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Introduction

Polylactide (PLA) is a biobased aliphatic polyester,
being also well-known because of its biodegradable
and biocompatible character. Its origin from renewable
sources along with its noticeable properties makes
it suitable for countless applications at present and
in the near future. PLA exhibits, however, a rather
lessened capacity for crystallization under the regular
conditions that are used during the processing of
polymers [1] and, in addition, shows a relatively high
brittleness. The first aspect is ascribed to its low rate of
crystallization, while the second one is associated with
the position of its glass transition temperature (Ty),
which is usually observed at about 60 °C. These two
main shortcomings can be solved by incorporation
of specific additives. On one hand, incorporation of
agents boosting crystallite nucleation turns out an
appropriate approach for solving its reduced ability
for three-dimensional ordering. And, on the other
hand, addition of plasticizers can tune location of Tg,
since these compounds promote the rise of the global
mobility within the polymeric macrochains.
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All of the nucleating agents or the plasticizers do
not have, however, an analogous impact in the final
behavior of PLA. As just commented, the function of
the former is to change the rate of PLA nucleation by
creating a growing number of primary sites that allow
a reduction in the induction period of this nucleation
stage. Distinct agents have been examined in PLA,
including mineral or organic compounds and mineral-
organic hybrids [2]. Talc has demonstrated to exert an
important influence in the PLA crystallization and,
then, it accounted as a reference in the evaluation
of capacity of the PLA nucleation promoted by
different nucleants [2, 3]. Pristine or functionalized
carbon nanotubes have been also used [2], owing to
their prominent thermal, mechanical and electrical
properties ascribed to their significant aspect ratio.
The nucleating role of mesoporous silica in PLA
has been recently analyzed as well. Incorporation
of SBA-15 particles has turned out very efficient in
the crystallization of PLA, as described in extruded
composites [4, 5] and in others prepared from solution
[6]. Particles of the mesoporous SBA-15 silica exhibit
hexagonal arrangements in their interior, which
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are developed along the synthetic process. They
are constituted by ordered hollow channels, whose
diameters range from around 7 to 10 nm [7].

Addition of plasticizers contributes to improve
ductility and processability of polymers through the
reduction of intra and intermolecular interactions
within their macrochains. Accordingly, flexibility
is significantly enhanced. This increase in mobility
involves the displacement of T, to inferior
temperatures. This fact turns out very attractive in
PLA because, on one hand, the negative effect of
physical aging might be minimized whether the
decreasing shift of its T, is large enough. And, on
the other hand, its crystallization window may
be simultaneously moved at lower temperatures.
A suitable effect of the plasticizer is, however,
controlled by several variables: the nature of matrix,
the plasticizer type, its thermal stability at temperature
of processing, and the selection of an optimal content,
among others. Furthermore, presence of plasticizers
can also alter different characteristics within the
crystalline regions, as crystallite size and, accordingly,
the melting temperature (T,,). In fact, a depression of
T,, has been described in previous investigations [8,
9]. Several types of plasticizers have been evaluated
for PLA, such as glucose monoesters and partial fatty
acid esters, bishydroxymethyl malonate (DBM) [10],
citrates [11], atactic poly(3-hydroxybutyrate) (a-PHB)
[12, 13], poly(ethylene glycol) (PEG) [11, 14, 15],
poly(propylene glycol) (PPG) [16], or oligoesteramide
(DBM-oligoesteramide) [10, 17, 18], among others.
In addition, the choice of plasticizer might be also
limited by legislative requirements for some of the
PLA applications, such as in the biomedical or in the
food packaging fields, resulting the selection even
more difficult [10, 18].

Some aspects of the crystallization behavior
of composites of PLA with mesoporous Mobile
Crystalline Material 41 (MCM-41) using,
additionally, the acetyl tri-n-butyl citrate (ATBC) as
plasticizer have been analyzed in a previous article
[19]. The purpose of this work is to extend that
investigation to a different plasticizer, the trioctyl
trimellitate (TOTM), by evaluating how addition
of the ATBC or the TOTM affects the crystallization
characteristics exhibited by the pure PLA or by
the PLA in composites with MCM-41 silica [20] as
nucleant. Furthermore, a heating rate of 120 °C/
min, instead of the 60 °C/min employed before [19],
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is used in this study. This very high rate allows
preventing cold crystallization of the sample during
its heating from the glassy state to the isothermal
temperature, in order to attempt observation of
the PLA crystallization rate throughout its entire
crystallization window. The ATBC has been selected
for its adequate solubility with PLA, which is a
feature shared with other citrate-based plasticizers,
as described in literature [1, 9, 18, 21]. On the other
hand, TOTM has been chosen for its durability and
heat resistance characteristics [22]. Incorporation
of mesoporous MCM-41 silica within PLA in the
composites allows comparing the single role of
each plasticizer on the PLA ordering (either under
dynamic or isothermal conditions) in the binary
materials and the combined nucleant/plasticizer
action (if any) in the ternary systems. This latest
will provide an idea on the possible existence of a
synergistic influence between both additives: the
one reducing the activation energy of nucleation
(mesoporous MCM-41) and the plasticizer that
increases flexibility of the PLA amorphous phase
and displaces its interval of crystallization to lower
temperatures. The dual addition of nucleating
agent and plasticizer has been explored in literature
[23-26] since it can turn out rather successful
from practical and scientific standpoints because
some of the important drawbacks shown in PLA
by either its amorphous or crystalline phases can
be simultaneously solved: enthalpic recovery and
difficulty for crystallizing, respectively. A content
of 10 wt.% in TOTM has been chosen for this study,
both without and with MCM-41 silica, based on
the results attained in our previous investigation
[19] and in order to reach a good compromise
between the amount of plasticizer and the effect on
the crystallization rate of PLA (and on the actual
crystallization window). Accordingly, binary and
ternary materials are required for this research. The
former incorporate PLA and a suitable amount of
plasticizer (either ATBC or TOTM) while the latter
are composed by PLA together with a given content
of MCM-41 and of plasticizer. A comprehensive
study by differential scanning calorimetry (DSC)
has been carried out under non-isothermal and
isothermal protocols, being analyzed distinct
crystallization temperatures using as initial starting
points either the molten or the glassy states of
PLA, in order to gain a better understanding of the
different parameters involved.

@ Springer



6308 J Mater Sci (2024) 59:6305-6321

Experimental part

A commercially available polylactide (PLA) from
NatureWorks® (labeled as Ingeo™ Biopolymer
6202D, with a density of 1.24 g/cm?, and a content
in L-isomer units of about 98 mol%) is used in this
study. Its weight-average molecular weight (M,,) and
molecular weight dispersity are 118,600 g/mol and
1.6, respectively, as determined from gel permeation
chromatography (GPC) [27].

The acetyl tri-n-butyl citrate (ATBC) (CAS 77-90-
7) plasticizer and the trioctyl trimellitate (TOTM)
(CAS 3319-31-1) were purchased from Sigma-Aldrich
with purity equal or greater than 98.0%. Their chemi-
cal structures are depicted in Scheme 1. ATBC has a
molecular weight of 402.5 g/mol and a boiling tem-
perature of 331 °C, while molecular weight for TOMT
is 546.8 g/mol and its boiling temperature shows a
value of 414 °C.

The MCM-41 particles were purchased also from
Sigma-Aldrich (specific surface area, Sy =966 m?/g;
average mesopore diameter, D,=2.9 nm [28]) and
were used as received.

PLA, PLA-ATBC and PLA-TOTM binary blends
at a plasticizer content of 10 wt.%, binary composite
of PLA and MCM-41 in a weight amount of 5%,
along with PLA/ATBC/MCM-41 and PLA/TOTM/
MCM-41 ternary composites, at those compositions
of plasticizer and MCM-41, were prepared through
a melting processing in a micro-conical twin screw
Thermo Scientific Haake Minilab miniextruder
operating at 190 °C, with a screw speed of 100 rpm,

using a mixing time of 4 min after the full feeding.
Designation of samples is detailed in Table 1 according
to its actual content in the different constituents as
determined by thermogravimetry (see below). PLA
and MCM-41 were dried previous extrusion. The
former was initially placed in an oven at 85 °C for
20 min followed by a drying under vacuum at 85 °C
for 2 h. The MCM-41 silica was dried under vacuum
at 100 °C for 24 h.

The extrudates were collected at room tempera-
ture as bulk material, and immediately placed under
vacuum at 85 °C, and left there for 2 h before pro-
cessing them by compression molding in a hot-plate
Collin press. Initially, the material was maintained at
a temperature of 190 °C without pressure for 2 min
and, then, a pressure of 25 bar was applied for 5 min.
Afterward, and while maintaining the pressure, the
different composites were cooled, with recirculating
water inside the plates, from their molten state to room

Table 1 Sample designation and actual content in the different
constituents: PLA, MCM-41 silica, and ATBC or TOTM plasti-
cizers, for the different materials

Sample Content (wt.%)
PLA MCM-41 ATBC TOTM

PLA 100 0 0 0
PLAMS 95.3 4.7 0 0
PLAMOAI10 91.0 0 9 0
PLAMS5A10 83.7 5.3 11 0
PLAMOT10 90.0 0 0 10
PLAMSTI10 86.1 49 0 9
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Scheme 1 Chemical structure of the ATBC (a) and TOTM (b) plasticizers
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temperature (at a relatively rapid rate of around 80 °C/
min). The compressed films were then stored at ambi-
ent conditions in sealed plastic bags and left there for
around 1 week before proceeding to their characteriza-
tion. These original compression-molded films were
totally amorphous, as shown below from the zero neat
enthalpy involved in the first heating DSC curves.

Morphological details of the mesoporous MCM-41
were obtained by transmission electron microscopy
(TEM). Measurements were performed at room
temperature in a 200 kV JEM-2100 JEOL microscope.
The particles were dispersed in acetone in an
ultrasonic bath for 5 min and then deposited in a
holder prior to observation. Furthermore, experiments
of high-resolution field emission scanning electron
microscopy (FESEM) were carried out in a S-8000
Hitachi equipment at room temperature on those
particles dispersed in acetone and deposited in a
holder.

Fracture surface in different sections of the films
was evaluated by scanning electron microscopy (SEM)
using a Philips XL30 microscope The samples were
coated with a layer of 80:20 Au/Pd alloy and deposited
in a holder before visualization.

Thermogravimetric analysis (TGA) was performed
in a Q500 equipment of TA Instruments, under air
atmosphere at a heating rate of 10 °C/min. The actual
amount of these two additives, plasticizer (TOTM or
ATBC) and nucleating agent (MCM-41), incorporated
into the extruded materials is determined and listed
in Table 1 for the different composites.

Calorimetric analyses were carried out in a TA
Instruments Q100 calorimeter connected to a cooling
system and calibrated with different standards. The
sample weights were around 3 mg. A temperature
interval from - 30 to 190 °C was studied at a heating
rate of 10 °C/min in dynamic experiments. Isothermal
measurements have been also performed either from
the molten or from the glassy state.

Isothermal experiments from the melt were car-
ried out as follows: a rapid cooling, at 60 °C/min, was
applied from 190 °C to the desired crystallization tem-
perature, T, which was isothermally maintained for
the required time. Subsequently, the heating curve at
10 °C/min is registered. The crystallization tempera-
tures were extended to those values where the crystal-
lization is complete after a reasonable time (total crys-
tallization times requiring longer than around 100 min
show already a very bad signal-to-noise ratio).

Details for isothermal experiments from the glassy
state are the next: starting again at 190 °C, a rapid cool-
ing is carried out at 60 °C/min, now until below the
glass transition of the sample. Then, the desired crys-
tallization temperature is reached by heating at 120 °C/
min, being isothermally maintained for the required
time. Afterward, the subsequent heating curve is reg-
istered at 10 °C/min. The use of this high rate, 120 °C/
min, avoids cold crystallization to take place in the
sample during its heating up to the isothermal crystal-
lization temperature.

All the DSC curves presented throughout this work
are actual curves without normalization for the real
content of PLA in the sample. That normalization
has been performed, however, for the enthalpies
used to estimate crystallinity degree of the different
experiments, i.e., the values achieved are then the
normalized crystallinity. For the determination of
the crystallinity, 93.1 J/g was used as the enthalpy of
fusion of a perfectly crystalline material [29, 30].

Results and discussion

Figure la displays the FESEM picture for the neat
MCM-41 particles, which was achieved from disper-
sion of the silica in acetone and their further depo-
sition. These observed aggregates are composed by
microsized particles of mesoporous MCM-41, which
show a non-regular shape. This result is in agreement
with others previously reported in literature [31, 32].
A higher magnification, attained by using TEM, allows
observation of the interior of particles, as depicted in
the image of Fig. 1b. Existence of ordered arrange-
ments framed in a hexagonal morphology is now
revealed. MCM-41 is then composed by a well-defined
structure of channels [20], whose diameters are around
3nm.

Figure 2 shows SEM pictures at the fracture for
the ternary composites incorporating TOTM (left) or
ATBC (right) as plasticizer in the PLA/MCM-41 mate-
rials. A clear difference is noticed when these two
samples, PLAM5T10 and PLAMS5A10, are compared.
Observation of the fracture region in the former shows
the existence of numerous voids, while this area is
rather continuous in the PLAM5A10 specimen. This
fact seems to indicate the distinct solubility existing
between PLA and the plasticizer added, being higher
in the case of using ATBC, as already described in liter-
ature [1, 9, 18, 21], and more deficient for the TOTM, as
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Figure 1 a FESEM and b
TEM micrographs of MCM-
41 particles dispersed in
acetone and further deposited
in a holder.

Figure 2 SEM pictures
from the fracture area
for the ternary materials:
(a) PLAMST10 and (b)
PLAMS5A10 composites.

deduced from the evident phase segregation through
appearance of those small holes. Boiling temperature
for TOTM is 414 °C, much higher than that employed
for extrusion and even higher than that displayed by
ATBC. Consequently, these cavities cannot be attrib-
uted to the evaporation occurred during processing
but to its incomplete solubility into the PLA matrix.
On the other hand, a homogeneous distribution of
MCM-41 particles is observed in both ternary mate-
rials, independently of the plasticizer used. Further-
more, inorganic domains of considerable size are
not exhibited and, consequently, a significant role as
nucleating agent can be expected.

Figure 3 shows the DSC first heating curves at
10 °C/min of the different compressed-molded mate-
rials. Several phase transitions can be observed in
order of increasing temperatures: glass transition, cold
crystallization and melting processes. In all the cases,
the neat enthalpy from the whole DSC curve for all
of the samples is practically zero, meaning that these
initial materials, prepared by compression molding

@ Springer
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and rapidly cooled from the melt, are completely
amorphous. Regarding the glass transition, T,, its
temperature location shows a very important depres-
sion when the ATBC plasticizer is added, as seen in the
PLAMOA10 specimen. This T, displacement is rather
analogous to the one previously reported in bibli-
ography [9, 33], associated with a good solubility of
ATBC within PLA, which may be different to the one
for TOTM. Furthermore, since the Tg of PLAMb5A10
is lower than that of PLAMOA10, then an additional
decrease in T, is exhibited if MCM-41 is included as
nucleant.

A reduction in T, is also noticeable in the case of
incorporating the TOTM as plasticizer in the binary
PLAMOT10 blend, although displacement of the T,
temperature is significantly smaller than that noted
when the ATBC is used as additive. Moreover, the
MCM-41 addition does not lead now to a supple-
mentary reduction of T, in the PLAM5T10 compos-
ite. For the PLAMS sample, the value of Tg is, how-
ever, practically the same than that for neat PLA.
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Figure 3 DSC first melting curves at 10 °C/min of the differ-
ent compressed-molded materials. The curves for samples PLA,
PLAMS, PLAMOA10 and PLAMS5A10 have been taken from
reference [19]. The vertical lines are the corresponding values
reported in reference [27], exhibiting the temperature ranges
where the pure o’ or o modifications are expected to be devel-
oped (or the interval where both forms coexist) in this PLA under
analysis. The inset shows an amplification in the region of the o
to o transition.

All these T, changes have been quantified and are
represented in Fig. 4c.

Similarly to the T, characteristics, the cold PLA
crystallization process (T..[') is strongly dependent
on the presence of plasticizer (ATBC or TOTM), of
MCM-41 or of the joint action of both, plasticizer and
mesoporous silica. All of the materials containing
plasticizer, either ATBC or TOTM, crystallize more
rapidly than the neat PLA. The same feature is
observed when MCM-41 is incorporated, either in
the binary or the ternary composites. This aspect,
evident in the dynamic measurements represented in
Fig. 3, will be also confirmed below when analyzing
the isothermal crystallization rates. Nevertheless,
an opposite trend is noticed in the binary blends
and the ternary composites as function of the type
of plasticizer added, as deduced from Fig. 3. Thus,
the PLAMOT10 specimen shows a T..F! displacement
greater than that noted for the PLAMOA10 blend (see
Figs. 3, 4b), which can be attributed to the more rigid
chemical structure of the TOTM plasticizer that can
nucleate more favorably the PLA crystallization.
The T_'! is, however, found in PLAM5A10 at
temperature lower than in PLAM5T10, indicating the
more positive interactions between ATBC/MCM-41
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Figure 4 Variation with the plasticizer content, in the first heat-
ing run, of: a the second melting temperature; b the cold crystal-
lization; ¢ the glass transition temperature, and d the difference
between the second melting temperature and the glass transition,
for the different specimens. Data for samples PLA, PLAMS,
PLAMOAXx and PLAM5AX have been taken from reference [19].

with PLA in the PLAM5A10 than between TOTM/
MCM-41 with PLA in the PLAMS5T10 ternary system.

Concerning the melting process, PLA and PLAM5
samples show a clear bimodal contour of this
endotherm, characterized by the T, and T,,""
melting temperatures at low and high temperature,
respectively, while those ones incorporating TOTM,
PLAMOT10 and PLAMS5T10, display a unique peak
after an exothermic event that occurs just before
the main melting starts. The PLAMOA10 and
PLAMS5A10 specimens also show only one main peak
although a small endotherm is observed below its
beginning, being of higher intensity in PLAMOA10
than in PLAMS5A10. These double melting peaks
noticed in some of the samples are attributed to
two populations of crystallites: on one hand, the
melting of crystals (T,,;"') developed during cold
crystallization on heating; and, on the other hand,
the T_,! event, which is ascribed to the melting
of the thickening entities, is able to recrystallize
after their initial melting (see Fig. 4a). Thus, a melt-
recrystallization of PLA is the prevailing process that

@ Springer
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takes place in these systems [34-36] because their
T. is above 105 °C, i.e., above the orange vertical
line located at the highest temperature in Fig. 3.

These vertical lines correspond to the temperature
intervals, reported in reference [27], where the pure
a' or a modifications are expected to be formed (or
the range where both forms coexist) for this PLA
under analysis, composed by a content of around
2 mol % in D stereoisomer. Then, it is observed that
specimens PLA and PLAMS5 show the T.!! in the
region where only the a modification is anticipated.
For the other samples with plasticizer, the T . is
located in the interval where the two forms, &' and
a, are expected to be developed, although location
of T, in the PLAMOA10 specimen is rather close to
the region of formation for the pure a form. It is well
known that when ' crystals are present, they show
a transformation from the a’ to the a modification
during the heating process, characterized by a
small exotherm just before the primary melting
process [29, 30, 37, 38]. The results in Fig. 3 show
very undoubtedly this a’ — a crystal transformation
for samples PLAMOT10 and PLAMS5T10, at around
140-150 °C (and only very slightly for PLAM5A10,
as observed in the inset of Fig. 3). In fact, those
two specimens display only the second melting
temperature, as aforementioned, while the two
processes of T, ;! and T,,"! are noted for the
other samples in Fig. 3. It seems, therefore, that the
presence of TOTM is particularly sensitive to the
observation of the o’ to a transition. We plan to study
this aspect in more detail by performing diffraction
experiments with synchrotron radiation, analyzing
the regions at small and wide angles, especially
when the o’ modification is obtained (see below).

Regarding the Tszl, a decrease is, however,
shown when comparing that for the neat PLA and the
values exhibited by the materials with plasticizers
(see Figs. 3, 4a). Anyway, the displacement for the
melting temperatures is much smaller than the
one noticed for Tg values, so that the difference
between the melting temperatures and the glass
transition ones increases considerably by adding
the two plasticizers, as observed in Fig. 4d, being
smaller, but rather significant, in the case of using
the TOTM plasticizer. It means that the interval
for crystallization temperatures is expected to be
enlarged rather appreciably when the plasticizers
are present since that difference is directly related
to the actual crystallization window.

@ Springer
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The higher crystallization rate anticipated from
the results in Fig. 3 for the plasticized samples, either
binary or ternary systems, is also deduced from
Fig. 5a, which shows the cooling curves from the
melt, at 10 °C/min. The pristine PLA specimen does
not show any crystallization at that relatively low cool-
ing rate. On the contrary, all the other samples exhibit
an evident crystallization exotherm, with more or less
intensity.

The corresponding values of the DSC crystallinity
deduced from those exotherms (and normalized to
the actual PLA content in the samples) are plotted
in Fig. 5b, where it can be noted that the degree of
crystallinity for the two samples with the TOTM
plasticizer is significantly higher than the one for PLA
or PLAMS5, although considerably higher values are
obtained in the specimens with ATBC. This feature can
be ascribed to the morphological differences, depicted
in Fig. 2, existing in the materials that incorporate
ATBC or TOTM. A suitable solubility of the former
within the PLA leads to a more efficient effect on the
formation of crystals, promoting a larger degree of
crystallinity. The TOTM influence is, however, inferior
because its solubility is not so complete.

A thoroughly detailed study of the role of addition
of MCM-41 and ATBC or TOTM on the PLA crystal-
lization rate has been performed by isothermal crys-
tallization experiments, both from the glassy or from
the melt states. Obviously, the crystallization from the
glass is much faster than the one from the melt [4].

T T T T T
(a) (b)

0.10 on | F Ho.16
= PLAMS | —e—PLAMSAX
S PLAMOTI0 —®— PLAMOAX
5 ——PLAMSTIO | [ o avisTy 40.12
% 0.05F PLAMOALO | | o PLAMOTx
= ——PLAMSAL0 o
z H0.08 =
o
=
g 0.00 —

_0.05 n 1 n 1 n 1 L 1 n 1 n n 1 n 1 n 1 L 0'00
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T (°C) plasticizer content (wt.%)

Figure 5 a DSC cooling curves from the melt, at 10 °C/min,
for the different samples; and b corresponding DSC crystallinity,
normalized to the actual PLA content in the sample, as a func-
tion of the plasticizer content. Data for samples PLA, PLAMS,
PLAMOA10 and PLAMSAI10 have been taken from reference
[19].
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In fact, observation of the isotherms from the glass
above around 100 °C was not possible in a previous
paper [19] because the crystallization rate was so
fast that it occurred during the preliminary heating
for reaching the crystallization temperature. Those
experiments were carried out at 60 °C/min, while the
heating rate has been increased up to 120 °C/min in
these present measurements. Using this higher rate,
the crystallization from the glass has been performed,
and observed, in the entire crystallization window,
with only one exception. Thus, Fig. 6 shows the DSC
heating curves from the glassy state for samples
PLAMS5T10 and PLAMS5A10, at 60 °C/min (Fig. 6a)
and at 120 °C/min (Fig. 6b). It can be deduced that the
isotherms are expected to be correct at 60 °C/min up
to a crystallization temperature of around 115 °C for
PLAMS5T10, and only up to about 100 °C for specimen
PLAMS5A10. On the contrary, by using 120 °C/min,
specimen PLAMS5T10 keeps practically amorphous for
the whole experiment, and, therefore, the isothermal
crystallization can be evaluated at any temperature
in the crystallization window. Sample PLAM5A10,
however, presents a clear (although of small intensity)
cold crystallization above around 120 °C, so that the
isotherms shall not be accurate above that tempera-
ture. The normalized enthalpies involved in the cold
crystallization of this sample are 42.3, 25.6 and 5.1 J/g

T T T T T T T T T T T T T
3 | (a) ]
60 °C/min
oL —— PLAMSTI0 ]
) —— PLAMS5AI10
S
=
[
=0
= ]
z | (b) . 1
2 5L 120 °C/min )
g
<=
) ——PLAMSTI0 _
—PLAMSA10
1 1 L | 1 | s | L | L |

40 60 80 100 120 140 160 180
T (°C)

Figure 6 DSC heating curves from the glassy state for samples
PLAMST10 and PLAMS5A10, at 60 °C/min (a) and120 °C/min
(b)

when using heating rates of 10, 60 and 120 °C/min,
respectively, as deduced from Figs. 3, 6a, b.

Crystallization rate can be quantified for these iso-
thermal crystallizations, either from the melt or from
the glass, from the inverse of the time needed for
obtaining a 50% transformation in the isotherms, i.e.,
the half-crystallization time, t, 5. These values of 1/t; 5
for the different materials and for the two modes of
crystallization are represented in Fig. 7. The results
from the glass are shown in Fig. 7a, while those from
the melt, in Fig. 7b, where the Y scale has been ampli-
fied 5 times in relation to Fig. 7a, owing to the much
lower crystallization rates when crystallizing from the
melt. As mentioned above, the heating rate used for
reaching the isothermal temperature in the crystalli-
zations from the glass has been 120 °C/min, and then,
the results show also the typical maxima in the crystal-
lization rate (Fig. 7a), arising from the well-known two
factors, the transport term and the free-energy one,
which govern the crystallization rate of polymers [39,
40], both terms showing opposite temperature coef-
ficients. The maximum is not noticeable, however, for
sample PLAM5A10, since, as shown above in Fig. 6b, a
cold crystallization is noted even when using a heating
rate of 120 °C/min, beginning at around 120 °C, so that
the isotherms cannot be properly observed above that
crystallization temperature.

from glass from melt
2.5 T T T T T T T T T T T T T T T T T T 05
—e—PLA
(@) —e—PLAMS (b)
20k 1 PLAMOTI0 o4
’ —e—PLAMSTI0 ’
PLAMOAI0
~ —e— PLAMSAI0
o L5 + 4033
g =
2 g
= 101 T+ 40272
0.5 T 0.1
0.0 | g 1 1 1
60 80 100 120 140 160 60 80 100 120 140 160

T. (°O) T. (O

Figure 7 Variation with T, of the inverse of the half-crystalliza-
tion time in the isotherms for the different samples, when isother-
mally crystallized from the glass (a) and from the melt (b). The
Y scale in the results from melt has been amplified 5 times. Data
for samples PLA, PLAMS, PLAMOA10 and PLAMS5A10 crystal-
lized from the melt have been taken from reference [19].
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It might be logical to expect that the maximum
could be detected just by increasing the heating rate
even more. Nevertheless, higher values are not pos-
sible because then the time needed for isothermal
temperature equilibration becomes on the order (or
greater) than the required one for the isothermal crys-
tallization. It can be also deduced from Fig. 7 that the
possible presence of two different maxima, one related
to development of the a’ form and another for forma-
tion of the more ordered a modification, cannot be
clearly detected, neither in the results from the glass,
nor in those from the melt.

Figure 8 represents the variation of the maximum
rate coordinates, in the isotherms from the melt, with
the plasticizer content for the two series of materials
with different plasticizer. It can be observed that the
two samples containing the TOTM plasticizer show
significantly higher values of 1/t; 5™ in relation to
those for the PLA or PLAMS specimens, as happened
with the crystallinity in Fig. 5b, but they are consider-
ably lower than those shown by the specimens with
ATBC, at a given plasticizer content. The values for

from melt

(a)

—@— PLAMS5AX
95 —e—PLAMOAX
PLAMS5Tx
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Figure 8 Dependence on the plasticizer content in the materials
of the maximum rate coordinates in the isotherms from the melt
for the two series of samples: a crystallization temperature at the
maximum and b inverse half-crystallization time. Data for sam-
ples PLA, PLAMS, PLAMOAx and PLAM5Ax have been taken
from reference [19].

@ Springer

T ,"® are, however, somewhat more similar, especially
for the case of PLAMOTx and PLAMOAX (Fig. 8a).

It was suggested in a previous study [19] that
there was a synergistic effect between the MCM-41
mesoporous silica and the ATBC plasticizer on the
nucleation ability of PLA, resulting on significantly
greater crystallization rates (and also extending
significantly the crystallization window). This is
actually deduced from Fig. 8b by observing the
increasingly higher difference in the maximum rate
between the series PLAM5Ax and PLAMOAX. Despite
the reduced number of samples in the set with TOTM,
this feature seems to be also noticeable, since the
difference in 1/t, 5™ between PLAM5T10 and PLAM5
is higher than that between PLAMOT10 and PLA.

Figure 9 presents the DSC heating curves after iso-
thermal crystallization from the melt at two tempera-
tures: 85 (i85) and 90 °C (i90). These two crystallization
temperatures have been selected because the a’ to a
transition is observed in the different samples ana-
lyzed. In fact, the corresponding amplifications in the
region of that crystal — crystal transition are shown in
the right plots of Fig. 9. These curves show the impor-
tant differences found between composites incorpo-
rating the two different plasticizers. Thus, the TOTM
samples show very evidently, similar to samples PLA
and PLAMS5, the transition from the «’ lattice to the
a form, through the manifestation of the exotherm
event just before the primary melting process [29,
30, 37, 38], while this transition appears wider and of
smaller intensity in the specimens with ATBC. These
results seem to point out that development of the o
polymorph is hindered in the materials where ATBC
plasticizer is added, more in the ternary composites
than in the binary blends. The combined presence of
MCM-41 and ATBC appears to boost the formation of
the more ordered o phase.

Figure 10 represents the variation with T, of the
temperature for the transition from the a' to the «
polymorph for the different samples, after isother-
mal crystallization from either the glassy or the
molten states. The results for samples PLA, PLAMS5,
PLAMOA10 and PLAM5A10 crystallized from the melt
have been taken from reference [19]. Those data for
the crystallization from the glass are all new results
since the experiments for this comparative research
have been performed using a heating rate of 120 °C/
min to reach the isothermal crystallization tempera-
ture. First of all, it can be observed that the results
from the glass and from the melt are rather similar for
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Figure 9 Left frames: DSC heating curves, at 10 °C/min, for the
indicated samples after isothermal crystallization from the melt
at 85 (i85) and 90 °C (i90). Right frames: corresponding ampli-
fications in the region of the transition from o’ to a. Data for
samples PLA, PLAMS, PLAMOA10 and PLAMS5A10 have been
taken from reference [19].

the different samples. Obviously, data from the glass
extend to lower crystallization temperatures, because
the considerably smaller rates attained when crystal-
lizing from the melt preclude the observation of the
corresponding isotherms at those lower temperatures
due to the rapid deterioration of signal-to-noise ratio
in the isotherms with increasing crystallization times.

A second aspect deduced from Fig. 10 is that the
samples containing plasticizer show considerably
lower values for the temperature of ' — « transition
while PLA and PLAMS specimens behave rather
similar. The results for the specimens with TOTM
appear to be intermediate between the ones for PLA
(or PLAMS5) and those shown by specimens that
incorporate the ATBC plasticizer. This intermediate
behavior stands also for the extension of available
crystallization temperatures to lower values.
Obviously, these available temperatures simply
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Figure 10 Variation with T, of the temperature for the transition
from o’ to o polymorph for the different samples, after isother-
mal crystallization from the glass (a), and from the melt (b). Data
for samples PLA, PLAMS, PLAMOA10 and PLAMSA10 crystal-
lized from the melt have been taken from reference [19].

reflect the corresponding increase in crystallization
rates, so that the isotherms can be observed at lower
values of crystallization temperatures with sufficient
signal-to-noise ratio.

As an example of the curves for all the crystalliza-
tion temperatures, Fig. 11 shows the DSC heating
curves, at 10 °C/min, for sample PLAMS5T10 after iso-
thermal crystallization from the glassy state. Three
regions can be discerned. The first one, up to around
T. of 100 °C, is characterized by presence of the disor-
dered o’ modification, which has been developed at
the lowest crystallization temperatures. Thus, the o
to a transition is noticeable on melting, followed by
the melting of those recrystallized and more ordered
a crystallites, which takes place finally at around
160-165 °C. This later endotherm will be termed as
T, since it represents the melting of the recrystal-
lized crystals, and not that for the ones originally
formed.

The second region, noted at values of T, from
around 105 to 125 °C, represents the cases where,
mostly or totally, the a modification is initially pre-
sent, and two melting endotherms can be observed.
The first one, T,,;, is ascribed to the melting of the
original not very perfect a crystals developed dur-
ing the isothermal crystallization, so that they can
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Figure 11 DSC heating curves, at 10 °C/min, for sample
PLAMST10 after isothermal crystallization from the glassy state
at the indicated temperatures.

recrystallize on melting into more perfect crystal-
lites, giving rise to the second melting endotherm,
T o
Finally, the third scenario is noticed at the
highest values of T.. Appearance of a single melting
endotherm is now observed since the a crystals
generated at those high isothermal temperatures are
already rather perfect and do not undergo any further
recrystallization. The temperature at maximum
represents the true melting temperature, T, ;.

Figure 12 depicts the values of the two melting
temperatures exhibited by all the samples here ana-
lyzed, after isothermal crystallization from the glass,
as a function of T.. It can be observed that the val-
ues of T, ; at low crystallization temperatures show
an abnormally great decrease, what is attributed to
the fact that formation of both a’ and a crystals took
place at those temperatures, i.e., there is coexistence of
these two polymorphs. Consequently, two different
processes overlapped in that T,,,; and its differentiation
is not easy. On one hand, the a' crystals undergo its
melting and further recrystallization into the a modifi-
cation, and, on the other hand, the initial a crystallites
show its own value of T,;.

At intermediate T, corresponding to the second
region in Fig. 11, the values of T,; show a continuous
increase, giving rise also to the observation of T,
which shows approximately constant values in
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Figure 12 Dependence on T, of the melting temperatures for the
different samples, after isothermal crystallization from the glass.

that interval. And for the highest values of T, the
endotherm T,,, disappears and only T, is observed,
showing an even higher dependence with T, with
values of the slope close to 0.5, as it usually happens
in the crystallization of polymer systems [40, 41].

Regarding the variation of T, on T, there are two
appreciable trends. The one at the lower values of T
where the o’ modification is present, shows values of
T,,, around 2-3 °C below those corresponding to the
a form, which is developed at higher crystallization
temperatures.

Another important aspect from Fig. 12 is the
comparison of the melting temperatures for the
different samples. It can be observed that specimens
PLA and PLAMS5 show very similar values of the
different transition temperatures, while the T,s,
either T,,; or T, for all the other samples display
lower values (it should be said that this decrease is
not as high as that exhibited by the Tg, as deduced
from Fig. 2). Thus, the order of melting temperatures
is the following: PLA = PLAMS5 >PLAMO0T10 >
PLAMOA10=PLAMS5T10 > PLAM5A10. In fact,
PLAMOA10 and PLAMS5T10 really display similar
values of T,,; and T,,, at high values of T, but at
lower crystallization temperatures, the behavior is
not so clear, with T,; being higher for PLAMS5T10,
and T,,, for PLAMOA10.

Despite that reduction in the melting tempera-
tures, the crystallinity developed by the different
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Figure 13 Dependence on T, of the DSC crystallinity (normal-
ized to the actual PLA content) for the different samples, after
isothermal crystallization from the glass.

materials displays an opposite order, as noticed in
Fig. 13, which represents the variation with T, of
the DSC crystallinity (normalized to the actual PLA
content) for the different samples, after isothermal
crystallization from the glass. Thus, the degree of
crystallinity is always higher for the specimens with
plasticizer, as it happened also with the crystalliza-
tion rates.

These results indicate, therefore, that
incorporation of these two plasticizers, TOTM or
ATBC, leads to an increase in the crystallization rate
of PLA and in its degree of crystallinity, despite
values of the melting temperatures are smaller.
Moreover, somewhat intermediate values between
neat PLA and the ones for the ATBC samples are
observed for the TOTM specimens, either the binary
blend or the ternary composite, for the crystallization
rate, the transition temperatures or the amount of
crystallites developed during crystallization.

At this point, it is important to indicate that
those segments of the macrochains located in
the amorphous regions close to the crystallites
are more constrained than those that are further
away, the former giving rise to the so-called rigid
amorphous fraction (RAF) and the latest to the
mobile amorphous fraction (MAF) [42, 43]. It has
been shown [43] that, when crystallizing, the ATBC
concentration in the MAF increases somewhat,
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so that its content diminishes accordingly in the
RAF. One of the possible reasons for the dissimilar
behavior between TOTM and ATBC composites
could be a different partitioning of the two
plasticizers in those amorphous fractions, which may
be dependent upon specific chemical interactions
and/or steric hindrances. As a result, the mobility of
PLA chains may be somewhat different among the
two systems.

Assumptions made from the DSC results
concerning the type of crystal lattice developed
during isothermal crystallizations are confirmed
by FTIR measurements performed on each material
annealed from the amorphous glassy state at two
different temperatures, 85 and 110 °C, since infrared
spectroscopy turned out a noteworthy tool for PLA
structural characterization [30, 44]. Additionally, we
plan to perform X-ray experiments with synchrotron
radiation in the future on these samples in order
to, eventually, analyze possible differences in the
degree of order of these two crystalline phases (a’
and a) among the different materials, paying special
attention to the case of the a’ modification.

Figure 14 displays the FTIR spectra attained. Sev-
eral regions have been selected [45, 46]: on one hand,
the C=0 stretching band due to its conformational
sensitivity (represented on the left) and, on the other
hand, two spectral zones on the right plot related to
scissoring motions of the methyl groups and specific
bending modes from the C=0, located in the interval
of wavenumber ranging from 1420 to 1240 cm ™" and
from 800 to 650 cm ™', respectively.

Samples of the distinct materials isothermally crys-
tallized from the amorphous glass at the lowest tem-
perature, i.e., at 85 °C, are characterized by observation
of broad peaks in these wavenumber intervals ana-
lyzed, while the splitting of some of those IR modes
is evident in those annealed at 110 °C. This split is
ascribed to specific carbonyl and methyl interactions
existing in the a polymorph that are not present in the
o’ phase [44]. The crystalline polymorphs developed
during crystallization at these two temperatures are
not the same, since the a' lattice is majorly attained
at 85 °C, with the exception of PLAM0A10ig85 and
PLAMS5A10ig85 where the a phase seems to be also in
majority, while the a form is generated at 110 °C [27].
These differences in the chain interactions and their
packing promote a greater ordering in the «a lattice,
which leads to the greater resolution of the IR bands

@ Springer



6318 J Mater Sci (2024) 59:6305-6321

Figure 14 Carbonyl stretch-
ing band (left) and bending
region for scissoring motions
of the methyl groups as well
as for C=0 (right) in the dif-
ferent materials isothermally
crystallized from the glassy
state at 85 (ig85) and 110 °C
(ig110).
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noticed in the materials crystallized at 110 °C, as seen
in Fig. 14.

Conclusions

Binary blends based on an L-rich PLA and two different
plasticizers, TOTM or ATBC, have been prepared by
melt extrusion together with their corresponding
composites with a 5 wt.% of mesoporous MCM-
41 silica, which acts as crystallization nucleant.
Mesoporous particles are observed to be suitably
distributed within the bulk of composites, although
fracture surface is very dissimilar depending upon
the plasticizer incorporated. Numerous voids are
noted in the PLAMS5T10 composite containing TOTM
while a rather continuous surface is exhibited by in the
PLAMS5AI0 ternary system.

Main features found in the several phase transitions
during the first heating process under dynamic
conditions for the different materials are the following;:
(a) glass transition is remarkably shifted to lower
temperatures as the ATBC is added (mainly in the
PLAMS5A10 composite) while this displacement is
smaller in the materials (either binary or ternary)
containing TOTM; (b) cold crystallization of PLA
is also considerably affected by addition of TOTM
or ATBC, moving its location down to inferior
temperatures compared with that exhibited by the neat
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matrix. Accordingly, presence of plasticizer enables a
faster PLA crystallization, ATBC being more efficient
than TOTM in the ternary composites; and, (c) a' — o
transformation is more evident in the materials that
incorporate TOTM, indicating that presence of ATBC
favors the formation of the a form. FTIR spectroscopy
experiments have been also performed in order to
confirm the development of each one of the two PLA
polymorphs: disordered o’ or ordered o form.

The maximum rate in the PLA crystallization is
observed at about 95-105 °C in the measurements
from the melt, showing this rate a remarkable
increase with the combined effect of plasticizer and
MCM-41 particles. The influence is more relevant in
the system with ATBC. In the samples crystallized
from the glass, that maximum in the rate appears at
higher temperatures, ranging from 115 to 125 °C. Its
observation has been possible by using a rate as high
as 120 °C/min for the heating from the glassy state to
the crystallization temperature.

Presence of TOTM or ATBC and the mesoporous
MCM-41 particles also implies an increase in the
crystallinity of PLA. As in the rate of crystallization,
ATBC is more effective than TOTM.

One of the possible reasons for the dissimilar
behavior observed in the composites incorporating
TOTM and those based on ATBC could be a different
partitioning of these two plasticizers in the two types
of amorphous fractions, RAF and MAF.
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Summarizing, the combined action of plasticizer
(TOTM or ATBC) and MCM-41 particles enables
a considerable improvement in the mobility of
PLA chains, affecting glass transition as well as
crystallization rate and leading to a widening of the
PLA window for its three-dimensional ordering.
Therefore, ultimate requirements can be easily tuned
contributing to spread out the PLA applications.
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