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Abstract. Poly(lactic acid) (PLA) is one of the most extensively investigated and used aliphatic polyesters due to some as-
pects such as biodegradability and biocompatibility. However, PLA has some disadvantages that restrict its applicability for
instance its limited thermal resistance and low crystallization kinetics. In this work, nanoclay mineral sepiolite (Sep) was
used to enhance the crystallization of PLA. The samples were prepared by casting and melting to evaluate the influence of
the processing type on the PLA crystallization. For this purpose, the crystallization kinetics as a function of (i) Sep content
and (ii) different types of processing was evaluated by polarized optical microscopy, flow-induced crystallization and dif-
ferential scanning calorimetry under isothermal condition and glassy crystallization (Avrami model), X-ray diffraction and
small angle X-ray scattering. The results of quiescent crystallization show that the presence of Sep enhanced the nucleation
density leading to faster spherulites growing and lower crystallization half-time compared with pure PLA. The Sep also
affects the flow-induced crystallization in different way. Altogether, the relevance of the present study lies in the fact that it
sheds some light on how the Sep content, processing and molar mass of the initial precursor can affect the crystallization of
PLA.
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1. Introduction Despite the mentioned advantages, PLA has some
In the last decade there has been a growing interest — drawbacks that limit its applicability, such as limited
in materials from renewable sources as a solution to  thermal resistance and low crystallization kinetics.
minimize pollution problems and reduce dependence  Thus, some efforts [3, 5-7] have been made to re-
on petroleum-derived polymers [1, 2]. Polymers duce the effect caused by its limitations, as for in-
formed from lactic acid are among the most promis-  stance the insertion of inorganic fillers, such as talc
ing to achieve these goals. These materials are bio-  [7], organically modified montmorillonite [2] and
degradable, biocompatible and its monomer(lactic =~ carbon nanotubes (CNT) [8] in the polymer matrix
acid) comes from renewable sources such as sugar to increase the kinetics of quiescent crystallization
cane and corn starch. Poly(lactic acid) or poly(lac- by promoting heterogeneous nucleation processes.
tide) (PLA) is one of the most extensively researched ~ Tang et al. [8] studied the effect of the CNT content
and used aliphatic polyesters. PLA has great poten-  on the non-isothermal crystallization of PLA using
tial to replace of some polymers for industrial appli-  time-solved synchrotron wide-angle X-ray diffrac-
cations or as one of the main biomaterials for various  tion (WAXD) and polarized optical microscopy
biomedical applications [1-4]. (POM). The authors concluded that the presence of

*Corresponding author, e-mail: sandra.cruz@ufscar.br
© BME-PT

825



Cruz et al. — eXPRESS Polymer Letters Vol.13, No.9 (2019) 825-834

CNT promotes extra nucleating sites leading to high
nucleation density for the subsequent crystal growth.
Other studies concerning the use of nucleating agents
to improve the crystallinity of PLA have been report-
ed [6, 9]. Alliota et al. [6] studied the influence of
two kinds of aromatic sulfonate derivatives as nu-
cleating agent for PLA. The use of this additive pro-
moted a positive effect on the mechanical and crys-
tallization properties. As in the study of Wu et al. [2],
the predominant crystal type was a-form as verified
by XRD measurements. Li and Huneault [9] found
that talc is a highly effective nucleating agent for
PLA verified by the isothermal DSC data.
Although the quiescent crystallization in PLA has
been widely studied [6, 9], the processing of thermo-
plastics (e.g., extrusion, injection, and 3D-printing)
is performed under dynamic conditions. It is well-
known in the literature that dynamic conditions can
accelerate the formation of nuclei, since the shear
flow can orient the polymer chains. The flow-induced
crystallization of PLA has received less attention
when compared with some semicrystalline polymers
such as polyethylene (PE) and polypropylene (PP).
Some studies have been carried out that investigate
the influence of nanoparticles on the crystallization
kinetic of PLA under shear-conditions. Tang et al. [§]
studied the effect of shear flow and carbon nano-
tubes content (CNTs) on the non-isothermal crystal-
lization of PLA. An increase in the nucleation den-
sity is related to the anchoring effect of CNTs. Among
the various nanoscale particles used and researched
for application in polymers, sepiolite (Sep) has raised
great interest in recent years due to its high surface
area and acicular morphology [10]. Sep is known as
a hydrated magnesium silicate clay with a structural
formula of MggSi;,030(OH)4(H,0)4-8H,0. Its struc-
ture (Figure 2) consists of a magnesium octahedral
sheet between two layers of silica tetrahedra built
between several blocks and oriented tunnels [10].
The good interaction of Sep associated to its disper-
sion capacity in the PLA matrix can increase the
thermal stability while inducing the heterogeneous
nucleation process.

As far as PLA/sepiolite nanocomposites are con-
cerned, based on our knowledge, only few studies
regarding the effect of sepiolite on the crystallization
behavior of PLA have been reported in the literature
[2]. Other studies [11, 12] have focused on the effect
of sepiolite on the thermomechanical behavior of
PLA. Wu et al. [2] studied the crystallization kinetics

of PLA with Sep prepared by melt-extrusion process
and concluded that Sep is an effective nucleating
agent. The crystallization half-time was reduced and
the most common crystal structure PLA sample
formed was o-form, indicating that Sep did not in-
duce the formation of a new crystal form.

The aim of the present work was to investigate the
influence of the Sep content on the crystallization
behaviour of PLA under isothermal and quiescent/
non-quiescent conditions. Furthermore, the type of
nanocomposites preparation, casting and melting,
was evaluated. The most important issue is under-
standing how Sep can affect, after and before, the
erasing of the thermal history of the samples pre-
pared via casting and melting techniques.

2. Materials and methods

2.1. Materials

PLA from Natureworks® Ingeo™ (trade name 4042
D, Minnetonka, USA) was used as a polymer matrix
(D content ~6.0 mol%, M,, ~ 130000 g-mol"). The
sepiolite was purchased from Fluka (trade name
70253, Saint Louis, USA). The solvent chloroform
used in the casting method was purchased from Synth
(Diadema, Brazil).

2.2. Samples preparation: casting and melting
The samples employed in this work were prepared
via casting and melting. PLA solutions (20% m/v)
using chloroform were prepared under stirring by
12 hours. The Sep was added in 1, 3 and 5% v/w. The
solutions obtained were spread on glass plates to ob-
tain films with 70 um of thickness and then, main-
tained in an oven at 70 °C by 1 hour. Pure PLA and
Sep were mixed manually and processed via melt
using a thermokinetic mixer (Dries) from MH Equi-
pamentos (Guarulhos, Brazil) during 5 minutes at
3000 rpm. After mixing, the samples were pressed
by compression mold in a Carver press (Wabash,
USA). The following conditions were employed:
time 2 min; clamping pressure 3 ton; temperature
160 °C and average thickness 100 pm. Previously to
the melt process, the samples were dried under vac-
uum at 80 °C for 12 hours. The samples are named
as pure PLA, PLA/S1.0, PLA/S3.0 and PLA/S5.0
according to the Sep content. The samples prepared
by this method contained the same amount of Sep as
described previously. A schematic of sample prepa-
ration is shown in Figure 1.
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Figure 1. Schematic of sample preparation by casting and melting.

2.3. Characterization

Polarized Optical Microscopy

Polarized optical microscopy observation was car-
ried out using a microscope from Olympus (trade
name BX 50, Center Valley, USA) equipped with a
Linkan (trade name THMS 600, London, UK) hot
stage. The thickness of the films prepared by casting
and melting is ~35 and 50 um, respectively. The
samples were heated to 180°C at 20°C-min~! and
held for 1 minute, then were cooled at the same rate
to 120 °C. Subsequently the samples were cooled at
a slower rate of 0.5°C-min~! to 115°C and held for
120 minutes (isothermal crystallization). Photo-
graphs were taken every 20 minutes after achieving
115°C.

Rheometric analysis

Rheological analysis and flow-induced crystalliza-
tion were performed to verify the molar mass of pure
PLA (1) and time to the beginning for crystalliza-
tion, respectively. It was used an Anton-Paar (Mod-
ular Compact Rheometer, Graz, Austria) model MCR
302, equipped with parallel plate geometry with
25 mm of diameter and gap of 1.0 mm. The complex
viscosity testing as a function of frequency was done
in arange of 0.1 to 500 rad-s™! at 190 °C. It was used
2% strain which proved to be in the linear viscoelas-
tic range.

To determinate the flow-induced crystallization be-
havior, the material was melted at 190 °C and the
sample was quenched down to 115°C. After tem-
perature stabilization, a shear rate of 0.1 s was im-
posed to the sample and the shear tension was mon-
itored as a function of time. From these measure-
ments, the induction time for crystallization was

calculated. According to Favaro et al. [13], this time
is defined as the time at which the shear tension in-
creased abruptly.

Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA)

All DSC measurements were performed in a Netzsch
F209 Maia (Selb, Germany). The isothermal crystal-
lization was performed at 115 °C and under N, purge
(50 ml'min!). The samples were heated to 200°C
(heating rate 20°C-min~') and held for 3 minutes,
then cooled down to 20°C at 60 °C-min~! and main-
tained at this temperature for 1 minute. Subsequently
the samples were heated to the crystallization tem-
perature of 115°C and held for 60 minutes. This
method, named as glassy crystallization was adopted
due to the low crystallization kinetics of PLA [5].
Another isothermal crystallization of the PLA-based
samples was performed under the same conditions
used in the POM analysis. The samples were first
heated at 20°C-min~! from room temperature to
180°C and held at that temperature for one minute.
Then, the samples were cooled at the same rate to
120°C. After reaching 120°C, the samples were
cooled at 0.5°C-min~' to 115°C and held for
120 minutes.

The PLA samples were submitted to TGA analysis in
order to detect the presence (or eventual loss) of the
solvent (chloroform) used to prepare the films via
casting. TGA Netzsch F209 Tarsus (Selb, Germany)
was employed. For this purpose, about 10 mg of PLA
film sample was used. Each sample was subjected to
the heat treatment from 40 to 190°C at a rate of
20°C-min~! followed by an isotherm performed at
190°C for 20 min under a nitrogen atmosphere.
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X-ray diffraction analysis

The crystallographic identification of the PLA sam-
ples was obtained on a Bruker (model XRD 8 Ad-
vance, Billerica, USA) diffractometer equipped with
CuKa (A =0.15418 nm) radiation source. The X-ray
diffraction (XRD) patterns were obtained at room
temperature, and the generator was set up at40 kV and
25 mA. Samples were scanned at a rate of 5°-min!
within the diffraction angle 26 range of 5-30°.

Small-angle X-ray scattering analysis

The small-angle X-ray scattering (SAXS) experi-
ments were performed in a Bruker AXS 2D Nanostar
(Billerica, USA) with a CuKa radiation, operating at
40 kV/35 mA in a range of 0.1-3.6 nm!. The sam-
ple-to-detector distance was fixed at 106.4 cm, and
the time-resolved spectra of the PLA samples were
collected every 1800 s for the samples processed by
melting and 3000 s for the samples processed by
casting.

3. Results and discussion

The crystallization kinetics as a function of (i) Sep
content and (ii) different types of processing was
evaluated by POM, flow-induced crystallization and
DSC under isothermal conditions. In all cases the
thermal history was erased. Both POM and DSC
under isothermal conditions were carried out at the
same temperature (115°C) and cooling rate
(0.5°C-min") for two hours. The Avrami model was
also evaluated.

Figure 2 presents POM photomicrographs for pure
PLA isothermally crystallized prepared via casting
and melting, respectively.

The spherulite size is significantly reduced for the
samples prepared via melting when compared to the

Melting il gl

f)

Figure 2. POM micrographs for pure PLA prepared via cast-
ing and melting, respectively after being isother-
mally crystallized at 115°C: (a, d) 40 min, (b,
¢) 80 min and (c, f) 120 min (40x).
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cast samples (Figure 2). It is well-known in the lit-
erature that under quiescent conditions the molar
mass has pronounced effects on the rate of the nuclei
formation [14]. Polymers chains with lower molar
mass exhibit less time for nuclei formation and sub-
sequent growth of crystals. To confirm this aspect
the zero-shear viscosity (1) was obtained, as well
as the M,, from the Equation (1) [15, 16]:
Mo = KM,,* €]
At 190°C, K =2.5-10""* Pa-s-g""-mol™'. Based on
the obtained results from the viscosity as a function
of frequency (Figure 3) and Equation (1) for the pure
PLA, it was found that the M, is 333400 and
525800 g-mol™! for the samples prepared by casting
and melting, respectively. In the melting samples the
high temperatures and intensity of shear rates due to
the mechanical processing resulted in a degradation
process by scission chains decreasing its molar mass.
Figure 4 shows a comparison between pure PLA and
PLA/Sep samples prepared by isothermally crystal-
lized casting at 115°C for 80 minutes. An increase
of nucleus density and greater amount of spherulite
with reduced size can be observed when compared
with pure PLA. This is due to the increase in the
number of nucleating sites when sepiolite is added,
indicating that it acts as a potential nucleating agent.
Consequently, the crystallization kinetics are accel-
erated as observed in Figure 4, by the higher density
of spherulites formed, especially for samples with 3
and 5% Sep. The samples with 3 and 5% of Sep pres-
ent similar behaviour of crystallization and size of
crystal. These results are in agreement with the
isothermal DSC curves results, once both samples
present comparable time for crystallization.
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Figure 3. Complex viscosity of the pure PLA prepared by
casting and melting as a function of frequency.



Cruz et al. — eXPRESS Polymer Letters Vol.13, No.9 (2019) 825-834

Figure 4. POM of the PLA samples prepared by casting in
isothermally crystallized at 115 °C for 80 minutes:
(a) pure PLA, (b) PLA/S1.0, (c¢) PLA/S3.0 and
(d) PLA/S5.0 (40x).

Figure 5 shows the POM micrographs obtained for
the samples prepared via melting and submitted to
the same conditions as those prepared by casting.
The samples incorporated with Sep showed, as ex-
pected, a size reduction of the spherulite, indicating
a faster crystallization kinetics when compared to the
casting processing. As previously described, this re-
sult may be associated with the reduced molar mass
as a result of the melting processing. Moreover, for
the melt-processed PLA, with the addition of Sep at

c)

Figure 5. POM of the PLA samples prepared by melting in
isothermally crystallized at 115 C for 80 minutes:
(a) pure PLA, (b) PLA/S1.0, (c) PLA/S3.0 and
(d) PLA/S5.0 (40x).
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Figure 6. Isothermal DSC curves of PLA and PLA-Sep sam-
ples prepared via casting and melting.

any of the concentrations studied, the crystallization
process was practically complete in 80 minutes.
The isothermal DSC curves obtained under the same
temperature of POM (at 115°C), are shown in Fig-
ure 6.

The results presented in Figure 6 indicate that total
crystallization occurs at a time scale comparable to
POM results, since in both cases the measurements
were done under the same cooling rate. The higher
the sepiolite content, the faster is the crystallization
process. Considering that the slope of the initial iso-
thermal DSC curves at 115 °C can be directly related
to the rate of crystallization process of the samples,
the results showed that the Sep contributed to accel-
erate the crystallization processes. Also, it was ob-
served that the crystallization of the melting samples
was completed before 80 min, as observed in POM
micrographs. Moreover, Sep reduces the time inter-
val between the beginning and the end of the crystal-
lization processes, especially for the melting sam-
ples.

Pure PLA and its nanocomposites were analysed
under glassy crystallization and fractional crystal-
lization (X;) as a function of time was calculated
based on Avrami model (Equation (2)):

X, = 1—exp[—k(2)] )

where £ is kinetic constant and # is the Avrami ex-
ponent.

Figure 7 shows the curves of fractional crystalliza-
tion as a function of time for the samples obtained
by casting and melting. It can be seen that the melt-
ing samples show faster crystallization kinetics when
compared to the casting samples, corroborating the
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Figure 7. Relative crystallinity curves (X;) as a function of time for the isotherm crystallization at 115°C for the samples
processed by casting (a) and melting (b) using the glassy method.

effect of the decrease on the molar mass, verified
previously by POM. Besides, the presence of Sep
also contributes to the increase in crystallization rate,
since the time required to reach the same X; (0.95) for
pure PLA is longer than PLA/Sep samples (Table 1).
As described previously, the molar mass plays an
important role in the crystallization process and con-
sequently the type of processing.

Table 1 summarizes the Avrami data (k and #n) as
well as the crystallization half-time (¢,/,). The sam-
ples obtained via melting exhibit lower ¢, when
compared to the casting samples.

Avrami exponents (n) are close to casting samples
(2.3-2.5), indicating that the mechanism of nucle-
ation and crystal growth dimensionality are two-di-
mensional based on instantaneous and sporadic nu-
cleation. On the other hand, melting samples (pure
PLA and PLA/S1.0) show three-dimensional spo-
radic growth or a combination of sporadic and si-
multaneous nucleation growth. Higher Sep content
leads to similar behaviours of casting samples.
Usually, the crystallization behaviour is modified as
a function of the shear flow imposed on the sample.

Table 1. Crystallization kinetics data based on Avrami

method.
t (k10_4)n ti
Sample | Process | X (min] | [1/min] n [min]
Pure PLA 0.95 | 30.8 10.40 23 16.7
PLA/S1.0 . 0.95 | 29.6 7.00 2.5 16.7
Casting
PLA/S3.0 095 | 283 9.18 24 | 153
PLA/S5.0 095 | 274 9.62 24 15.3
Pure PLA 0.95 5.1 1520 32 34
PLA/S1.0 . 0.95 34 569 33 2.1
Melting
PLA/S3.0 0.95 3.8 1640 22 1.7
PLA/S5.0 0.95 4.6 816 2.4 22
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In real processing conditions, this may be an impor-
tant factor to consider, since crystallization occurs
under flow conditions. The induction time can be de-
termined by studying flow-induced crystallization.
The induction time is described by the point where
viscosity increases abruptly tending to infinity and in-
dicates solid behaviour of the material. Coppola et al.
[17] described that induction time is approximately
proportional to the inverse of the nucleation rate.

It is well known that the crystalline structure formed
in shear-induced conditions differs from those formed
by quiescent ones. The shear flow could induce poly-
mer chain orientation and form the primary nuclei pre-
cursors. The efficiency of the crystallization process
was related to (i) shear-induced formation of nuclei
and (ii) time of relaxation. So, the higher the molar
mass the greater the alignments of the chains because
they exhibit longer relaxation times [8, 14]. Although
it is an important aspect, the relationship between
molar mass and flow induced crystallization is not
fully approached in the literature for PLA [14].

The behavior of the shear stress as a function of time
after a predefined strain, as well as the induction
times for the beginning of the shear-induced crystal-
lization is shown in Figure §.

Figure 8 shows that the pure PLA processed by cast-
ing and melting exhibits different behaviour associ-
ated to induced flow crystallization. Pure PLA and
PLA/S1.0 obtained by casting does not crystallize in
the test time. On the other hand, pure PLA obtained
by melting presents lower induction time. This pa-
rameter is strongly dependent on the entropy of the
system, which refers to the number of entangle-
ments, as well as the mobility and diffusivity of the
chains, and therefore the Deborah number. It can be
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Figure 8. Shear stress as a function of time for pure PLA and
PLA-Sep samples prepared via casting and melt-
ing.

hypothesized that the presence of residual chloro-
form plays an important role on the induction time
and then in the molecular mobility. To prove the
presence of chloroform in the casting samples even
after it had been submitted to a complete melt, TGA
analysis was performed (Figure 9) simulating the
thermal history of the conditions applied in the flow-
induced tests. The results of mass loss observed in
the dynamic step could be caused by the release of
chloroform from the casting samples.

Surprisingly, the presence of Sep affects the induc-
tion time in different way with the increase of Sep
content: (i) for the melting samples an increase in
the crystallization time was observed and, (ii) for
melt a decrease in this parameter. The first step in
the flow-induced crystallization is the formation of
a fibrillar nucleus. In the melting nanocomposites
the chain alignments were restricted by the presence
of Sep, resulting in the increase of crystallization
time. On the other hand, regarding the nanocompos-
ites prepared by casting, it seems that the presence
of residual chloroform can promote an increase in
molecular mobility. As Sep presents a high specific
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Figure 9. Thermogravimetric curves as a function of time
for the samples prepared by casting.
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Figure 10. WAXS patterns of PLA nanocomposites obtained
by casting and melting.

surface area and zeolitic channels, with the increase
of Sep content more amounts of residual chloroform
released from the channels of Sep, altering the crys-
tallization behaviour.

Figure 10 shows the WAXS pattern of the pure PLA
and its nanocomposites obtained by casting. It seems
that the high molecular mobility due to residual chlo-
roform induces the amorphization of pure PLA,
since no diffraction peak appears in the 20 range.
The nucleating effect of Sep is confirmed. For all
Sep contents, the main representative reflections of
the orthorhombic a-form of PLA crystal appear at
20 =16.7° (200/110), 19.1° (203), 22.4° (211) and
26.7° (310). The evident reflection at 26 = 7.5° is re-
lated to the Sep (110) basal plane. It can be observed
that the intensity of this reflection increases with Sep
content.

The melting process results in significant changes on
the crystalline nature of the PLA nanocomposites, as
can be seen in Figure 10. For the pure PLA the emer-
gence of a reflection centred at 26 = 16.7° indicates
the formation of more ordered regions related to the
a-form. However, the presence of Sep does not favor
the crystallization process, as seen in the casting
samples. Moreover, the presence of Sep is also con-
firmed by the reflections centered at 26 = 7.5°. It
seems that the amorphization of PLA is mainly
caused by the decrease in molar mass associated to
the melting process. Although the higher molecular
mobility of PLA chains favours the ordering of the
crystals (pure PLA), the nucleating effect of Sep is
diminished. In the melting nanocomposites the chain
alignments were restricted by the presence of Sep,
resulting in the increase of crystallization time.
Figure 11 shows the SAXS intensity, /(4), as a func-
tion of the scattering vector, ¢, for PLA and its
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Figure 11. Logarithmic plot of SAXS intensity /(4) as a func-
tion of scattering vector ¢ for PLA-based nano-
composite prepared by casting and melting:
(a) pure Sep, (b) PLA/S1.0, (c) PLA/S3.0 and
(d) PLA/S5.0.

nanocomposites obtained by the casting and melting
technique. The SAXS pattern of pure PLA obtained
by casting shows an interference peak centred at g =
0.12 nm™' whereas melting PLA presents the same
feature at ¢ = 0.14 nm™!. Such feature can be ex-
plained by assuming a semi-crystalline structure of
PLA, the crystalline PLA nanodomains in which the
heterogeneities (dispersed in the amorphous PLA
matrix) are responsible for X-ray scattering. Under
this assumption, an average and most probable crys-
talline thickness of PLA (d) can be estimated by
Equation (3) [18]:

_2n

d= Amax (3)
A thickness of around 52 nm for casting and 45 nm
for melting was found. This result is in accordance
with values reported in recent papers [19, 20].

The d values decrease when Sep is incorporated to
the casting samples. However, the d values do not
change for the nanocomposites prepared by the melt-
ing method. Both results indicate a process of hetero-
geneous nucleation and growth of PLA crystallites
at the surface of Sep forming crystallized nano-
domains. These results are in accordance with those
observed for POM. A rough estimate of the average
size of the correlation volume associated to the spa-
tial distribution of these nanodomains, L., can be ob-
tained by applying the Scherrer equation for SAXS,
Equation (4) [18]:

_4n
Lc - Aq (4)

190 1145
180 1140
=]
E o
7 170 b 1135 %
o =
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Figure 12. L, dimensions for casting and melting samples as

a function of Sep content.

where Agq is the full-width at half-maximum (fwhm)
of the correlation peak of the SAXS function. Fig-
ure 12 shows the dependence of L. for PLA/Sep as
a function of Sep content.

A decrease of L. from 185 A (for pure PLA) to
138 A (for 1 wt% SEP) is observed for the casting
samples. This result can be directly related to the
higher dispersion of the PLA crystalline nano-
domains as a consequence of nucleation effect of
Sep. On the other hand, the samples obtained by the
melting exhibit an increase in L, when Sep is incor-
porated. This behaviour is in accordance with a de-
crease in the molar mass of the PLA due to the type
of processing, which contributes to diminishing the
average crystal size, as discussed above. Therefore,
this effect leads to an increase in L.

4. Conclusions

PLA nanocomposites based on sepiolite were ob-
tained by different processing that affects the crys-
tallization behavior. The samples produce by melting
present a significant reduction on the molar mass
when compared to the samples produced by casting.
Additionally, residual chloroform from the casting
methodology plays an important role on the crystal-
lization process of PLA.

The spherulite size was significantly reduced for the
samples prepared via melting, when compared to the
casting samples. Under quiescent conditions poly-
mers chains with lower molar mass exhibit less time
for nucleus formation and subsequent growth of
crystals. Additionally, an increase of nucleus density
and greater amount of spherulite with reduced size
may be observed when compared with pure PLA in-
dicating that sepiolite acted as a nucleating agent.
The samples obtained via melting exhibited lower
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crystallization half-time t1/2 when compared to the
casting samples.

On the other hand, the presence of Sep affected the
induction time in a different way. It was concluded
that the chain alignments were restricted by the pres-
ence of Sep, resulting in the increase of crystalliza-
tion time to the melting samples. When it comes to
the nanocomposites prepared by casting, the pres-
ence of residual chloroform promoted an increase in
molecular mobility altering the crystallization be-
haviour.

WAXS and SAXS results indicated that the sample
morphology was affected by the processing. It seems
that the high molecular mobility induces the amor-
phization of pure PLA, due to residual chloroform.
For the melting pure PLA, the formation of more or-
dered regions related to a-form was observed. The
addition of sepiolite induced the nucleation in PLA
casting. The results indicated a process of heteroge-
neous nucleation and PLA crystallites growth at the
surface of Sep forming crystallized nanodomains.
Finally, the sepiolite caused changes in PLA struc-
ture and morphology, as well as the crystallization be-
havior. Furthermore, the processing type (casting or
melting) strongly affect PLA characteristics and the
way sepiolite affected this polymer crystallization be-
havior. It is clear that molar mass is one of the pre-
dominant factors in this process. Altogether, the rel-
evance of the present study lies on the fact that it
sheds some light on how the Sep content, processing
and molar mass of the initial precursor can affect the
crystallization of PLA.
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