystallization is very fast. It was in-
stead chosen to keep constant the crystallization time
within T, ranges, so as to minimize the time of resi-
dence at T. after the primary phase transition, using
two different crystallization times: £, = 30 min for low
and high T,, and t, = 15 min for the temperature range
of fast kinetics.

Before proceeding with the investigation of melting
process, the effect of different crystallization times
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Figure 1 Melting behavior of PLLA after isothermal crys-
tallization at 110°C for different times.

was quantified. Figure 1 illustrates the melting behav-
ior of PLLA after crystallization at T, = 110°C for 15,
30, and 60 min. Multiple transitions can be evidenced
after crystallization at this temperature, as detailed
later. Some minor differences in melting endotherms
can be detected from Figure 1, quantifiable as a shift of
less than 1°C in peak position when crystallization
time is increased from 10 to 60 min. This small varia-
tion falls within the experimental uncertainty of the
calorimeter used. In addition, no differences in crys-
tallinity content or in the relative dimensions of the
various endotherms and exotherms can be deduced
from Figure 1. Similar results were obtained also for
crystallization at other temperatures within the crys-
tallization time ranges used in this contribution.

Some different results were instead reported by Abe
et al.,** who found shifts in crystallization temperature
and the appearance of an additional melting endo-
therm, but no differences in crystallinity content, in a
P(L-LA-co-meso-LA) copolymer with 2 mol % of meso
content. The data published by Abe et al. were gained
at T, = 150°C, for crystallization times ranging from 12
to 120 h, that is, one to three orders of magnitude
larger than those used in our study. Considering that
the chosen crystallization times were either 15 or 30
min, upon view of results shown in Figure 1, the effect
of a different duration of the isothermal crystallization
in our experiments was considered negligible.

The melting behavior of PLLA was analyzed as a
function of the isothermal crystallization temperature.
DSC thermograms, obtained at a heating rate of 20°C/
min after isothermal crystallization, are reported in
Figure 2 for the various T.. For the sake of clarity, the
thermograms have been grouped within limited
ranges of T.. The DSC curves related to isothermal
crystallization in the range 96-108°C, presented in
Figure 2(a), display several transitions: a broad and
weak exotherm (“Peak 1”), a small and narrow endo-
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therm (“Peak II”), a second sharper exotherm (Peak
III), and a final large fusion endotherm (Peak IV).
Position and dimension of the various peaks strongly
depend on crystallization temperature. Peak II moves
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Figure 2 DSC analyses of PLLA, isothermally crystallized
at the indicated temperatures. The heat-flow rate curves
have been grouped according to the T, range: (a) 96°C = T,
= 108°C; (b) 110°C = T, = 124°C; (c) 126°C = T, = 146°C.
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Figure 3 T. dependence of Peak III, as determined from
Figure 2.

to higher temperatures and becomes more pro-
nounced with increasing T,.. Similarly, Peak III in-
creases with T, becoming, at the same time, less in-
tense. Also the position of the final endotherm (Peak
IV) is affected by crystallization conditions, slightly
moving towards higher temperatures with the in-
crease of T..

DSC curves measured after isothermal crystalliza-
tion in the range 110-124°C, presented in Figure 2(b),
also display a large influence of T, on melting behav-
ior. Again, Peak Il moves to higher temperatures with
the increase of T, merging with Peak IV when the
crystallization temperature is raised. At the same time,
Peak III becomes less pronounced, being recrystalliza-
tion obscured by the more intense melting.”® When
crystallization is performed at higher temperatures, a
single melting peak is always present, and its position
is strongly affected by T,, as illustrated in Figure 2(c),
where data gained at T, from 126 to 146°C are pre-
sented.

The influence of isothermal crystallization temper-
ature on multiple melting behavior is summarized in
Figures 3 and 4. Peak I is too broad and weak to be
measured with sufficient precision. The temperature
where the maximum in the major exothermic transi-
tion occurs (Peak III) is reported in Figure 3 as a
function of the isothermal crystallization temperature.
Figure 3 shows that the position of Peak III is roughly
constant with temperature up to T, = 94°C, then lin-
early increases. The variation of the endotherms with
crystallization temperature, illustrated in Figure 4, re-
veals an overall, but not continuous increase of T,
with T.. The lower endotherm monotonously in-
creases with T, in all the analyzed temperature range,
whereas the final endotherm remains roughly con-
stant with T, up to about T, = 130°C, then increases
with T... For T, ranging from 118 to 130°C, a slight drop
of T,, with T, can also be inferred from Figure 4. Such
a decrease in melting point has also been reported in
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the literature for PLLA samples isothermally cold
crystallized after heating from room temperature.>

The very high crystallization rates of PLLA, typical
of T. < 120°C,*! may lead to largely imperfect crystals,
which have a high tendency to reorganize into more
stable structures during the heating scan that follows
the isothermal crystallization. Reorganization during
heating can be inferred from the two recrystallization
exotherms displayed in Figure 2 (Peaks I and III), as
well as by the partial melting addressed as Peak II. For
T. > 120°C, Peaks II, III, and IV merge into a single
endothermic transition when the sample is heated at
20°C/min after isothermal crystallization. With the
experimental conditions used, when T, < 120°C, the
measured final endotherm is due to the crystals
largely perfected during the heating scan, that melt as
Peak IV, whereas the final melting peak for T. > 120°C
is due to Peak II. In other words, the apparent de-
crease of melting point for 120° < T, < 130°C, shown
in Figure 4, is due to the lower extent of recrystalliza-
tion/crystal perfection processes, during heating, as
when PLLA is crystallized at T. > 120°C, the observed
melting endotherm is Peak II, and not Peak IV, as it
occurs for crystals grown at lower T..

The experimental T,, versus T, data reported in
Figure 4 allow to determine the equilibrium melting
point (T3,) of PLLA, using Hoffman-Weeks equation,®
which is based on the assumption of a linear depen-
dence of T, and T,;:

T"—T(l—l)+TC 1
m— tm B B ()

and T, can be easily obtained by plotting the experi-
mental melting temperatures as a function of the iso-
thermal crystallization temperatures and extrapolat-
ing at T,, = T.. However, it has been shown that the
latter assumption is valid only in limited temperature
ranges, generally at low undercooling.®® At high
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Figure 4 T. dependence of Peak II and Peak IV, as deter-
mined from Figure 2.
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Figure 5 Crystal fraction (w.) of PLLA as a function of
crystallization temperature.

and/or moderate undercooling, a region where T,, is
constant with T, has been often observed.***” A sim-
ilar relationship between T,, and T. is evident also for
PLLA, as shown in Figure 4, where the final melting
temperature remains constant for T. values up to
about 120-130°C, then gradually increases with T,.
Extrapolation of melting temperatures at T,, = T,,
using data gained at high T, leads to an equilibrium
melting point of 204°C, quite close to the value of T}, =
207°C reported in the literature.'”?

The crystal fraction (w,) of PLLA was also found to
be strongly dependent on crystallization temperature,
as shown in Figure 5, that reports a monotonous in-
crease of w, with T, in all the analyzed crystallization
range. The variation of w, with T is quite large, as w,
varies from 41 to 67% when T. is raised from 82 to
146°C. The experimental values seem to follow two
different trends with temperature, with a slope ratio
quite close to 2. A similar break in the w, versus T. plot
has also been reported by other authors, and attrib-
uted to a regime II-III transition in crystal growth.'®
At temperatures below 120°C, PLLA displays an un-
usual crystallization behavior, due to a sudden accel-
eration in phase transition rate when crystallization is
conducted at temperatures below 120°C, because of
the very high crystal growth rates. The break in the
trend of crystalline fraction with crystallization tem-
perature, which can be inferred from Figure 5, might
be correlated to the very high crystal growth rates in
this temperature range, that lead to poor crystalliza-
tion.

To better clarify the structural reorganization of the
crystal phase of PLLA that leads to multiple melting,
the effect of heating rate (q) was determined. Figure 6
reports the fusion thermograms, acquired at different
scanning rates, of PLLA samples crystallized at two
representative temperatures (T, = 90°C in Fig. 6(a)
and T. = 120°C in Fig. 6(b)). For T, = 90°C, upon
decreasing the heating rate, the position of both Peak
II and Peak IIl move towards higher temperatures,
and smaller effects of q can be observed also on Peak
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IV, as illustrated in Figure 6(a). Isothermal crystalliza-
tion at T, = 90°C leads to a crystal fraction of w, =
44%. The low value of initial crystallinity is responsi-
ble for the wide occurrence of structural reorganiza-
tion of the crystal phase during heating, which is
highly affected by the heating rate. For a larger initial
crystallinity, the occurrence of reorganization is
smaller, as illustrated in Figure 6(b), that shows the
influence of scanning rate on multiple melting for a
PLLA sample isothermally crystallized at T, = 120°C,
with an initial crystallinity of w, = 54%. For T, =
120°C, heating at different rates results in minor ef-
fects on melting temperatures. Conversely, different
heights of the two endothermic peaks can be ob-
served, because of the varied amount of high melting
crystals that have been perfected during the heating
scans at low rates that leads to an increased size of
Peak IV and a smaller Peak II when the heating rate is
reduced.
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Figure 6 DSC analyses of isothermally crystallized PLLA,
conducted at various scanning rates: (a) T. = 90°C; (b) T, =
120°C. The straight lines in (a) highlight the trend of Peak III
and Peak IV.
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Figure 7 DSC analyses of PLLA, isothermally crystallized
at the indicated temperatures; the heating rate was set at
2°C/min.

The effect of a low scanning rate on fusion behavior
of PLLA is summarized in Figure 7, which reports
DSC curves obtained at a ¢ = 2°C/min after isother-
mal crystallization at various temperatures. Similarly
to the data shown with Figure 2, one or multiple
endotherms, sometimes interrupted by exotherms, can
be observed, depending on crystallization tempera-
ture. Again, peak positions strongly vary with crystal-
lization temperature. Peak II increases with T, in all
the analyzed temperature range. Also the temperature
of the final endotherm raises with T, but only up to T.
= 130°C. In fact, compared with Figure 2, for T, =
130°C, an additional endotherm (Peak IV) becomes
visible, the peak being centered around 180°C. The use
of a low scanning rate induces a larger extent of struc-
tural reorganization, which results in the appearance
of Peak IV for T, = 130°C when a heating rate of
2°C/min is used instead of 20°C/min. For T, = 142°C,
the thermal stability of the initial crystals is much
higher. This leads to a lower occurrence of partial
melting and subsequent recrystallization process,
which results in a lower temperature of final melting
(Peak II).

The large structural reorganization of the crystal
phase during heating was also probed by tempera-
ture-modulated calorimetry (TMDSC). Figure 8 pre-
sents the TMDSC analysis of a PLLA sample isother-
mally crystallized at 90°C, then heated with a modu-
lated sawtooth temperature program made of heating-
only segments, as detailed in the experimental section.
Experimental raw data were not analyzed with the
common procedures used for TMDSC data treatment,
because of their failure in providing quantitative data
for polymer melting, because of overlapping endo-
thermic and exothermic events.* Conversely, the
shape of the modulated heat flow-rate profile, exhib-
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ited in Figure 8, was closely examined, following the
method proposed by Righetti et al.*® Above 180°C,
melting of PLLA is complete, and oscillation of the
heat-flow rate is determined only by the thermody-
namic heat capacity of the sample. In the temperature
range between 160 and 180°C, repeated partial melt-
ing and recrystallization/crystal perfection occur, as
highlighted by the arrows in the figure. In some cases,
like in the area indicated by the large arrow, the initial
endotherm is followed by an exotherm, then by a
second endotherm, all taking place within the same
half-cycle of modulation, indicating the simultaneous
occurrence of partial fusion and recrystallization/
crystal perfection. In other words, the various transi-
tions named Peak I to Peak IV do not have to be taken
as distinct processes, since endothermic and exother-
mic events simultaneously occur. These reorganiza-
tion processes are not induced by temperature modu-
lation, because of the continuous heating during anal-
ysis. The intermittent variation of heating rate in
TMDSC allows to evidence that the various processes
take place at the same time, because of the rather long
semiperiod used (120 s).

CONCLUSIONS

Isothermally grown PLLA crystals have a large ten-
dency to reorganize into more stable structures,
through continuous partial melting/recrystallization/
crystal perfection processes that occur during the sub-
sequent heating scan that leads to fusion. When crys-
tallization is conducted at low temperatures, small
and/or defective crystals develop, and low values of
crystallinity are attained. The large reorganization of
the crystal phase results in a multiple melting behav-
ior. Conversely, when high crystallization rates are
used, one single endotherm is detectable from calori-
metric analyses.
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Figure 8 TMDSC analysis of a PLLA sample, after isother-
mal crystallization at 90°C. The thick line is the modulated
heat-flow rate, and the thin line represents the modulated
temperature.
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The broad exotherm named Peak I arises from fur-
ther crystallization of polymer chains, which becomes
possible when temperature is raised above T.. The
initial endotherm (Peak II) is due to fusion of PLLA
crystals with a low thermal stability, formed at T, or in
the temperature range of Peak 1. Successive structural
reorganization may result in the appearance of an
exotherm (Peak IIT), and a final endotherm (Peak IV).
In all cases, the final melting temperature does not
refer to the initial crystals as grown at T, but to the
perfected ones.

TMDSC revealed that the partial melting of PLLA
crystals is immediately followed by exothermic pro-
cesses, like recrystallization into more stable struc-
tures and further crystal perfection. These events are
not induced by modulation of the temperature, but
take place also when the sample temperature is con-
tinuously raised during analysis, like in the conven-
tional DSC analyses. The continuous partial melting/
recrystallization/crystal perfection processes are af-
fected by the scanning rate used. For a heating rate of
20°C/min, Peaks II, III, and IV merge into a single
endothermic transition when isothermal crystalliza-
tion is conducted at T, > 120°C. When lower heating
rates are used, an additional endothermic peak (Peak
IV) appears also at T, > 120°C, because of the longer
time available for the structural reorganization.

The author wishes to thank Italian Ministero dell’Universita
e della Ricerca (MIUR), D. D. 9-10-02, prot. n. 1105/2002, for
partial financial support.
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