Available online at www.sciencedirect.com

sc.mce@o.“m

European Polymer Journal 41 (2005) 569-575

EUROPEAN
POLYMER
JOURNAL

www.elsevier.com/locate/europolj

ELSEVIER

Crystallization behavior of poly(L-lactic acid)

Maria Laura D1 Lorenzo *

Istituto di Chimica e Tecnologia dei Polimeri (CNR), clo Comprensorio Olivetti, Via Campi Flegrei, 34, 80078 Pozzuoli (NA), Italy

Received 13 April 2004; accepted 15 October 2004
Available online 16 December 2004

Abstract

This article contains a detailed analysis of the crystallization behavior of poly(L-lactic acid) (PLLA). Crystallization
rates of PLLA have been measured in a wide temperature range, using both isothermal and non-isothermal methods.
The combined usage of multiple thermal treatments allowed to obtain information on crystallization kinetics of PLLA
at temperatures almost ranging from glass transition to melting point. Crystallization rate of PLLA is very high at tem-
peratures between 100 and 118°C, showing a clear deviation from the usual bell-shaped curve. This discontinuity has
been ascribed to a sudden acceleration in spherulite growth, and is not associated to morphological changes in
the appearance of PLLA spherulites. Experimental data of spherulite growth rates of PLLA have been analyzed with

Hoffman-Lauritzen method. Applicability and limitations of this theoretical treatment have been discussed.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(L-lactic acid) (PLLA) is a biodegradable and bio-
compatible thermoplastic polyester with high strength
and high modulus [1] that can be produced from renew-
able sources [2]. It can be easily processed to yield articles
to be used in either the industrial packaging field [1], or
for the biocompatible/bioabsorbable market, for example
for dental [3—5] and drug delivery systems [6], and in appli-
cations for sutures and surgical implants [4,6,7].

PLLA can be degraded in natural environments by
enzymatic or non-enzymatic hydrolysis [§-10]. In both
cases, biodegradation rate strongly depends on molecu-
lar weight and on crystal structure and morphology [11],
which, in turn, are function of the thermal and mechan-
ical history imparted during processing. The large influ-
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ence on biodegradation, as well as on the other material
properties, lead to throughout analysis of the crystalliza-
tion kinetics and morphology of PLLA along the years.
PLLA crystals can grow in three structural modifica-
tions, characterized by different helix conformations and
cell symmetries, that develop upon different thermal
and/or mechanical treatments. The o form grows upon
melt or cold crystallization, and from solution-spinning
processes at low drawing temperatures and/or low hot-
draw ratios [12]. De Sanctis and Kovacs [13] first
determined the chain conformation of o phase to be a
left-handed 103 helix, that packs into an orthorhombic
unit cell with parameters ¢ = 1.06nm, b = 1.737nm, and
¢=2.88nm. A few more recent analyses report slightly
different parameters for the unit cell of the o form. Extra
00/ reflections have also been observed, suggesting some
deviation from a “pure” 103 helix conformation [12].
The B modification, that was first observed by Eling
et al. [14], develops upon mechanical stretching of the
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more stable o form, or from solution-spinning processes
conducted at high temperatures and/or high hot-draw ra-
tios [12,15]. The crystal structure of  modification has
not been solved yet. Hoogsten et al. suggested an ortho-
rhombic unit cell with ¢ =1.031nm, » =1.821 nm, and
¢=0.900nm [12], and a chain conformation with left-
handed 3; helices. Brizzolara et al., instead, proposed
an orthorhombic unit cell with two parallel chains [16].
Very recent studies conducted by Puggiali 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=1.052nm, ¢ = 0.88nm, able to accommodate the
random up-down orientation of neighbor chains associ-
ated with rapid crystallization conditions [15].

A third crystal modification of PLLA, the y form, has
been recently reported to develop upon epitaxial crystal-
lization on hexamethylbenzene substrate, and has two
antiparallel helices packed in an orthorhombic unit cell
with @ = 0.995nm, » = 0.625nm, and ¢ = 0.88nm [17].

Crystallization kinetics from the melt of poly(L-lac-
tide) has also been analyzed by a number of research
groups [18-23]. Isothermal bulk crystallization rates were
determined in a wide temperature range, from 70 to
165°C [18,19]. The maximum in crystallization rate was
observed around 100°C, and the most peculiar behavior
was a discontinuity in phase change kinetics around
110-120°C. This discontinuity has been correlated to a
transition in regimes II-III growth of spherulites that
was observed in the same temperature range [19,23],
although other explanations of the unusual crystallization
behavior of PLLA have been put forward as well [23,24].

This contribution reports a detailed experimental
analysis of the crystallization process from the melt of
PLLA, conducted both in isothermal and non-isother-
mal conditions. The aim is to provide crystallization
data in a wide temperature range, which is expected to
help clarify the above peculiarities that, at present, have
not found a widely accepted explanation.

2. Experimental part
2.1. Material

A poly(L-lactic acid) of molecular mass M, =
101,000 Da, produced by Boehringer Ingelheim (Ger-
many) and received in form of small chips, was used
without further purification nor thermal treatment.

2.2. 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 20mlmin~' was purged through

the cell during all measurements and thermal treatments.
A fresh sample was used for each experimental measure-
ment, in order to minimize thermal degradation. Each
measurement was repeated three times to improve
accuracy.

To investigate the overall kinetics of isothermal crys-
tallization, PLLA samples (weighting about 10 mg) were
heated from 30 to 200°C at a rate of 20°C/min, melted
at 200°C for 2min, 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/min) was high enough to
prevent crystallization during cooling. The heat evolved
during crystallization was recorded as a function of
time. The fraction of material crystallized after a period
of time ¢ (X;) was calculated by the ratio of the heat gen-
erated at time ¢ and the total heat developed during the
phase transformation. Plotting X, against time, the half-
time of crystallization, 7,,,, defined as the time needed
for half of the final crystallinity to develop, was
obtained.

Crystallization kinetics of PLLA was also analyzed in
non-isothermal conditions. The samples were heated
from 30 to 200°C at a scanning rate of 20°C/min, kept
at this temperature for 2min, then cooled to room tem-
perature at various scanning rates.

2.3. Optical microscopy

Growth rates and morphology of PLLA spherulites
were determined by optical microscopy, using a Zeiss
polarizing microscope equipped with a Linkam TMHS
600 hot stage. A small piece of PLLA, weighing about
0.3mg, was squeezed between two microscope slides,
then inserted in the hot stage. The thickness of the
squeezed sample was lower than 10um. The radius of
the growing crystals was monitored during solidification
by taking photomicrographs at appropriate intervals of
time, using a JVC TK-1085E Video Camera. Spherulite
radii were measured with the software Image-Pro Plus
3.0. Dry nitrogen gas was purged throughout the hot
stage during all measurements and thermal treatments.

The thermal treatments before isothermal and non-
isothermal crystallizations were identical to those used
in calorimetry. Spherulite growth rates (G) data were
obtained in isothermal conditions from the slope of
the radius (r) vs. temperature (7)) plot [25]. Non-isother-
mal G measurements were performed at a constant
cooling rate following the procedure developed by
Di Lorenzo et al. [22,26].

2.4. WAXS analysis

Wide-angle X-ray scattering analysis (WAXS) was
carried out on a Philips (PW 1050 model) powder dif-
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fractometer (CuNi-filtered radiation) equipped with a
rotative sample holder device.

3. Results

The half time of crystallization (7,,,) of poly(L-lactic
acid), measured in isothermal conditions after cooling
from the melt, is reported in Fig. 1 as a function of tem-
perature (7). As typical for polymers, crystallization of
PLLA is slow in the temperature ranges close to the
melting point and the glass transition. In addition, the
712 vs. T. plot presents a broad minimum around
108°C and a discontinuity around 116-118°C, evi-
denced by the arrow in Fig. 1.

Bulk crystallization rate of PLLA was also measured
in non-isothermal conditions at various scanning rates.
DSC thermograms obtained during cooling from the
melt at 5 and 10°C/min are reported in Fig. 2. As ex-
pected, the crystallization curves shift to lower tempera-
tures when high scanning rates are used [27]. When
PLLA is cooled at 5°C/min, the liquid-solid phase
transformation begins around 140°C. As temperature
reaches about 118°C, the exothermic peak suddenly be-
comes more pronounced, suggesting a rapid increase in
crystallization rate. For crystallization analysis con-
ducted at 10°C/min, the DSC thermogram shows the
onset of phase transition to occur at 130°C. Again, the
increase in heat flow rate abruptly becomes much more
rapid when a temperature of 118 °C is reached, confirm-
ing the discontinuity in crystallization rate of PLLA
around 118°C.

More detailed data on crystallization kinetics of
PLLA were gained by determining the rate of spherulite
growth (G). Preliminary data of spherulite radial growth
rates of PLLA, measured in isothermal and non-isother-
mal conditions, both from the melt and from the cold
state, were presented in Ref. [22]. Crystallization rate
data reported in Ref. [22] were obtained in a wide
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Fig. 1. Half-time of crystallization (t;,,) of PLLA as a function
of the isothermal crystallization temperature.
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Fig. 2. DSC traces of PLLA measured during cooling from the
melt at the indicated rates.

temperature range, which allowed to detect for the first
time the complete bell-shaped G vs. T curve for PLLA,
but did not include G data from 100 to 125°C, i.e. in
the temperature range where the discontinuity in crystal-
lization rate is observed. The aim of the study reported
in Ref. [22] was mainly to show the potentiality of the
use of tailored isothermal and non-isothermal proce-
dures to determine crystal growth rates in a wide tem-
perature range. These measurements have been now
completed in both isothermal and non-isothermal condi-
tions, and results are illustrated in Fig. 3. Selected data
taken from Ref. [22] have also been reported for
comparison.

As shown in Fig. 3, the isothermally measured spher-
ulite growth rate curve displays a first broad maximum
around 130°C, and a second, sharper peak at 115°C,
as the G vs. T, plot diverges from the typical bell-shaped
curve below 120°C, where the rate of spherulite growth
becomes much higher. G values measured in non-iso-
thermal conditions during cooling at a constant rate,
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Fig. 3. Spherulite growth rates of PLLA measured in isother-
mal and non-isothermal conditions. Selected data taken from
Ref. [22] have also been reported. The thick line was drawn as a
possible interpolation of spherulite growth rates data.
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after self-nucleation [22,26], also suddenly deviate from
the bell-shaped curve in the same temperature interval.
Data measured in non-isothermal conditions were ob-
tained upon cooling from the melt at a rate of 5°C/
min, which allowed to measure G at lower temperatures
compared to the data reported in Ref. [22], where a cool-
ing rate of 1°C/min was used.

As shown in Figs. 1-3, below 120°C crystallization
rate of PLLA is very high, due both to the high rate
of spherulite growth and to the quite large nucleation
density in this temperature range. A high number of
simultaneously growing spherulites at a high rate corre-
sponds to a large amount of heat evolved in the unit
time. The rapid development of latent heat may cause
some local heating and create some thermal gradients
within the sample, and the phase transition can occur
at temperatures that do not correspond to those detected
by the instrumentation. This, in turn, produces an in-
crease in the experimental uncertainty associated with
the experimental determination of G, both in isothermal
and non-isothermal conditions. The error associated to
non-isothermal measurements is even higher, since in
this type of analysis, temperature is continuously re-
duced, and the cooling power of the hot stage may not
be able to counterbalance the latent heat rapidly devel-
oped during crystallization, which may result in a cool-
ing rate lower than expected. This explains the
discrepancy below 120°C in growth rate values obtained
during cooling at 5°C/min with data measured in iso-
thermal conditions.

It is worth noting that G data determined during
cooling from the melt at 5°C/min were taken from the
same spherulite during its growth at continuously
decreasing temperatures. The morphology of the grow-
ing spherulite seems not to vary in the whole explored
temperature range, even during the very rapid increase
of linear growth rate below 120°C, as shown in Fig. 4.
Similarly, spherulites grown isothermally at various tem-
peratures do not show any noteworthy morphological
difference, at least for the resolution power of optical
microscopy, indicating that the abrupt increase in crys-
tallization rate cannot be ascribed to changes in mor-
phology occurring during growth at different
temperatures. Fig. 4 gives also indications on the effects
of temperature on nucleation rate of PLLA spherulites.
Besides the large spherulite, smaller spherulites start to
appear as temperature is decreased. Fig. 4b shows
growth of one additional spherulite, in Fig. 4c a few
more growing spherulites are evident. They have differ-
ent sizes, being nucleated at various temperatures during
cooling. However, the increase in nucleation density
with the decreasing temperature, commonly reported
for polymers, is continuous, and does not display a rapid
acceleration with temperature. Hence, the discontinuity
in crystallization rate of PLLA below 120°C has to be
mainly ascribed to a drastic variation in crystal growth
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Fig. 4. Optical micrographs of PLLA spherulites grown dur-
ing cooling from the melt at 5°C/min: (a) 130°C; (b) 120°C;
(c) 110°C.

rate, and is not affected by abrupt changes in nucleation
behavior.

The sudden change in crystallization rate may be due
to growth in a different crystal modification, which
might be favored at temperatures below 120°C. As
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mentioned in Introduction Section, PLLA is a poly-
morph material that presents several crystal modifica-
tions. Preliminary WAXS analyses conducted after
isothermal crystallization at various temperatures indi-
cate that, after the thermal treatments used to follow
the crystallization kinetics, only the o modification
seems present. However, the powder diffraction patterns
of o and B forms are quite similar, which complicates
their identification [15]. The two crystal modifications
can be easily distinguished only by WAXS fiber pat-
terns, where the o phase gives sharp reflections, and
the B phase produces diffuse reflections seen as smeared
layer lines in the diffraction patterns [14]. The B form of
PLLA is a frustrated crystal modification, that generally
develops upon stroking or stretching of the o form. It is
a highly disorder structure characterized by a random
orientation of chains imposed by rapid crystallization
conditions [16], and may, in principle, initially develop
at temperatures where crystallization from the melt is
very fast, then transform into the more stable o form.
Hence, WAXS analyses performed after completion of
crystallization are not probing, and more detailed
time-resolved WAXS analyses conducted during the
progress of crystallization are necessary to completely
asses the possible influence of crystal polymorphism on
the unusual crystallization behavior of PLLA.

The discontinuity in crystallization rate of PLLA re-
ported above has been sometimes correlated with a tran-
sition in crystallization regime, observed in the same
temperature range [19,23]. As reported in Ref. [22], Hoff-
man-Lauritzen analysis of spherulite growth rate of
PLLA, measured in the temperature range 75-100°C,
and above 128°C, allowed to detect a regime II-III tran-
sition at 120°C. Hoffman-Lauritzen analysis has been
now completed by including crystallization data between
100 and 120°C. With the new data reported in Fig. 3, it
became possible to apply the method proposed by Hoff-
man and Laurizten using experimental values of spheru-
lite growth rate that completely cover a wide
temperature interval, ranging almost from the glass
transition to the melting point. As usual, the following
expression was used [28,29]:

K
B e A 1
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where G, is a pre-exponential term; R is the universal
gas constant; U* is the energy required for the transport
of macromolecules in the melt; 7, is the crystallization
temperature; T, is the temperature where all the mo-
tions associated with the viscous flow stop, and is de-
fined as T, = T, — C, where C is a constant that can
assume different values; AT is the undercooling
(AT =T, — T, where T, is the equilibrium melting
temperature); f'is a corrective factor that takes into ac-
count the variation of the equilibrium melting enthalpy
with temperature, defined as /' = 27T./(T. + T¢,); K; is

a term connected with the energy needed for the forma-
tion of nuclei of critical size, and is defined as:

nbooo. Ty,
Ke = AHS k @
where 7 is a variable that depends on crystallization re-
gime and is equal to 4 for regimes I (high temperatures)
and III (low temperatures) and values 2 in regime II
(intermediate temperatures), b, is the thickness of the
stem added on the substrate, o is the lateral surface free
energy, o, is the free energy of folding, AH;, is the en-
thalpy of fusion, and k is the Boltzman constant [29].
For the calculations, literature values of Ty = 207°C
[20] and T, = 62.5°C [19] were used. To fit experimental
data, U" = 1500cal/mol and C = 30°C were utilized, as
done in previous studies on PLLA [19,20,22,23].

The results of Hoffman-Lauritzen treatment, using
the G values presented in Fig. 3, are illustrated in
Fig. 5. Their interpretation is not straightforward.

Growth rate data determined in the ranges 75-100°C
and 108-120°C seem to fall on two distinct straight lines
(drawn as dashed trendlines), both intersecting the
straight thick line obtained from G data measured at
higher temperatures. The slopes of these three linear
trendlines, K,, calculated in the three different tempera-
ture ranges are:

(a) For 75°C < T. < 100°C: K, =4.38x 10°K* (from
Ref. [22)).

(b) For 108°C < T, < 120°C: K, =597 x 10°K*.

(c) For T.>128°C: K,=1.85x10°K* (from Ref.
[22)).

If one considers G data taken between 75 and 100°C
(a), and between 108 and 120°C (b), as two independent
sets of data, and compare them with G values measured
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Fig. 5. Hoffman-Lauritzen analysis of spherulite growth rate
data of PLLA. U" = 1500cal/mol and T, = T, —30°C were
used.
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at higher temperatures (c), the slope ratio with high tem-
perature data is 2.37 for G values measured between 75
and 100°C, and 3.23 for G data measured between 108
and 120°C. In both cases the slope ratio is quite discor-
dant from the value 2 predicted by the theory [28,29], as
sometimes reported for PLLA [19]. Hence, Hoffman-
Lauritzen analysis independently conducted with either
G values measured between 75 and 100°C (as done in
Ref. [22]) or using only the data in the range 108—
120°C (similarly to the studies reported in Ref.
[19,20,23]) might give indication of the existence of a
regime [I-1II transition. The temperatures where the this
transition occurs are quite similar when either (a) or (b)
sets of data are used, being located around 115-120°C,
as commonly reported in the literature for PLLA
[19,20,22,23]. It has to be underlined that for no set of
data morphological changes in PLLA spherulites are
evident, as shown in Fig. 4, which does not help corre-
late a given regime growth to a specific temperature
range. As detailed above, the error associated to the
experimental measurement of G between 100 and about
115°C is not negligible, due to the very high crystalliza-
tion rate in this temperature range. The experimental
data below 120°C can be all interpolated with a single
straight line, as shown by the thin solid line in Fig. 5,
considering the deviation from the trendline due to the
large experimental error associated to the measurement
of G in this temperature range. In this case, K, deter-
mined with G values from 75 to 120°C results equal to
3.66, and the slope ratio with high temperature data
(range c) becomes 1.97. This should point to a regime
II-1IT transition temperature around 130°C, as indi-
cated by the arrow in Fig. 5.

The above analysis outlines the uncertainty that is
sometimes associated with Hoffman-Lauritzen regime
growth analysis. It is known that this treatment under-
goes serious oversimplifications, and several criticisms
to this theoretical approach have been put forward
along the years by a number of researchers [25,30-34].
For instance, after analysis of the shapes generated by
computer simulation of crystal growth, Binsbergen sug-
gested that it may even be possible that secondary nucle-
ation is a factitious concept [30]. This confirms that large
progress still needs to be done in understanding the pro-
cess of polymer crystallization, as an universally ac-
cepted description on the mechanism of crystallization
of polymers has not been accomplished yet [25,35].

4. Conclusions

The analysis of the crystallization behavior of poly-
(L-lactic acid) reported in this contribution has evi-
denced a series of peculiarities, that can be summarized
as follows:

e The crystallization rate of PLLA is unusually high at
temperatures between 100 and 118°C.

e The high crystallization rate of PLLA below 120°C
has to be ascribed to the high rate of radial growth
of the spherulites, whose origin has still to be clari-
fied. No particular increase of nucleation rate has
been evidenced in this temperature range.

e The discontinuity in crystallization rate seems not
associated to morphological changes in PLLA
spherulites, as revealable by optical microscopy.

o Hoffman-Lauritzen analysis of spherulite growth
rate values of PLLA outlines a probable regime I1-
III transition, which seems not correlated to the
above discontinuity in crystallization rate.
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