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The crystallization kinetics of polyflactide), PLLA, is slow enough to allow a quasi-amorphous polymer

to be obtained at low temperature simply by quenching from the melt. The PLLA crystallization process
was followed by differential scanning calorimetry and optical microscopy after nucleation isothermal
treatments at temperatures just below {&3 and just above (73C) the glass transition temperature. The
crystallization exotherm shown in the heating thermograms shifts toward lower temperatures as the annealing
time at 73°C increases. The same effect is shown to a lesser extent when the sample nucleat&s, at 53
showing the ability to nucleate in the glassy state, already shown in other polymers. The shape of the DSC
thermograms is modeled by using Avrami’s theory and allows an estimation of the number of crystallization
germs formed. The results of optical microscopy are converted to thermograms by evaluating the average
gray level of the image recorded in transmission mode as a function of temperature and calculating its
temperature derivative. The shape of such optical thermograms is quite similar to that of the DSC traces but
shows some peculiarities after long nucleation treatments. Atomic force microscopy was used to analyze
the crystal morphology and is an additional proof of the effect of nucleation in the glassy state. The crystalline
morphology observed in samples crystallized after nucleation in the glassy state is qualitatively different
from that of samples nucleated above the glass transition temperature, and the number of crystals seems to
be much greater than what could be expected from the crystallization kinetics.

Introduction tion rate of PLLA is quite slow; thus, it is possible to get a
guasi-amorphous polymer at low temperatures by simply
guenching from the melf~1* Even if the crystal growth is
nearly null when the glass transition temperature region is

cell adhesion, growth, and viability have been shown to be reached, the number of crystal nuclei should be considerable,

strongly affected by characteristics of the surface morphology since the nucleation rate increases with the distance to the

of the substrate such as roughness. The presence of holes didulibrium melting temperature. Nucleation progresses with
grooves or microscale texture can induce the cell orientation 21 iSothermal annealing at temperatures just above the glass
or cause changes in the cell shape and phenotype (see refgansn!on temperatqre. If the tempera_tur(_a is Fhen increased
5-7 and references therein). On the other hand, the kineticst© the interval in which crystal growth is significant, a great
of bioreabsorption “in vivo” is affected by the crystallinity number of spherulites grow simultaneously and yield a
and crystal shape, since the degradation rate of the amor-<crystalline morphology very different from that obtained by
phous domains is faster than that of the crystalfitek.is isothermal crystallization at high temperature after a tem-
therefore interesting to study the possibilities of modifying Perature jump from the melt, or by slow cooling from the
the crystalline morphology and topography of the semicrys- melt'® In the case of poly(ethylene terephthalate), which also
talline surface of the polymer. The size of the spherulites has slow crystallization kinetics, it has been shown that
mainly depends on the number of crystals growing simul- isothermal treatment at temperatures below the glass transi-
taneously, i.e., the number of crystal germs. The crystalliza- tion temperature, i.e., the physical aging process, produces
— ordered domains or physical cross-links that, when the
ter.*uI)(\)/.szhom correspondence should be addressed. E-mail- jlgomez@ temperature is rapidly increased to a point above the glass
t Centro de Investigaciones Ciditas del Yucata. transition temperature, in the temperature range in which
;gg;verSidgd F’O""teﬂicaDde Valencia. i crystallization takes place, are able to act as crystallization
ymer Engineering Department, University of Minho. nuclei. The increase in the number of nuclei is detectable
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University of Minho. by the acceleration of the crystallization kineti€s!® The

Poly(L-lactide) is a biocompatible, biodegradable polymer
widely used as a biomaterial for several applications includ-
ing tissue engineering scaffolds! In these applications the
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rate of cooling from the melt, even if it is high enough to 15 30
yield a fully amorphous material, also significantly affects
the number of physical cross-links that may act as crystal-
lization nuclei?®-22

The aim of this work is to study the formation of crystal
nuclei in PLLA by annealing at temperatures just above or
just below the glass transition temperature.
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Materials and Methods. PLLA was synthesized by
classical polycondensation procedures. The polymerization
reactions were carried out as described elsewla3eefly,

a glass polymerization reactor equipped with a nitrogen flow-
through inlet and a vacuum connection was placed in a
temperature-controlled bath containing silicone oil. Polym-
erization was performed in a nitrogen atmosphere at a
temperature range of 16A.50°C for 12—48 h. To remove
residual monomers, chloroform and methanol were used as %57
solvent and precipitant, respectively. The molecular weights

of the polymer, M, and M,,, were 58000 and 132000,
respectively, evaluated by gel permeation chromatography
(Shimadzu, LC 10A, Japan) using polystyrene as standard . . ' e 5
and chloroform as solvent. Samples for DSC experiments 20 40 60 8 100 120 140 160 180 200
of around 4 mg were encapsulated in aluminum pans for Temperature (°C)

solids, which provided good contact between the sample andFigure 1. Experimental heating scans performed at 10 °C/min in DSC
the bottom and cover of the aluminum pan. Due to the and optical microscopy after nucleation at 73 f’C for_O (v), 3(0), 6
thermal degradation of PLLA at high temperatures, each (O), and 12 (A) h. The results of the model simulation of the DSC

. 7' scans using Avrami's equation are also included (solid symbols).
sample was used for a single DSC scan. Samples for optical

microscopy and atomic force microscopy, AFM, were cast ver, with a force constant of 42 N/m and a tip radius with a
from a 1 wt %solution in chloroform on circular microscopy 5 nm curvature, was used. All the samples were characterized
slides. The thickness of the polymer layer was aroupthS  ysing a set-point amplitude ratio of around 0.7. The thermal
estimated from the weight of the sample and the PLLA treatments were performed on the Linkam plate of the optical

density. microscope. The samples were placed in the AFM device
Measurements.DSC experiments were performed in a and scanned at ambient conditions.

Pyris 1 apparatus (Perkin-Elmer). Dry nitrogen gas was let
through the DSC cell at a flow rate of 20 mL/min. The
temperature of the equipment was calibrated by using the
melting points of indium and zinc. The heat of fusion of  The DSC heating thermograms show a significant effect
indium was used for calibrating the heat flow. The experi- of the nucleation treatment on the glass transition and
ments started with annealing for 2 min at 2@, followed crystallization exotherm. The thermogram recorded im-
by cooling at 40°C/min to 53 or 73°C, maintaining this  mediately after cooling to 20C shows the glass transition
temperature for the desired period, and cooling again to 20followed by a broad exotherm between 90 and T€D
°C. The heating scan followed at 2G/min. followed by the melting endotherm (Figure 1). The glass
Optical microscopy was performed in a Nikon Eclipse transition temperature determined by the midpoint of the rise
E600 microscope, with polarized light, between crossed of the heat capacity in the transition was 8C. The
polarizers. A Linkam THMS600 thermostatic plate refriger- isothermal treatment at 7& produces a quick shift of the
ated with a flow of cooling air was used to thermostatize crystallization peak toward lower temperatures (Figure 1).
the sample. The temperature calibration was performed with The thermogram recorded after the sample was annealed for
a benzoic acid standard. All the thermal treatments were 12 h at 73°C shows two exotherms, one low-temperature
conducted in the Linkam plate. The sample was initially exotherm with a minimum at 105C, and another at 160
melted at 200°C, cooled at the maximum rate allowed by °C, separated by a broad plateau of nearly°@80 It was
the instrument, to 53 or 73C, and maintained at this possible to draw a straight line joining the points in the
temperature for the desired time, followed by the heating thermogram just after the glass transition and at the highest
scan at 10°C/min. One microphotograph per degree was temperature of the heating ramp. The point at which this
automatically recorded. baseline crosses the DSC trace corresponds to the point at
AFM micrographs were recorded with a Nanoscope Il which the crystal fraction of the sample reaches its maximum
from Digital Instruments. The microscope was placed on a value. The area under this line was considered to be the
vibration-protected table. An SSS-NCH Nanoworld cantile- crystallization enthalpy, and is equal to the area on the
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Table 1. Crystallization and Melting Enthalpy Calculated in the 15 30
Heating Scans after Different Nucleation Treatments?@
Ahcwst Ahmell Xcrysl,max Xeryst,max (%)
nucleation annealing J/g) J/g) (%) model)

no isothermal annealing —15.3 16.0 16 21
73°Cfor3h —32.0 34.0 34 33
73°Cfor6h —38.2 38.8 41 40
73°Cfor12h —28.7,—6.5 40 31,7 43
53°Cfor3h —-17.5 17.6 19 22
53°Cfor6h —22.6 22.6 24 27
53°Cfor12h —33.5 33.2 36 32

2 The experimental maximum crystallinity reached in the scan, Xeystmax,
and the values calculated for Xcystmax USiNg Avrami’'s model are also
listed.

at flow (J/gs) endo >

baseline corresponding to the melting peak, as can beg
expected due to the fact that the crystallinity at the beginning ¢
of the thermogram is nearly null. This behavior was also 9
found in the thermograms recorded after the different thermal &
treatments, with the exception of the thermogram recorded g
after annealing for 12 h at 7&. In this case, the total area 2
of the two exotherms is only 35.2 J/g but the melting enthalpy
is 40 J/g, which means that some crystal growth takes place
at 73°C. The area of the exotherm after cooling from the
melt without isothermal annealing was only 15.3 J/g, which
means, assuming a value of 93 J/g for the melting enthalpy

1.0 +————7——

of the single crystad that the crystal fraction being built e O

up during the heating scan is 16%. The crystallization Temperature (°C)

enthalpy increases with the nucleation treatment at@3  Figure 2. Experimental heating scans performed at 10 °C/min in DSC
for 3 and 6 h (Table 1); the crystal fraction increases to 34% and optical microscopy after nucleation at 53 °C for 0 (v), 3 (O), 6
and 41%, respectively. The maximum crystal fraction in the (O), and 12 (a) h. The results of the model simulation of the DSC

. ing Avrami’ ti Iso included (solid symbols).
sample annealed for 12 h at 73 would be 43%, determined scans using Avrami's equation are also included (solid symbols)

from the melting peak. The difference between the melting  The change in the crystal morphology was studied by
enthalpy and the sum of the two crystallization exotherms atomic force microscopy. Figure 4 shows the topography
is 4.8 J/g, which means that at the beginning of the DSC pictures corresponding to samples crystallized at°28after
scan, i.e., at the end of the isothermal period, the crystallinity gifferent thermal treatments. The isothermal crystallization
would be 5%. for 2 h at 120°C after a temperature jump from the melt
The scans recorded after annealing at°&3show the  shows large spherulites. The roughness of the surface can
endotherm overshoot in the glass transition due to physicalpe seen from the depth of the color scale generated in Figure
aging, followed by the cold crystallization exotherm, whose 4a. The height difference between the black and bright-
temperature is always higher than after annealing 8873 yellow zones is about zm. To emphasize this feature, the
(Figure 2). Nevertheless, the crystallization enthalpy after cross-section along the straight line shown in Figure 4a has
12 h reaches 33.5 J/g, which means that the maximum degregeen drawn in Figure 6.
of crystallinity attained during the heating scan reaches 36%, Figure 4b shows the topography of the sample crystallized
not far from the values found after annealing above the glassfor 2 h at 120°C after the sample was cooled to 73 and
transition temperature (Table 1). immediately reheated to 12. The spherulites are much
Isothermal crystallization experiments were conducted at smaller than those shown in Figure 4a. The effect of
120°C after the different nucleation annealings. The DSC nucleation at 73C is shown in Figure 4c. Afte6 h the
traces (Figure 3) show that the kinetics of crystallization decrease in the size of the spherulites demonstrates the
becomes faster with longer annealing times, at both 53 andincrease in the number of crystallization nuclei at the start
73 °C. After 12 h at 73°C the peak appears before the of the isothermal crystallization at 12.
stabilization of the temperature after the jump from 73 to  Figure 4d shows the effect of cooling the sample to 53
120°C. °C, producing the vitrification of the sample, and im-
The results of optical microscopy are shown in Figures 1 mediately increasing the temperature to 220 The differ-
and 2 as plots of the derivative of the average gray level of ences with the results of cooling to 78 (Figure 4b) are
the image recorded in transmission mode as a function of not significant. In fact, pictures taken of different samples
temperature during the heating scan. It is interesting to note subjected to identical thermal treatments can differ from one
that these thermograms are quite similar to those obtainedanother in the same order as Figure 4b,d. The effect of
by DSC but show some peculiarities, mainly in the case of nucleation at 53C is shown in Figure 4e and corresponds
the heating scan conducted after annealing for 12 h at 73to the nucleation for 6 h. The picture shown corresponds to
°C. In optical microscopy the high-temperature crystallization a surface of 50x 50 um (as in Figure 4ad). The cross-
peak that shows the DSC trace does not appear. section along the line shown in Figure 4e is shown in Figure
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Figure 3. DSC heat flow measured during the isothermal crystal-
lization at 120 °C after nucleation at 53 °C (a) and 73 °C (b) for O
(O), 3 (@), 6 (»), and 12 (<) h. The solid lines correspond to Avrami’s
equation with exponent 3.

d) 200=53°C=120°C ) 200=53"C6h >120°C

6. This topography is characteristic of the structure in which Figure 4. AFM pictures of the topography of samples crystallized
the grovvth of the spherulites is not complete. To show this for 2 h at 120 °C after different nucleation treatments (the picture

learly. Fi 5 ts the t hv of th | dimensions are 50 x 50 um): (a) temperature jump from 200 to 120
more clearly, Figure Sa presents the topograpny ot (ne samp e°C, (b) sample suddenly cooled from 200 to 73 °C and immediately

nucleated fo6 h at 53°C recorded in a scan of a6 5 um reheated to 120 °C prior to crystallization, (c) sample nucleated for 6
surface. For comparison, a scan with the same magnificationh at 73 °C, (d) sample suddenly cooled from 200 to 53 °C and
was recorded of a sample nucleated 6oh at 73°C. immediately reheated to 120 °C prior to crystallization, (e) sample

nucleated for 6 h at 53 °C.

Discussion

The analysis of the crystallization kinetics can be made
on the basis of Avrami’s general thed®ywhich for the
isothermal crystallization yields the well-known equation

1— 28— exp- KM )

UOO

whereu, is the volume crystal fraction,. is its maximum
value at infinite timet is time, andn is Avrami’s exponent o )
that depends on the nucleation and growth mechanisms. 2 200>53°C6h>120°C b) 200=73°C6h >120°C

In the case of the crystallization after different nucleation Figure 5. AFM topography in a 5 x 5 um surface of samples
annealings. one mav assume that. after cooling to a tem er_nucleated with the same thermal treatments as in parts e and ¢ of

. 9s, y ’ .. 9 P Figure 4, respectively.

ature in the range of the glass transition temperature, the
number of nuclei formed in the amorphous material is high afterward at higher temperatures, cold crystallization, is
enough to consider that the crystallization that takes placeathermal; i.e., the number of nuclei formed during the
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Figure 6. Cross-section of the pictures shown in parts a, c, and e of
Figure 4, (a), (b), and (c), respectively, along the straight lines shown
in the figures.

00
1

-540

crystallization is small compared with that of nuclei existing
at the beginning of the process. In this situation, Avrami’s
theory (considering isothermal spherical crystal growth)
yields

UC

1- 2= exp(— gncfzf) —expCKMB) ()

UDO

whereG is the radial crystal growth rate azds the number
of nuclei per unit volume. Avrami’s exponent 3 is charac-
teristic of the athermal crystallization with spherical growth.
A growth mechanism with Avrami’s coefficient 3 was found
to accurately describe cold crystallization of PEThe fit

of eq 2 to the results shown in Figure 3 allows the kinetic
constantK at 120 °C to be calculated. The fits were
performed considering.. (the same for all the nucleation
treatments) ané& (which depends on the number of nuclei
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as fitting parameters. A value of 93 J/g was assumed for the
melting enthalpy, and a value of 1.29 gfcmas taken for

the density of the crystalline pha&€The results of the fits
are shown in Table 2. The constdfis proportional to the
number of nucleiz, according to eq 2. The increase in the
number of nuclei accelerates the crystallization process. On
the other hand, the crystal growth r&emay be considered

a function of temperature, independentzofrhus, the ratio
2(Tntn)/z(Tn,0), the ratio of the number of nuclei after
nucleation at temperaturk, for a timet, to the number of
nuclei after cooling toT, and an immediate jump to the
crystallization temperature, can be obtained from the values
obtained foiK. The study of the crystallization kinetics using
Avrami’s equation can thus be used to characterize the
number of effective nuclei. A similar method was proposed
in ref 19 to evaluate the efficiency of nucleating additives
in isotactic polypropylene. The results listed in Table 2 show
that the acceleration observed in the isothermal crystallization
at 120°C after nucleation at 53C can be explained if the
number of effective nuclei formed by annealing the sample
at 53°C for 12 h is twice the number formed during cooling
to 53 °C. This ratio increases to 160 in the case of the
annealing fo 6 h at 73°C. In the case of the 12 h treatment
at this temperature, the crystallization exotherm takes place
for periods too short to attempt an evaluation.

The acceleration of the crystallization is also clear in the
heating scans after nucleation treatments. The cold crystal-
lization peak shifts toward lower times with increasing
nucleation times at both 53 and 73. An evaluation of these
experimental results can also be achieved using Avrami’'s
theory. To achieve this, the heating ramp was simulated with
a series of 1 deg temperature steps followed by isothermal
stages with a duration such that the average increase of
temperature was the experimental one. The crystal fraction
at the beginning of the isothermal step at temperatuveas
considered equal to the crystallinity at the end of the previous
step atTi—;, which will be calleduj—1. At this moment a
fictive time tsc; was defined as the time at which the crystal
fraction vc;—; would be reached in an isothermal crystalliza-
tion at temperaturel; starting with the fully amorphous

material
_ 1 Z}c,i—l n
tic,i = { - K(T) In(l T )] ©)]

and the crystal fraction at the end of the isothermal stage at
temperatureT; results in

Uej = vul1 — eXpK(T)(tse, + 118)"] (4)

wheref is the heating rate. The derivative of the simulated
ve(T) curve was then used to calculate the heat flow:

o dve
o(T) = Bpah® = (5)

where Ah® is the melting enthalpy ang is the density of
the crystal phase.

The simulation requires information on the temperature
dependence oK, which according to eq 2, for a given

and thus on the temperature and duration of the annealing)nucleation treatment, is proportional to the crystal growth
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Table 2. Parameter K of Avrami’s Equation Determined at 120 °C from Fitting to Eq 2 of Isothermal Crystallization Experiments and from
Fitting to Eq 7 of Heating Scans after Different Nucleation Treatment and the Ratios of the Number of Nuclei after Nucleation Relative to the
Sample Cooled to the Annealing Temperature and Immediately Reheated to 120 °C (See the Text)

K(120 °C) (s73) K(120 °C) (s73)
from isothermal from heating
nucleation annealing crystallization Z(Th, 1)/ 2(Tn,0) A Tn, t:)/A(Tn,0) scans

200 °C > 120 °C 1.5 x107°
200 °C > 73°C >120 °C 1.6 x 1078 1 1 1.1 x10°8
200°C > 73°C (3h) > 120 °C 3.6 x 1078 2.3 5 5.0 x 1078
200°C > 73°C (6 h) > 120 °C 25 x 1076 160 30 3.0 x 1077
200 °C > 73°C (12 h) > 120 °C 40 4.0 x 1077
200 °C > 53°C > 120 °C 9.5 x 107° 1 1 1.0 x 1078
200 °C > 53°C (3 h) > 120°C 1.0 x 1078 1.05 1.05 1.1x 108
200 °C > 53°C (6 h) > 120 °C 1.8 x 1078 1.9 15 15x 1078
200 °C > 53 °C (12 h) > 120 °C 2.0 x 1078 2.1 5 3.1x10°8

rateG(T), and can be considered independent of the numberfollowing the spherulite growth in optical microscopy. The
of nuclei. M. L. DiLorenzé? found a temperature dependence samples were suddenly cooled to three different temperatures
of the spherulite growth in PLLA according to the theory of (140, 131, and 123C) from the melt, and the spherulite
Lauritzen and Hoffmar?28 diameter was measured as a function of time. The values of
the growth rate§5(140°C) = 0.024u/s,G(131°C) = 0.059
G=G, ex;{ —-U ) ex;{ —Ky ) (6) uls, andG(123 °C) = 0.046 m/s confirm the results of the
R(T,— T.) T(Tr— To fits to the DSC cold crystallization peaks with respect to the
temperature of the maximum crystal growth. The simulation
According to the theory of Lauritzen and Hoffman, the value correctly reproduces the cold crystallization exotherm after
of Ky depends on the crystal growth regime. In PLLA a npycleation at 53C. The fact that the maximum crystalline

transition from regime II T > 115°C) to regime Il (T < fraction attained in the heating scan increases with the
115°C) was found in whictK, duplicates according to the  annealing time at 53C (Table 2) is also correctly repro-
theory!243.29 duced. On the other hand, the ratios between the number of

To introduce this information into the simulation, a nyclei formed for the different annealing times agree with
function Kj(T) has been used for each nucleation treatment the results of the isothermal crystallization experiments.
J, according to the equation In the case of the nucleation treatments at°Z3 the
-B -C simulation correctly predicts the scans measured after 3 or
Ki(T) = ATyt eXF((T T )) eXF(T T — TJ) (7 6 h of annealing, but in the latter case the rad@3,6)/

c am A(73,0) is much smaller than the ratio obtained from the
with T.. = 308 K3 and T, = 480 K2 The functionsk;(T) isothermal experiments. Something similar would happen in
only depend on the nucleation treatment through a multi- the case of nucleation for 12 h at 7@. Although in this
plicative constan®(Tyt,) that is proportional to the number ~ €ase it was impossible to determine the nuclei ratio from
of nuclei,z. In the value of the constang&gT,t,) andC the the isothermal experiments, it obviously must be much higher
transition from regime Il to regime 11l mentioned above was than in the scans. This could imply that during the scans
considered. The value of in eq 7 above 115C was part of the nuclei are dissolved between glass transition and
considered to be twice the value assumed for lower temper-the beginning of crystal growth, a behavior very different
atures in the heating scan. The valueAgT,t,) changes  from what happens in the case of the nuclei formed at 53

correspondingly to keep the continuity Kf(T) at 115°C. °C. The incre_ase in the maximum Crystal_lin_ity reached during
A value of the limit crystal fractiom... = 0.4 was assumed, ~the scan with the number of nuclei is also correctly
according to the experimental results. reproduced for nucleation times of 3 and 6 h. The scan after

The parameter&(Tyt), B, andC were obtained by least- 12 h at 73°C shows a cold crystallization peak more or less
squares fitting of the model simulation to the experimental Of the same height as after 6 h. This feature could only be
thermograms_ The results of the simulation are shown in reprOdUCEd in the simulation when a 5% initial CrySta”inity
Figures 1 and 2. The ratid¥T,t,)/A(T,,0) are listed in Table ~ Was considered, according to the results shown in Table 1
2, and the other parameters wé&e= 832 K andC = 513000 (the curve shown in Figure 1 for the computer simulation
K2 in regime IlI, at low temperatures. Table 2 shows the Was obtained under this assumption). Obviously, only the
values ofK;(T) at 120°C as obtained with the fitting of the ~ low-temperature exotherm was simulated.
experimental heating scans to eq 7. The results sensibly agree It can therefore be concluded that the crystallization
with the values determined from the fitting to eq 2 of the kinetics are well described with Avrami’'s theory using
isothermal crystallization kinetics at this temperature. Ac- Avrami’'s exponenh = 3. The differences in the nucleation
cording to these values, the maximum valuekd®) and kinetics can be explained by the difference in the number of
thus the maximum crystal growth rate take place at %30 nuclei formed as a result of the annealing at low temperature.
which closely corresponds to the results of ref 12. This Inthe case of the annealing at 83, the crystal nuclei would
feature was confirmed in the sample used in this work be formed due to the contraction of the material during
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physical aging that would form ordered structures that act conformational mobility in the glassy state produces a
at higher temperatures as crystallization germs. It is worth densification of the material, but the ability to create ordered,
noting that in amorphous materials after physical aging, when paracrystalline, structures should be very restricted. The
the sample temperature increases to a value just above theaituation is very different from the result of the annealing at
glass transition temperature, the macroscopic thermodynamidemperatures just abovk, where, as shown by the DSC
variables revert to their equilibrium values, regardless of the results, even a small crystal fraction can be formed for long
previous thermal history. Nevertheless, in the case of annealing times. It seems acceptable that the molecular
amorphous PET, the reversibility of the enthalpy in samples organization in the nuclei formed beloWy must be quite
subjected to aging belowy and kept for a short time at a  different from that of the nuclei formed aboVg. Neverthe-
temperature abovg, was not completé’ The crystallization less, it can be concluded that the formation of these ordered
studies show that at least part of the ordered structures formedegions in the glassy state is not reversible when the material
in PLLA during physical aging persist above the glass devitrifies with an increase in temperature. The number of
transition temperature. This occurs not only in the case of asuch ordered regions that are effective as crystallization
sudden jump in temperature to 120 but also in a heating  nuclei as deduced from the number of crystallites observed
scan with a considerable lapse of time between the momentin AFM is quite large; nevertheless, the crystallization
when the sample devitrifies and the start of the crystallization kinetics is too slow for that number of nuclei according to
process. Avrami’s formalism. On the other hand, the qualitative

This feature is further confirmed by optical microscopy comparison of the topography of the samples nucleated for
experiments. In the heating scans the peaks of the derivatived h at 73°C and those cooled to 7 and immediately
of the transmitted light are steeper than the exotherms inreheated to the crystallization temperature seems to cor-
the DSC scans. A similar feature was found in ref 16 when respond to the ratios of nuclei determined from the DSC
the shapes of the crystallization profile followed by optical isothermal experiments.
microscopy, infrared analysis, and X-ray scattering in  New experiments and the use of different techniques are
isothermal processes were compared. It seems that the growtinecessary to characterize the structure of the nuclei formed
of the crystallites is detected at the first stages of the in the glassy state of polymers that are able to crystallize. A
crystallization process, and on the other hand, part of the more detailed study of the surface of semicrystalline samples
crystal formation that takes place with high crystal fractions using AFM, exploiting the measurement of the phase angle
is not able to increase the hirrefringence of the material and at high magnification to characterize the size and shape of
thus does not contribute to the intensity of the light the crystal lamellae, could be expected to be useful in this
transmitted through the sample. This seems in particular tostudy. These experiments are currently in progress.
be the case of the high-temperature crystallization endotherm
shown in DSC after nucleation for 12 h at 73. This leaves
no trace in the optical microscopy thermogram. But the effect
of the nucleation treatment is quite clear in the optical
microscopy results shown in Figures 1 and 2. This is an
additional proof of the fact that the ordered structures formed

below Ty are not dissolved during the heating scan between crystallization nuclei, as confirmed by DSC and optical

the glass transition and the start of the crystallization. microscopy experiments. Avrami’s theory can be applied to
The AFM results are nevertheless surprising and seem 0541y ze the crystallization kinetics of PLLA, both isothermal
contradict the analysis of the DSC results ex_plained above.gng during heating scans. The acceleration of the crystal-
Clearly, the number of crystals observed in the sample |ization process after nucleation treatments can be explained
nucleated at 53C for 6 h (Figure 4e) is much larger thanin -y the increase in the number of the nuclei at the beginning
the samples cooled to 53 or 7@ and immediately reheated  f crystallization in the case of nucleation above the glass
to 120°C, even larger than in the sample nucleated &3 yansition temperature. Nevertheless, the number of crystal-
for_6 h. The crystallization kinetic_s after nuc!eation at 73 jites observed by AFM after nucleation in the glassy state
°C is much faster than after nucleation at®®3 This supports  geems incompatible with the slow crystallization kinetics
the fact that the number of effective nuclei in the crystal- opserved by DSC. The structure of the crystallites also seems

lization is larger in the former case. The calculations based iy pe different after nucleation below or above the glass
on Avrami’'s model support this conclusion. It seems that {ansition temperature.

the role played by the nuclei formed below the glass
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Conclusions
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below the glass transition temperature forms ordered struc-
tures that on further heating abovg are able to act as
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