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Abstract

A combination of isothermal and non-isothermal methods was used to measure spherulite growth rates (G) of poly(L-lactic acid) (PLLA).
G was determined during cooling at a constant rate by monitoring the growth of a spherulite radius as a function of temperature. Coupling
with a self-nucleation procedure permitted to highly enlarge the temperature range where G data can be obtained within a single experiment.
Very good agreement existed between data gained with the proposed procedure and those obtained with the traditional isothermal method.
Further enlargement of the temperature range was provided by using tailored temperature programs. After the first growing crystals had
appeared, the samples were quenched in liquid nitrogen to stop crystal growth, then a conventional isothermal measurement was performed.
Again the thermal treatment imposed on the sample did not affect the measured value of G. The use of combined isothermal and non-
isothermal methods coupled with self-nucleation permitted to obtain G data of PLLA in a very wide temperature range. Spherulite growth
rates of PLLA were analyzed with the Hoffman and Lauritzen theory, which allowed to detect a regime II-III transition at 120°C. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Measurements of spherulite growth rates (G) are gener-
ally conducted in isothermal conditions, by monitoring the
growth of a spherulite radius () as a function of time () [1].
With only a few exceptions, like in the presence of high
levels of segregation of non-crystallizable species [2—6],
at a fixed temperature the plot of r vs. ¢ is linear and its
slope gives the value of G at the selected temperature (7')
for the measurement

_dr

=+ )]

These isothermal measurements are usually very long and
time consuming, as a single experiment is necessary to
obtain G at each temperature. Recently a new non-iso-
thermal procedure that allows to measure G data in a rather
wide temperature range with a single experiment has been
suggested [7,8]. When solidification is performed at a
constant cooling rate, G can be estimated by taking the
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first derivative of the r vs. T plot at each experimental point

_dr _ dr dT )

Cdr dT dr )
where dr/dT is measured point by point from the plot, and
d7/dt is the cooling rate used.

This procedure has been further developed by Di Lorenzo
et al. [9]: by using various cooling rates it is possible to
enormously enlarge the temperature range where crystalli-
zation data can be obtained. Data measured at different
cooling rates are well comparable and in agreement with
those determined with traditional isothermal methods, as
demonstrated for the measurement of spherulite growth
rates of isotactic polypropylene, both plain and in blends
with poly(a-pinene). Moreover, combining self-nucleation
and non-isothermal temperature programs, the temperature
range where growth rate data are measurable can be further
expanded.

In this article the non-isothermal method coupled with
self-nucleation, suggested in Ref. [9], has been applied to
measure the spherulite growth rates of poly(L-lactic acid)
(PLLA), a biodegradable and biocompatible polyester
widely used in the biomedical field [10,11]. It will be
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Fig. 1. Variation of the spherulite radius with temperature during cooling.

shown that with this procedure it is possible to determine G
of PLLA in a very wide temperature range with a single
measurement, with enormous savings of time compared to
the traditional isothermal methods. Unfortunately, this
non-isothermal plus self-nucleation method does not permit
to enlarge the temperature range where spherulite growth
rates of PLLA can be measured. Spherulite growth rate data
of PLLA, determined with the traditional isothermal
methods, have been reported in the literature only at
temperatures above 114°C [12]. Below this limit, a very
high nucleation density acts as an obstacle for the measure-
ments. In order to obtain G at low temperatures, a different
method, that combines self-nucleation and isothermal
measurements, is proposed in this article. It will be shown
that coupling tailored isothermal and non-isothermal pro-
cedures it is possible to highly expand the temperature
range where spherulite growth rates of poly(L-lactic acid)
can be measured.

2. Experimental part
2.1. Material

A poly(L-lactic acid) of molecular mass M, =
101, 000 Da, produced by Boehringer Ingelheim (Germany)
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Fig. 2. Spherulite growth rates of PLLA measured during cooling at 1°C/
min and in isothermal conditions.

and received in form of small chips, was used with neither
further purification nor thermal treatment.

2.2. Optical microscopy

Spherulite growth rates of PLLA 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 0.3 mg, was squeezed
between two microscope slides, then inserted in the hot
stage. The thickness of the squeezed sample was less than
10 wm. The radius of the growing crystals was monitored
during solidification by taking photomicrographs at appro-
priate intervals of time, using a JVC TK-1085E Video
Camera. Spherulite radii were measured with the software
Image-Pro Plus 3.0. The combined usage of optical
microscopy, video camera and image analysis software
gave a resolution power of 0.3 wm, which allowed to detect
differences in spherulite radii of 0.15 wm by measuring their
diameter. During all measurements and thermal treatments
dry nitrogen gas was purged throughout the hot stage.

Each PLLA sample was heated from 30 to 200°C at the
rate of 20°C/min, kept at this temperature for 2 min to allow
complete melting, then subjected to different thermal treat-
ments, in dependence on the procedure used:

e Determination of G data during cooling was performed
by using a self-nucleation procedure. A PLLA sample
was cooled from the melt at 1°C/min until it reached
145°C, where the first spherulite was visible under the
optical microscope, then the sample was heated up to
175°C at 4°C/min, kept at this temperature for 2 min,
and finally cooled at 1°C/min. The radius of the growing
spherulite was monitored as a function of the decreasing
temperature during the final cooling at 1°C/min.

e Conventional isothermal crystallization measurements
were performed by cooling the sample from the melt at
30°C/min to the desired crystallization temperature (7).
During isothermal solidification, the increase of spheru-
lite radius was recorded as a function of time.

e Determination of G data during heating was made by
cooling the PLLA sample from the melt at 1°C/min to
a temperature of 145°C, then the sample was rapidly
removed from the hot stage and quenched in liquid
nitrogen to arrest spherulite growth; the sample was
then reinserted in the hot stage at room temperature,
heated to the desired temperature at a rate of 30°C/min,
held for 2 min, and finally heated at 1°C/min; the growth
of a spherulite was followed during heating as a function
of temperature.

e Further isothermal measurements at low temperatures
were made after the sample was cooled from the melt
at 1°C/min to 145°C and quenched in liquid nitrogen;
after quenching, the sample was reinserted in the hot
stage at room temperature, heated at 30°C/min to the
desired 7. and kept at T, for a time sufficient to complete
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crystallization; the radius of a growing spherulite was
monitored as a function of time.

3. Results and discussion

Spherulite growth rates of PLLA were measured during
cooling at a constant rate using a self-nucleation procedure,
as described in Section 2. The plot representing the variation
of the spherulite radius as a function of temperature is
shown in Fig. 1. From these data, G values were calculated
by taking the first derivative of the r vs. T plot, according to
Eq. (2), and the results are reported in Fig. 2. In order to
calculate the first derivative, the following formula was
used:

1Yt =¥ . Vi — Yo
Derivative = _(yH'l Yi + Vi Yi—1 ) (3)
Xit1 X X T X

then the data were smoothed using adjacent-averaging. Fig.
2 also reports G values measured in isothermal conditions at
a few selected temperatures (namely 130, 135, 140, 150 and
165°C) to prove that the non-isothermal method combined
with self-nucleation allows a very reliable determination of
spherulite growth rates. Spherulite growth rates can also be
measured on cooling the PLLA sample directly from the
melt at a constant rate. Performing a simple cooling from
the melt at 1°C/min, data can be recorded only at tempera-
tures not higher than 145°C. The self-nucleation procedure
is needed to enlarge the temperature range where G can be
measured in a single experiment, as it permits to obtain data
at temperatures as high as 174°C. Fig. 2 also shows that G
values can be obtained in a very large temperature range by
performing one single measurement that lasts less than 2 h.
To obtain data in a similar temperature interval with the
conventional isothermal method would require several
days of measurements.

The very good agreement of spherulite growth rates
obtained with the isothermal and non-isothermal methods
proves that neither the various thermal treatments at which
the samples were subjected, nor the use of a non-constant
temperature during the measurements affect experimental
determination of G. Generally, measurement of crystalli-
zation rates in non-isothermal conditions must be performed
with care to ensure that the temperature of the sample is
properly monitored, as thermal gradients within the sample
and between the cooling furnace and the sample can occur.
Moreover, solidification is an exothermic process and the
heat developed during the phase transition may cause some
local heating and create additional thermal gradients within
the sample. At very high cooling rates the heat evolved
during crystallization can even cause a plateau in the sample
temperature during a large portion of the solidification
process [13,14]. As a consequence of all these thermal
lags, transitions can occur at temperatures that do not corre-
spond to those detected by the instrumentation. The thicker

the sample, and higher the cooling rate, the more critical is
this problem [15,16].

Few studies relating the influence of sample thickness and
cooling rate on the occurrence of thermal gradients during
non-isothermal crystallization have been reported in the
literature. Monasse and Haudin estimated that, for 300 wm
thick polypropylene samples and scanning rates not exceed-
ing 80°C/min, using a Perkin—Elmer DSC 2B furnace, the
thermal gradient between the furnace and the sample is
negligible, whereas the difference between top and bottom
of the sample is 1°C [17]. The samples used in the present
study are very flat and thinner than 10 pm, which reduces
the risks of having thermal gradients in the direction normal
to the sample surface. In addition, a low cooling rate was
used (1°C/min). In such a situation, negligible gradients
within the sample and between the furnace and the sample
are expected even during solidification, as the heat liberated
during crystallization is very low, due to the low sample
mass. Hence it is quite safe to assume that the effective
temperature of the sample corresponds to that registered
by the hot stage furnace.

The heat evolved during crystallization depends on the
amount of sample that is involved in the transition. A high
number of spherulites growing simultaneously correspond
to a large amount of heat evolved. An ideal situation to
perform crystallization under constant cooling rate would
involve the monitoring of crystallite growth in a specimen
where only one spherulite develops. This goal was achieved
using the self-seeding procedure, at least at high tempera-
tures. In fact, at the beginning of cooling from 176°C, until
about 145-150°C, only one growing spherulite was present
in the sample. On further cooling a few more spherulites
started to develop and grow, but they were still low in
number, and the heat evolved during the phase transition
was not high enough to counterbalance the cooling power of
the hot stage. The simultaneous growth of a few more
spherulites did not disturb the measurement, as demon-
strated by the very good agreement of G data obtained on
cooling with those determined in isothermal conditions, as
shown in Fig. 2.

Spherulite growth rates of PLLA samples of various
molecular mass were also measured by Vasanthakumari
and Pennings using the traditional isothermal method [12].
Data were gained at temperatures ranging from 114 to
168°C. This temperature range is of the same magnitude
of that reported in Fig. 2, the difference lies in the time
required for the measurements using the two methods.
Isothermal G measurement of PLLA after cooling from
the melt is possible only at temperatures higher than
114°C, due to the large nucleation density [12]. Also the
non-isothermal method coupled with self-nucleation does
not permit to measure G at low temperatures, due to the
occurrence of multiple nucleation, hence other procedures
need to be used to gain data at low T.

Quenching melt PLLA in liquid nitrogen allows to obtain
a completely amorphous sample, preventing crystallization.
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Fig. 3. Variation of the spherulite radius with time during isothermal crys-
tallization at 95°C.

Also quenching a partially crystallized PLLA, containing
only one or a few growing crystallites, permits to stop
further crystal growth. This feature was exploited to
measure G data at temperatures below the limit mentioned
above, using self-nucleation and quenching the sample after
the first growing nucleus was visible by the optical micro-
scope. The following thermal treatment was used. The melt
sample was cooled at 1°C/min until the first spherulite
appeared, then was rapidly removed from the hot stage
and quenched in liquid nitrogen to stop further growth.
The sample was reinserted in the hot stage at 84°C, kept
at this temperature for 2 min, then heated at 1°C/min. The
radius of the growing spherulite was recorded during
the final heating as a function of temperature, which
allowed to obtain G data from 85 to 92°C. The tempera-
ture range where G of PLLA can be measured with this
method is not very large, as at a certain temperature a high
number of small spherulites start to grow, rapidly filling
the space. The temperature at which nucleation rate
becomes so high to obstacle the measurements depends
on the scanning rate used, being higher for higher heating
rates [18], but the choice of a different heating rate could
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Fig. 4. Spherulite growth rates of PLLA measured with various methods:
(O) cooling at 1°C/min after self-nucleation; (®) isothermal crystallization
after cooling from the melt; () heating at 1°C/min after self-nucleation
and quenching; (@) isothermal crystallization after self-nucleation and
quenching. The solid line interpolates the experimental data.

Table 1

Spherulite growth rates (in pm/min) of poly(L-lactic acid) measured on
cooling at 1°C/min after self-nucleation, isothermally after cooling from
the melt, and isothermally after self-nucleation followed by quenching

Temperature (°C) — 1°C/min Iso Iso after quench®
140 5.71 5.65 5.84
150 3.90 3.90 371
165 0.92 0.80 0.83

! Measurements at these selected temperatures after self-nucleation
followed by quenching were performed by reinserting the PLLA sample
in the hot stage at the indicated temperatures. Heating from room tempera-
ture to 140, 150 or 165°C would have resulted in highly densely nucleated
sample, hindering the measurement.

raise the temperature range where G can be measured of
only a few degrees.

A different method must be used to determine G in the
low temperature side of the G vs. T plot. The method
proposed is as follows. PLLA was cooled from the melt at
1°C/min until the first spherulite appeared, quickly removed
from the hot stage and put into a liquid nitrogen bath (as
before), then reinserted in the hot stage at room temperature
and heated at 30°C/min until the desired crystallization
temperature was reached, so that a conventional isothermal
measurement could be performed. At the highest tempera-
tures chosen, solidification is completed in a rather short
time, due to sudden appearance of a high number of growing
spherulites that cause rapid impingement. The use of a video
camera that needs a very low exposure time allows to take
photomicrographs at short intervals of time, as shown in
Fig. 3. The trend of the spherulite radius vs. time is linear
for all the temperatures chosen, which consents to easily
determine G. Results are shown in Fig. 4 together with the
data obtained with the other methods, reported for com-
parison. It is worth to note that the thermal treatment at
which the samples were subjected (self-nucleation plus
quenching) does not affect the determination of correct G
values, as shown in Table 1 that reports spherulite growth
rates of PLLA estimated at three selected temperatures with
the three methods proposed (traditional isotherm, cooling
after self-nucleation, and self-nucleation with quenching
followed by an isotherm). For all the temperatures the
three values are within acceptable experimental errors,
which supports the reliability of the procedures used. The
solid line of Fig. 4 was obtained by connecting the measured
G values and interpolating the experimental data in the
temperature range where data were not acquired. Hence,
combining isothermal and non-isothermal methods it is
possible to gain spherulite growth rates in a very wide
temperature range, highly expanding the interval obtainable
with traditional methods. In this way it has become possible
to determine the whole crystallization curve of poly(L-lactic
acid). The overall trend is a bell-shaped curve, as predicted
by the theory [1]. Spherulite growth rates of PLLA are low
at high temperatures, then gradually increase with the
increase of the undercooling to reach a maximum at about



M.L. Di Lorenzo / Polymer 42 (2001) 9441-9446 9445

12 1

10

LnG + U*/R(T-T.)

6 T T T T T
0.000025 0.00003 0.000035 0.00004 0.000045 0.00005

10°/T AT £

Fig. 5. Kinetic analysis of growth rate data of PLLA. U = 1500 cal/min
and T, = T, — 30°C were used.

127-128°C, in agreement with the value reported in Ref.
[12].

Experimental data of spherulite growth rate of PLLA
were analyzed using the Hoffman and Lauritzen equation
[19,20]

U* K

NG+ ————=InGy — —*_,
N RT =Ty~ "0 TATY

“)
where Gy is a pre-exponential term; R the universal gas
constant; U" the energy required for the transport of macro-
molecules in the melt; T the crystallization temperature; T,
the temperature where all the motions associated with the
viscous flow stop, and is defined as T, = T, - C, where C
is a constant that can assume different values; AT the under-
cooling (AT = TI?l — T., where Tr?1 is the equilibrium
melting temperature); f is a corrective factor that takes
into account the variation of the equilibrium melting
enthalpy with temperature, defined as f = 2T ./(T. + T,?]);
K, is a term connected with the energy needed for the

g
formation of nuclei of critical size, and is defined as

nbOO'a",/T,?1

K= "amor ©)
where 7 is a variable that depends on crystallization regime
and is equal to 4 for regimes I (high temperatures) and III
(low temperatures) and values 2 in regime II (intermediate
temperatures), b, the thickness of the stem added on the
substrate, o the lateral surface free energy, o. the free
energy of folding, AH? the enthalpy of fusion, and k is
the Boltzman constant [20]. For the calculations literature
values of Tﬁ] = 270°C[12] and T, = 62.5°C [21] were used.
To fit experimental data, U" = 1500 cal/mol and C = 30°C
were utilized, as done in previous studies on PLLA [12,21].

The plot of InG + U*/R(T, — T,,) as a function of
1/(T.ATf) is presented in Fig. 5. The growth rate data fall
on two straight lines, supporting distinct regime transition.
The observed break in the plots was taken as an indication of
regime II-III transition, since the slope ratio is 2.37

[K,(ID) = 1.85X 10° K*, K,(IIl) = 4.38 X 10° K*], rather
close to the value 2 predicted by the theory. The transition
occurs at 120°C, a temperature slightly higher than that
reported in Ref. [21] (115°C). The higher value of the
transition temperature may be ascribed to a different
molecular mass of the PLLA used (a higher molecular
mass induces regime transitions to occur at higher tempera-
tures [22]), or to the different method used for the calcu-
lation. In fact, in Ref. [21] Hoffman and Lauritzen equation
was applied using half-times of crystallization (7)), under
the assumption that the crystal growth rates are inversely
proportional to 7, whereas in this work experimental
values of the spherulite growth rates were used.

The K, values were employed to calculate the free energy
of folding according to Eq. (5). In order to determine the
lateral surface free energy, the following empirical relation
[23] was used

o = a(Ahp)(aghy)?, (6)

where a is the width of the stem added on the substrate, and
a = 0.25, as appropriate to high melting polyesters [24].
Using the literature values of AH? = 1.11 x 10® J/m®
[25], ap = 5.97 A [26], and by = 5.17 A [26], a value of
o, =405 erg/cm2 was obtained, close to the data reported
in the literature [26,27].

4. Conclusions

A combination of properly designed isothermal and non-
isothermal procedures allows to measure spherulite growth
rates of poly(L-lactic acid) in a very wide temperature range.
Determination of G on cooling at a constant rate, combined
with the self-nucleation technique, permits to overcome
the problems due to the length of the experiments, easily
allowing a fast determination of spherulite growth rates
even at very high temperatures. At low temperatures G
data can be obtained using self-nucleation followed by
quenching, overcoming the problems due to the high
nucleation rate and density that occur when crystallization
rates are measured after cooling from the melt.

Combining the various methods proposed, spherulite
growth rates of poly(L-lactic acid) were measured in a
large temperature range. Analysis of experimental G data
with the Hoffman—Lauritzen theory allowed to detect a
regime II-III transition at 120°C. For the first time the
occurrence of this transition has been demonstrated using
directly measured G values.
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