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Abstract
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The effect of molecular weight on the crystallization behavior of poly(lactic acid)

(PLA) both isothermally and non-isothermally was studied using differential scanning

calorimetry and polarized optical microscopy. Two distinct crystal forms (a and o)
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were investigated under normal conditions of crystallization for different molecular
weights. Using microscopy, the growth rate of spherulites was measured and the

nucleation rate was estimated. Heterogeneous nucleation and morphology with a

variant o and o/ forms have been proposed. Spherulites from low molecular mass PLA

contained more interlamellar amorphous phase. In addition, the results showed more

rapid crystallization of o’ than the o form in isothermal conditions.

KEYWORDS

crystallization, kinetic, PLA, polymorphism, spherulites

1 | INTRODUCTION

Poly(lactic Acid) (PLA) is a biodegradable polyester produced from nat-
ural sources.>™® Due to its biocompatibility, bioresorbability,* trans-
parency, and suitable mechanical properties, PLA has various
applications in medical, packaging, and automobile industries.™

Crystallization is a mainly thermodynamic phenomenon that can
be characterized as the passage from a disordered structure in the
rubbery state to a more ordered (crystalline) structure in the glassy
state and is accompanied by a release of heat called “latent heat”.*¢
The key important role of crystallization on flexural modulus,
strength,” and enzymatic degradation® of PLA has been studied in the
literature.

Like many semi-crystalline polymers, PLA is polymorphic. In gen-
eral, different crystallization conditions can lead to formation of four
a, o (or 8), B, y crystalline forms.” Zhang et al.° have shown that the
formation of the o form will take place at temperatures above 120°C,
while the of form is formed at temperatures below 100°C. In other
words, the o form undergoes a solid-solid transformation during
heating to the a form. The a form undergoes an improvement during
heating by melting-recrystallization, as it can be observed on other

non-polymorphic polymers.

The crystallization of polymers, whether in isothermal or non-
isothermal conditions, can be described by the Kolmogorov,11 Avrami,'?
and Evans®® models. These models, by considering the fraction of vol-
ume which transformed into the crystalline volume as a function of time
or temperature, can provide the a transformation rate information. Con-
sidering the key role of crystallization in optimization of processing con-
ditions and the properties of the end products, analysis of crystallization
kinetics in isothermal* and nonisothermal® conditions and calculation
of activation energy of crystalization®'” have been studied extensively.
Several factors affect the kinetics of crystallization of PLA: molecular

1819 content of enantiomers of the lactic acid group,**2° types of

22,23

mass,

2 nucleating agent?>*?> and even

crystals,“* chemical modifications,
type of terminations of the macromolecular chains.? Pan et al.?! have
studied the effect of molecular weight of poly(L-lactide) (PLLA) on poly-
morphous crystallization and melting behavior. They showed that by
increasing the M,, the crystallization rate drops greatly. Yong et al.?”
have investigated kinetics of PLLA crystallization in isothermal condi-
tions. According to their results, heterogeneous nucleation followed by
3-dimensional growth was observed, also by decreasing the M,, the
crystal growth rate increased.

PLA is characterized by slow crystallization kinetics, that is, low

nucleation rates and slow spherulitic growth compared to the other
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semi-crystalline polymers.?*#?® Under isothermal conditions, the
crystallization of PLA, depending on molecular weight, can be
observed in the range of 70°C < T, < 150°C.%?° In non-isothermal
conditions, crystallization seems to disappear for cooling rates
greater than 10°C/min.3%3! Half-crystallization times with crystalli-
zation temperature (T.) in isothermal experiments show a disconti-
nuity between 110 and 120°C consistent with spherulitic growth
rate measurements in isothermal or non-isothermal conditions over
the same temperature range.?’ This transition can disturb the
Gaussian crystallization and affect the crystallization kinetics. This
transition by disturbing the Gaussian crystallization can affect the
crystallization kinetics. In the study by Zhang et al.’® considering
the presence of o form for T, < 120°C, discontinuity is attributed to
the polymorphism of PLA and the variation of the kinetic parameters
of this new form.

Several authors have attempted to demonstrate the polymor-
phism of PLA. This polymorphism results in the appearance of two
distinct crystal forms (x and o) under normal conditions of crystalliza-
tion. According to these works, the form o develops at high tempera-
ture and the form o at low temperature, while for intermediate
temperatures, the two crystalline forms can coexist. Structure-

32,33

property  relationships and  thermodynamic, mechanical

3436 of the o and o forms

properties,®* or even barrier properties
have been studied.

In this contribution, given the necessity of considering the exis-
tence of each crystalline form to establish a model with a precise
description of its crystallization kinetics, investigation of crystallization
in isothermal and non-isothermal conditions play a key role. Regard-
ing, this paper deal with the crystallization behavior from the melt of
PLA in two conditions of isothermal and non-isothermal. The detailed
characterization of the crystalline phase of PLA with respect to the
growth rate of spherulites and the crystallization half time for the dif-

ferent molecular weights was studied.

2 | MATERIALS AND EXPERIMENTAL
PROCEDURE

21 | Material

PLA under the grad of Natureworks Ingeo Serie 3000 (PLA NW 30)
was purchased from ICO Polymers company. Its average molecular

weight (M,,) was 101,000. PLA was dried for 10 h at 80°C before

processing.

2.2 | Sample preparation

For sample preparation and achieving different molecular weights,
hydrolysis method was used as a degradation method. PLA has the
advantage of being highly hydrolyzable due to its biodegradable
nature. The hydrolytic degradation of PLA is characterized by a mech-
anism of random chain cleavages, making it possible to split the
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FIGURE 1 Mn and polydispersity index results of poly lactic acid

hydrolysis from chromatography analysis. Error bars are standard
deviation

macromolecular chain, without excessively influencing the distribution
characterized by the polydispersity index (PI).

The hydrolysis of PLA was performed with distilled water at neu-
tral pH, at a temperature of 100°C for 1, 2, 4, 6, and 14 h. In a reflux
assembly containing a 5 L flask, 40 g of PLA was added to 4 L of
water. During each experiment, 2 g of PLA was extracted from the
medium. In addition, the fresh distilled water was exchanged with
each sample to maintain the neutrality of the environment. Then the
samples were dried in an oven at 80°C. The molecular weight was
measured by chromatographic analysis. Figure 1 shows the number
average molecular mass (Mn) and polydispersity index (PDI) against
the hydrolysis time. As can be seen, Mn was varied between approxi-
mately 55,000 and 5000 g/mol over the 50 h of hydrolysis. Sample
codes, as well as specific information on the various samples, are
reported in Table 1.

2.3 | Thermal analysis

Thermal properties of PLA were investigated using differential scan-
ning calorimetry (DSC—TA Instruments Q1000) under a nitrogen
sweep to avoid any oxidation of the material. Each test was carried
out using 10 mg of sample powder inserted into a sealed non-
hermetic aluminum capsule. The samples are then treated by the pro-
tocols presented in Table 2.

24 | Polarized optical microscopy

An optical microscope (Olympus BH2-UMA) with a digital camera, an
analyzer, and a crossed polarizer were used as well as a first-order
delay plate in red (A = 530 nm) coupled to a Linkam CSS450 heating
plate. The CSS450 plate is equipped with a water-cooling system,
ensuring precise control of the temperature (+0.2°C) and the cooling
rate (from 0.01 to 30°C/min). Pressing and controlling the thickness
of samples between 1 and 2500 pm were achieved using a motor.



TABLE 1 Sample codes, time of hydrolysis, and molecular
mass data
The time of hydrolysis (h) Mn (g/mol) M,,/Mn  Sample code
0 55,000 1.9 Mn 55000
1 45,000 21 Mn 45000
2 32,000 21 Mn 32000
4 19,000 22 Mn 19000
6 10,000 22 Mn 10000
14 7500 2 Mn 7500

TABLE 2 Differential scanning calorimetry analysis protocols

Isothermal protocol

Ramp with 30°C/min up to
200°C

5 min isotherm at 200°C

Ramp with 30°C/min up to
Tc,iso

Isothermal for a duration
Tc_iso

Non-isothermal protocol

Ramp with 30°C/min up to 200°C

5 min isotherm at 200°C

Ramp with cooling speed ¢, up to
25°C

Ramp with heating speed ¢ up to
200°C

Ramp with 30°C/min up to
25°C

The samples with 2 pum thickness were made at 200°C. Before
cooling, to allow relaxation of samples, they were kept at 200°C for
5 min. The images were recorded when the crystallization tempera-
ture was reached for the isothermal tests and from the start of cooling
for the non-isothermal condition. Depending on the crystallization
condition the time between each photograph was between 1 and

120 s. Image processing was carried out using ImageJ software.

3 | RESULTS AND DISCUSSION
3.1 | Effect of molecular weight
3.1.1 | Isothermal crystallization profiles:

transformation rate and enthalpy analysis

Considering the of molecular weight on

37,38

important  effect
crystallization, effect of different molecular weights on crystalliza-
tion of PLA were investigated. Isothermal crystallization of the sam-
through the

Crystallization was analyzed in the temperature range of 85-145°C.

ples was analyzed isothermal  thermograms.
Figure 2 shows the relative crystallinity against the time for Mn
55000. According to this figure, results show a sigmoidal dependence
with time. Half-time of crystallization (t;,,) can be determined from
this results, this time was in the range of 6-200 min depending on
selected temperature.

Figure 3 shows the enthalpy of crystallization against tempera-

ture. According to this figure, enthalpy of crystallization was increased
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FIGURE 2 Evolution of relative crystallinity versus the

crystallization time at various temperatures for Mn 55000
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FIGURE 3 Isothermal enthalpy of crystallization

by increasing the temperature. Also, samples with lower molecular
mass showed higher enthalpy. This phenomenon is in good agreement
with the fact that the crystals formed at higher temperatures would
have a greater thickness and stability, indicating that a greater amount
of energy was released during their formation.®? On the other hand,
lower molecular weight can cause better macromolecules mobility
resulting in lower defects formation within the crystallites. Therefore,
the higher stability of crystals with short chain molecules results in
releasing a greater amount of energy during their formation.

The intense increase in the enthalpy of crystallization can also be
attributed to the existence of the two crystalline forms having been

attributed to the thermodynamic properties (AH().52%% Also,
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FIGURE 4 Growth rate as a function of crystallization
temperature for different molecular weights

according to Figure 3, the slope change is evident for all samples at
crystallization temperatures of 100 and 135°C, which transition can
be attributed to o and o. Obviously, o is the disordered form and is
less stable compared to the a. Consequently, it appears logical that
the crystallinity rate of o is lower so the transition will be different.
For characterization of crystallization kinetics, the time necessary
to reach 50% of crystallization, that is, half-crystallization time (t;,5),
at each temperature for the samples was calculated. Figure 4 shows
t12 as a function of temperature for all samples; the fastest was
observed at 105°C. It should be noted that a transition exists between
110 and 115°C, which is independent of molecular mass, and that it
characterizes a variation of the crystallization mechanism in this tem-

I.,41 |.21

perature interval. Di Lorenzo,*® Yasuniwa et a and Pan et a

have also reported this behavior.

3.1.2 | Non-isothermal crystallization:
transformation rate and enthalpy analysis

In this section, crystallization of the polymer with different molecular
weights with respect to the non-isothermal condition was analyzed.
The thermal response for cooling rates between 0.5 and 20°C/min
was measured. Figure 5 shows the crystallization thermograms for the
series of considered speeds. According to this figure, peak of crystalli-
zation temperature was decreased by increasing the cooling rate. It
can be noted that the PLA NW30 exhibits no crystallization maxima
when the cooling rate was greater than 10°C/min.

Non-isothermal thermograms analysis showed recrystallization or
cold crystallization for many cooling rates. The observation of cold
crystallization during the second heating is characteristic of an incom-
plete crystallization during cooling. According to the results, the crys-
tallization maxima was decreased by increasing the cooling rate.

Considering the definition of relative transformation rate which is
referred to the volume occupancy rate per the crystalline entities or
the primary crystallization rate, the process reaches the end when the
is equal to 1. It can also contain a part of secondary crystallization

corresponding to the thickening of the crystalline lamellae at the end
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FIGURE 5 Thermogram of crystallization of the initial poly lactic
acid between 0.5 and 20°C/min

of the transformation. In this case, the transformation was not com-
pleted during cooling, and completing it occurred during the second
heating. The sum of the enthalpies of crystallization and recrystalliza-
tion is considered the total enthalpy of crystallization. A non-
isothermal cooling can be considered as a succession of isothermal
cooling. The non-isothermal enthalpy of crystallization approximately
represents the weighted average of transformation rates at a given
temperature, over the temperature interval where the cooling takes
place for the isothermal enthalpy. Therefore, in each case, peak crys-
tallization temperature (Tp), enthalpy of crystallization (AH.) and
enthalpy of recrystallization (AH..) were calculated (Table 3). Note
that AH. + AH is relatively consistent for different cooling rates.
However, they tend to decrease with the rate of cooling, where devia-
tions for low molecular masses were up to 10 J/g.

For more analysis, the T, value which is in the temperature range
of two crystalline forms coexists (95°C < T, < 120°C) was investi-
gated. The quantities of each form of a and o can be various
depending on the cooling rate. Differences in thermodynamic proper-
ties of o and o forms have been suggested by Rathi et al.32 and Kalish
et al.33 by measuring their equilibrium enthalpies. So, different quanti-
ties of a or o forms in the samples will lead to the different enthalpy
of crystallization.

One can note that the change of the maxima in crystallization and
the observed enthalpy fluctuations can be due to the quantities of «
and o forms. The quantity of the a and o forms in a crystallized sam-
ple under iso-thermal and non-isothermal conditions can be quantified

by Equation (1):

1

S —
1+exp (LC}T 1"2)>

where x is the quantity of « form, T. shows the crystallization temper-

ature, and v represents the transformation rate. Consequently, by
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FIGURE 6
cooling rates for Mn 55000

considering a transformation rate of 1 at the end of the second
heating, AH. + AH.. represents the total enthalpy of crystallization.
The rate of real transformation at the end of cooling (noted a,e final)

for each cooling rate was calculated according to Equation (2):

AH.

Qreal final :m' (2)
C Ccc

The times of corresponding crystallizations were calculated according
to Equation (3):

Tmax -T

t= (3)

With Tax = 160°C and ¢ the cooling rate. The actual transformation
rates can easily be deduced by Equation (4).

Oreal (T) = Qreal final X A(T)- (4)
Figure 6 represents the curve of relative crystallinity versus crystalli-
zation temperature and crystallization time with respect to the differ-
ent cooling rates. According to the figure, the half-time of
crystallization (t1,,) was determined for each condition. The sigmoidal
shape can be observed from all the achieved shapes. The results show
three different stages in crystallinity, so that, primary 0-0.2 relative
crystallinity is related to the induction period and the relative crystal-
linity of more than 0.8 can be attributed to the occurrence of a sec-
ondary crystallization process causing to slower crystallization and
completing of crystals in the latter stages.*?

Figure 7 shows the enthalpy of crystallization against the cooling
rate. According to the results, all the samples, except Mn 55000, show
a plateau value for 1°C/min. The appearance of a plateau value sug-
gests that crystallization was completed on the cooling rate. However,
this is not the case for all the samples based on the calculated real
transformation rates. Indeed, from Mn 19000 even if the maximum
transformation rate has been reached, the measured crystallization

enthalpy continuously increased by decreasing the cooling rate.
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FIGURE 7 Crystallization enthalpy as a function of the cooling
rate for different molecular mass

In addition, the markers corresponding to the rates for transfor-
mation degree of 1 is obtained are added in Figure 8. This behavior is
most certainly linked to the rate of a and o forms contained in the
crystalline phase formed. Indeed, for each molecular mass, the crystal-
lization zone is almost the same considering the T, values. It can be
said that the rate of a and o forms in each sample for a given cooling
rate is substantially the same. In fact, it is necessary to consider the
crystallization kinetics of the a and o forms and the influence of the
molecular mass on these kinetics. Obtained results for t,,, in isother-
mal condition showed a more quick crystallization of o form com-
pares to the a form. Moreover, the crystallization kinetics for each of

the forms was increased by decreasing the molecular mass.

3.2 | Microscopic analysis

The microscopic analysis was performed in isothermal condition at
the temperature range of 85-145°C for each sample. Morphology of
the crystal structure was investigated by analyzing the micro-kinetic
parameters such as growth rate (G) and nucleation rate (N) necessary
for the kinetic analysis.
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FIGURE 8 Growth of a spherulite for Mn 7500 at 125°C

3.2.1 | Crystal growth

The growth rate over the isothermal temperature has been measured.
For each temperature, at least five spherulites have been considered.
In the case of weak nucleations, the experiments have been repeated
to obtain five measurements.

The measurement is relatively simple for high crystallization tem-
peratures, since the crystal entities are sufficiently large. In this regard,
the measurement method, which proposed and verified by Di
Lorenzo*® was used. This method consists of the formation of a few
spherulites at a high temperature in an isothermal condition during
cooling. Once these spherulites are sufficiently grown and clearly
observable, the sample was cooled rapidly to the crystallization tem-
perature of the test. The growth of the previously created spherulites
is then followed. The growth of the spherulites is illustrated in
Figure 8, which represents the Mn 7500 at 125°C for the time interval
of 3 s between each image.

A linear evolution of the radius of the spherulites was observed
over time. The slope of these lines that is related to the growth rate
was obtained by linear regression. Therefore, for each Tc, the growth
rate of the five spherulites was considered, then the standard devia-
tion has been calculated (measurement error of +0.05 pm/min). The
evolution of the G as a function of T¢ is plotted in Figure 9. One can
note that the evolution of growth rate is marked by a discontinuity
between 110 and 115°C, which is in agreement with the literature.*®
So, this behavior in the growth of the o and o/ forms can be concluded
to the difference in kinetics. Given that a maximum G was around
130°C confirms the o form has a faster growth rate compared to the
o form. This observation contrasts in the literature for the PLLA,
where the maximum is observed between 105 and 110°C. This phe-
nomenon is linked to the quantity of motif D present in the PLA
NW30. Tsuji et al.2° showed that the contribution of the « form to
the growth rate decreases by the quantity of D form is varied in a
sample of PDLLA. In addition, the measured semi-crystallization times
show that the o/ form has kinetics much faster than the a form. It can
be concluded that the kinetics of crystallization of PLA is strongly
influenced by nucleation.

3.2.2 | Estimation of nucleation

Due to the high nucleation densities observed from 115°C, estimation
of nucleation was performed from 120°C. Indeed, most spherulites
were similar diameters, which suggest that they were formed at the
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FIGURE 9 Growth rate measurement by polarized optical
microscopy
—=— Mn 55000
1E-03 —+— Mn 45000
7Y —a— Mn 32000
—v— Mn 19000
& 1E-04 —o— Mn 10000
g —«— Mn 7500
S
=’ 1E-05
1E-06
120 125 130 135 140 145
Tc (°C)
FIGURE 10 Estimation of the nucleation rate by polarized optical
microscopy

same time. However, the presence of smaller spherulites suggesting a
sporadic small portion of nucleation. Generally, nucleation was het-
erogeneous during transformation. The nucleation rate was measured
by estimating the number of spherulites developed at each crystalliza-
tion temperature. In addition, when the nucleation rate became too
high, in order to increase the uncertainty, counting was performed
over a smaller area.

Figure 10 shows the rates of nucleation per unit area on a loga-
rithmic scale as a function of crystallization temperature. The plot
shows a linear evolution from 130°C for all the samples. For the
highest temperatures, a low number of spherulites was observed on
the analyzed surface. According to the results, it can be said that for
the Mn 55000 to Mn 19000 the nucleation rates are almost similar in
comparison with the Mn 10000 and Mn 7500 which have lower
nucleation density.

3.23 | Crystal morphology

Two samples of Mn 55000 and Mn 10000 for the analysis of crystal
morphology were chosen at different temperatures. Figure 11 and
Figure 12 present the formation of spherulites for Mn 55000 and Mn



10000, respectively. Depending on the nucleation rate, size of spheru-
lites observed in a range of 10-900 microns in diameter. For Mn
55000, the spherulites formed between 125 and 120°C were “Mal-
tese cross” type characteristic of the lamellar structure of the poly-
mers.3?** The “Maltese cross” morphology is linked to the
birefringence of the polymers and characterizes a good alignment of
the crystalline lamellae with another one. From 130°C, the size of the
spherulites is much larger and a strongly fibrillar structure was
observed. This behavior has been observed at high temperatures of
crystallizing.*® In fact, when the size of the spherulites becomes too
large, the amount of interlamellar amorphous phase increases, and the
birefringence of the structure decreases, greatly attenuating the “Mal-
tese cross” appearance. For Mn 10000, it can be considered that only
the images at 145 and 135°C exhibits a morphology of the “Maltese
cross” type which is relatively attenuated. Most of the structures
showed a fibrillar appearance. As mentioned, it can be said that low
molecular weight spherulites contain more interlamellar amorphous
phases. However, the quality of the spherulites and in particular their

geometry appears to be greatly altered. Indeed, one obtains

FIGURE 11 Crystallization in the
a zone at different temperatures for
Mn 55000: (A) 145, (B) 140, (C) 135,
(D) 130, (E) 125, and (F) 120°C

=

spherulites that are not completely circular anymore; moreover, it is
interesting to note that at the beginning of their growth, these spher-
ulites present a perfectly hexagonal geometry as illustrated in
Figure 11 at 145°C.

In the mixed zone, due to the high nucleation, observation of the
spherulites morphology is more difficult. In addition, given the sample
thickness (2 pm) and the magnification used, because the nucleus
formed is present on several planes it becomes difficult to obtain clear
pictures of the entire sample. In both cases, the presence of more or
less circular entities, in the form of a “Maltese cross” can be observed.
These axialities can be attributed to nascent spherulites, which did
not have enough time to form.

In the o zone, observation is also difficult due to the abundance
of the nucleus. However, the morphology of the crystals shows the
presence of axialites or structures in the “Maltese cross” strongly con-
trasted. When the contrast between the branches becomes signifi-
cantly high, it indicates that the orientation of the lamellae is much
more disordered. This aspect is consistent with the hypothesis that

the o form is a disordered form.



FIGURE 12 Crystallization in the
a zone at different temperatures for
Mn 10000: (A) 145, (B) 140, (C) 135,
(D) 130, (E) 125, and (F) 120°C

4 | CONCLUSION
The crystallization of the polymorphic PLA NW30 under the isother-
mal and non-isothermal conditions has been characterized. Different
analytical methods have been used to quantify the contribution of
these two forms of spherulites. The tests have been performed on
samples with different molecular weights in order to study the role of
this parameter during crystallization and its effect on the formation of
crystalline morphology of the polymer. The results of DSC tests rev-
ealed that the crystalline phase of PLA NW30 could appear in two dif-
ferent spherulite forms, a and o’ and the formation of these two forms
show different kinetics and enthalpies. It was also shown that the
crystallization of PLA NW3O0 is very slow and it can be influenced by
the cooling rate especially when this later is high. This is why it does
not generally fully crystallize during cooling. The quantitative study
has permitted to determine the rate of crystallization. The spherulites’
growth and the nucleation rate of the a-form, then were estimated.
Direct observations by optical microscope show that the nucle-
ation and the morphology of these two forms spherulites, a and o’

were influenced by the molecular weight. For the Mn 55000 and Mn

19000 samples, the nucleation rates are almost similar in comparison
with the Mn 10000 and Mn 7500 samples which have lower nucle-
ation density. For sample Mn 55000, the spherulites formed between

125 and 120°C were “Maltese cross” type with lamellar structure.
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