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Abstract

In this work, melt crystallized PLLA / TiO, bionanocomposites, with concentration of TiO, ranging from 1-10%wt, are produced via twin-
screw extrusion melt blending. Their crystalline structure and crystallization behavior are studied by means of X-rays Diffraction (XRD) and
Polarizing Optical Microscopy (POM) and their dielectric response via Broadband Dielectric Spectroscopy (BDS). XRD results suggest transformation
of the o’-crystal form of PLLA into the more stable a-form at elevated crystallization temperatures. According to POM observations all samples
are fully crystallized for crystallization times of 1h. The growth size of PLLA spherulites increases linearly with time, while the growth rate is
essentially independent of nanofiller content. BDS analyses reveal the presence of three relaxation processes in PLLA/TiO, nanocomposites, at
temperatures ranging from 20°C to 140°C. These mechanisms are attributed to a-relaxation of the polylactide matrix, the Maxwell-Wagner-Sillars
(MWS) interfacial polarization effect and the dc conductivity effect (CR), in terms of increasing temperature. The dynamics of all three relaxation
mechanisms and the fragility index of the PLLA matrix appear independent of filler loading.
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Introduction

Poly (L-lactic acid) (PLLA) is a semi-crystalline, thermoplastic
aliphatic polyester of steadily increasing importance, since it is bio-
compatible, biodegradable, produced from renewable resources,
with the potential to replace traditional petroleum-based polymer-
ic materials. It is widely used in many applications, due to its excel-
lent cost-property balance [1]. However, its mechanical properties,
thermal stability and impact resistance are slightly inferior to con-
ventional polymers used for thermoplastic applications. A common
strategy to overcome this issue is the use of PLLA as a polymer ma-

trix in nanocomposite systems.

Among other nanofillers, Titanium dioxide (Ti0,) is considered
a promising candidate to be incorporated into biopolymers, due to
its excellent biocompatibility, weight to strength ratio, non-toxicity,
and high chemical stability. TiO, crystallizes in three types of crystal

@ @ This work is licensed under Creative Commons Attribution 4.0 License [MCMS.MS.ID.000572.

structures: rutile, anatase and brookite. Moreover, it is a wide band
gap semiconductor with a forbitten gap of 3eV [2-4].

Depending on the crystallization conditions, the ordered phase
in semicrystalline polymers can adopt different structures and
morphologies, which can significantly affect their physical prop-
erties. Specifically, PLLA exhibits crystal polymorphism with four
different crystal structures: namely a, 3, y and € forms, with a-form
being the most common. Of particular interest is also the metasta-
ble a’ modification of a-form, which exhibits conformational disor-
der (condis-crystal), with large-amplitude of intermolecular or in-
tramolecular mobility in comparison with the typical crystal forms
[5]. This disordered a'-form of PLLA is usually obtained at relative-
ly low crystallization temperatures from melt (<100°C) and trans-
forms to the stable a-form at elevated crystallization temperatures
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(>120°C) [6]. Therefore, studies of the crystallization behavior are
of fundamental importance in PLLA-based systems since different
crystallization conditions result in the alternation of their physical
performance.

In this work, the crystal structure and crystallization behavior
of semicrystalline PLLA/TiO, bionanocomposites are investigated
by means of XRD and POM, while BDS is employed for the study
of their dielectric relaxation dynamics. Broadband Dielectric Spec-
troscopy is a powerful tool for the investigation of the electrical
response of electrically heterogenous systems such as semicrystal-
line polymers and polymer nanocomposites. These structures are
complex in nature since crystalline areas coexist with rigid and/
or mobile amorphous regions leading to a complicated electrical
behavior [7]. This picture becomes even more complex due to the
presence of the nanofiller within the polymer matrix. BDS offers the
ability to distinguish between these contributions and deconvolute
their complex dielectric response [8].

Materials and Methods

Poly(L-lactic acid) (PLLA) under the trade name Ingeo™ Bio-
polymer 3052D (Mw = 116.000 g/mol and ~4% D-lactide content)
was used as matrix. Titanium dioxide (TiO,) nanopowder with
21nm primary particle size, provided by Sigma-Aldrich, was used
as filler. PLLA/TiO, nanocomposites were prepared in five different
concentrations, namely 1, 3, 5, 7, 10%wt in TiO, by melt-blending
in a minilab twin-screw extruder. PLLA pellets were dried under
vacuum at 98°C for 2h prior to mixing. Melt-blending took place at
170°C and the screw speed was 150rpm, for 5min total processing
time. For the XRD and BDS analyses, thin films were prepared by
melting a small amount of the extruded granules at 200°C for 5 min.
The specimens were isothermally crystallized from melt at 120°C
for 1h in a thermopress. Each melt-crystallized sample was imme-
diately quenched into a LN, bath. The film thicknesses ranged from
70um to 120pum.

All specimens were analyzed in a Bruker D8 Advance X-Ray
diffractometer, with Ni filtered CuKa radiation, operating at 40kV/
40mA, and equipped with a Bruker LynxEye fast detector in the
Laboratory of Mineral and Rock Research of the Department of Ge-
ology at the University of Patras, Greece. The scanning area covered
the interval 10°-35° 26, with a scanning angle step of 0.015° 26 and

a time step of 0.6s.

For the POM experiments a Zeiss Axioskop 40 pol Polarizing
Optical Microscope equipped with a Linkam LTS420 heating and
freezing stage system and with a ProgRes CT5 camera, was used.
Small pieces of the prepared thin films were sandwiched between
two microscopy cover slips and heated to 200°C for 5 min to totally
erase their thermal history in a hot stage placed under the micro-
scope. Subsequently, samples were quenched to 120°C with a ramp
of 30°C/min. The samples were kept at 120°C and the crystalliza-
tion process was monitored by taking successive images of the sam-
ples, every 5min, during an 1h annealing.
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BDS characterization was conducted in the frequency range
from 0.1 Hz to 1 MHz using an Alpha-N Frequency Response Ana-
lyzer supplied by Novocontrol (Berlin, Germany). All samples were
subjected to isothermal frequency scans between 20°C and 140°C.
Temperature was controlled by the Quatro system, also supplied
by Novocontrol, within +0.2°C and the applied ac voltage was V=
1.0V. Data acquisition and storage were controlled by the WinDETA
software and the theoretical fitting of the received dielectric spec-

tra was performed using the WinFit software.
Results and Discussion

The crystalline structure of PLLA/TiO, nanocomposites is de-
picted in Figure 1(a), where representative results for nanocom-
posites with 1%wt in TiO, melt-crystallized at 120°C, and 5%wt in
TiO, melt-crystallized at 80°C and 120°C, are presented. The semic-
rystalline nature of all specimens is well justified by the amorphous
halo clearly present in all XRD profiles. The presence of TiO, is
also evident. Specifically, the two clear and sharp peaks, observed
at 26=25.4° and 27.5°, are characteristic reflections for pure TiO,.
The reflection at 26=25.4° is assigned to the anatase phase of TiO,,
while the latter one is characteristic of its rutile phase [9]. All other
recorded peaks are characteristic of a and o’ crystal forms of PLLA
[6,10].

The most intense peaks, which correspond to (200)/(110) and
(203)/(113) planes, along with peaks of lower intensities, corre-
sponding to (010), (015) and (310)/(020) planes are present in all
measured samples. These reflections are common in both « and o
crystal forms of PLLA. Nevertheless, striking differences are ob-
served between the XRD spectra of samples crystallized at 120°C
compared to those crystallized at 80°C. These differences are at-
tributed to the gradual transformation of a’ form to the more stable
o form at higher crystallization temperatures. Specifically, it is evi-
dent (Figure 1) that the diffraction peaks, corresponding to (004)/
(103), (204), (115), (016) and (1010) planes, are present only in
the spectra of the specimens crystallized at 120°C and they are ab-
sent from the spectra of the ones crystallized at 80°C. These reflec-
tion peaks are solely associated with the stable a form of PLLA thus,
their absence indicates that specimens, crystallized from melt at
80°C, exhibit only the o’ phase of PLLA. Furthermore, the reflection
peaks from the (200)/(110) and (203)/(113) planes are located
at higher 20 angles in the intensity profile corresponding to 120°C
(Figure 1b). This shift is attributed to the gradual transformation
of a’-form to the stable a-form with increasing crystallization tem-
perature in agreement with results reported previously [6]. All XRD
diffraction peaks are summarized in Table 1.

The isothermal melt-crystallization of all samples at 120°C, was
optically monitored via POM. Representative textures of pure PLA
and all nanocomposites are shown in Figure 2 at four distinct time
lapses of the crystallization process, namely at 15, 25, 35 and 60
min.

Spherulitic textures are characteristic of melt crystallized
semicrystalline polymers. In the case of poly(L-lactic) acid the mor-
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phology of the spherulitic structures varies significantly in terms
of size and patterns formation, depending on the molar mass, the
D-lactide content and the degree of supercooling [11]. It is evident
from Figure 2, that 15 min is an adequate time for the spherulitic
structure to be observed in all samples. Furthermore, at 25 min, the
Maltese cross extinction pattern is well defined between crossed
polarizers. Notably, a small change in the birefringence of the sam-

ples is observed at 35 min, suggesting that crystallization evolution

passes through successive stages with time, till the completion of
crystal growth, observed after 60 min, when the field of view is al-
most fully covered by interpenetrating spherulites. The influence of
the addition of TiO, on the crystallization of PLLA matrix becomes
evident by comparing POM images acquired at the same time and
especially at times lower than 30min. One can observe that the den-
sity of formed spherulites increases with increasing TiO, content.
This implies that the filler acts as nucleation site.

Table 1: 26 positions and diffraction planes of PLLA/TiO, nanocomposites.

12.5 (004)/(103) (004)/(103) -
14.9 (010) (010) (010)
16.6 - (200)/(110)
16.8 (200)/(110) (200) / (110) -
18.9 - (203)/(113)
19.1 (203)/(113) (203)/(113) -
20.7 (204) (204) -
22.4 (015) (015) (015)
23 (115) (115) -
24.1 (016) (016) -
25.4 ATIO, (101) ATIO, (101) ATIO, (101)
27.5 R-TiO, (110) R-Ti0, (110) R-Ti0, (110)
28.9 - (310)/(020)
29.2 (310)/(020) (310)/(020) -
313 (1010) (1010) -
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Figure 1: (a) Crystalline structure of specimens PLLA/1%wt TiO, and PLLA/5%wt TiO, crystallized at 120°C for 1h and PLLA/5%wt TiO,
crystallized at 80°C for 1h. (b) Observed shift of the (200)/(110) and (203)/(113) planes of PLLA/5%wt TiO, specimens crystallized at 120°C
and 80°C for 1h.
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To rationalize POM results, the mean radius of the spherulites
of all samples was evaluated and plotted in Figure 3 as a function
of crystallization time. All specimens exhibit linear dependence of
the spherulite radius versus crystallization time. Evidently, at low
crystallization times, the mean size of the spherulites is almost fill-
er concentration independent. Consequently, a higher number of
equally sized spherulites is formed with increasing filler content.

Thus, the inclusion of TiO, accelerates the crystallization process.
The radius growth rate of the spherulites of each sample was ex-
tracted from the slope of the fitted curves and is presented in the
inset of Figure 3 as a function of TiO, concentration. There is no
particular trend of the size growth rate as a function of filler con-
centration.
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Figure 2: POM textures during isothermal crystallization of pure PLA and PLA/TIiO, nanocomposites at 120°C from the melt state. Scale-bar
represents 300um.
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Figure 3: Radius of spherulites of pure PLLA and PLLA/TiO, nanocomposites as a function of crystallization time of initially melted samples at
120°C. The inset presents the radius growth rate of spherulites of all samples as a function of increasing TiO, content.
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The dielectric response of all prepared nanocomposites, at rel-
atively elevated temperatures (20°C-140°C) was investigated by
means of BDS. Representative results of the imaginary part of the
electric modulus M" [4], for PLLA/TiO, nanocomposites, with 1, 5,
10%wt in TiO,, are presented as a function of frequency and tem-
perature in the 3D plots of Figure 4a-c. Electrical relaxation phe-
nomena, in nanocomposites, include contributions arising from the
biopolymer matrix as well as the nanofiller. It is well known that
the expected dielectric response arises mainly from the follow-
ing mechanisms: Glass to rubber transition of the polymer matrix
(a-relaxation), relaxations due to reorientations and segmental mo-
tions of parts of the polymer chain (y and 3 modes, usually recorded

at low temperatures, not shown here) and finally, from interfacial
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phenomena associated with the presence of the filler and the var-
ious interfaces within the nanocomposite [8]. In the present work
the recorded dielectric data are presented in terms of the imaginary
part of the electric modulus, M, since this formalism excludes elec-
trode polarization and space charge injection phenomena, allowing
the clear representation of the interfacial polarization effects pres-
ent in the dielectric spectra of the nanocomposites [12].

Three relaxation mechanisms are present in all spectra. In
terms of increasing temperature (60°C to 90°C), the first relaxation
present, is the a-mode related to the glass to rubber transition
of the amorphous phase of polylactide. The position of the peaks
shifts steadily to higher frequencies with increasing temperature
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while the magnitude and shape of the peaks remain rather unaf-
fected. In the high temperature (110°C to 140°C) and low frequency
region, the next two relaxation mechanisms are present. The first
one, observed as a clear peak, is attributed to MWS effect related
to interfacial polarization phenomena. It has already been men-
tioned that PLLA is a semicrystalline biopolymer. Since all speci-
mens are melt-crystallized at 120°C for 1h, it is evident that within
the polymer matrix, crystalline areas are already formed, and they
are surrounded by rigid amorphous regions of PLLA. Furthermore,
amongst these areas, mobile amorphous regions of PLLA are also
present [1]. Consequently, the TiO, nanofiller is dispersed within
regions with different electrical characteristics. Thus, interfaces be-

tween crystalline-rigid amorphous regions, rigid amorphous-mo-
bile amorphous regions, and interfaces between TiO, nanofiller and
the biopolymer matrix are present, resulting in enhanced interface
polarization phenomena and consequently, the appearance of the
MWS effect. The third relaxation mechanism is attributed to the
electrical conductivity of the specimens. This mechanism is relat-
ed to the fact that with increasing temperature, electrical charges
within the specimens, able to overcome local potential barriers,
move with short range jumps within the polymer matrix. This
mechanism evolves as a “hump” in all recorded spectra in the high
temperature and low frequency region (Figure 4a-c).

Ve
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q.________hh___
5% Tig T
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i
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|
f
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Figure 4: 3D plots of the imaginary part of electric modulus M"" as a function of temperature and frequency of (a) PLLA/1%wt TiO,,
(b) PLLA/5%wt TiO, and (c) PLLA/10%wt TiO,,.
J

The temperature dependence of the relaxation frequencies of
all recorded mechanisms are depicted in Figure 5. MWS effect fol-
lows an Arrhenius type behavior according to the equation [13]:

E

f . =fexp -ﬁ
B

where f_is a pre-exponential factor, Eg the activation energy, T
the temperature and k, the Boltzmann constant. On the other hand,
a-relaxation follows a Vogel-Tammann-Fulcher temperature depen-
dence, described by [13],

B DT
f =fexp| -—— [=fexp| -—2
max 0 Xp[ T'TOJ 0 Xp[ T'TOJ
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Figure 5: Relaxation frequency versus inverse temperature for all recorded relaxation modes of PLLA/TiO, nanocomposites. The symbols
correspond to the loss peak relaxation frequency locus, fmax. Solid lines correspond to the Arrhenius equation fitting. Dashed lines correspond
to the Vogel-Tamann—Fulcher equation fitting.
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where, f is a pre-exponential factor, D=B/T is the strength pa-
rameter, T the temperature in Kelvin and T, the Vogel temperature
or the ideal glass transition temperature. Strength parameter D is
related to the fragility index of the glass forming matrix, through
the equation m=16+(590/D) [14].

Fitting the experimental data of a-mode to the VTF equation,
the fo, D and T parameters are calculated for each PLLA/TiO, nano-
composite. The fitting parameters are included in Figure 5. In addi-
tion, the dielectric glass to rubber transition temperature Tg, diel is
also calculated from the VFT plot of a-mode data. Tg, diel is the tem-

perature at which the a-relaxation maximum f__equals to 1.6x1073

Hz, or to T, =100s [15]. The evaluated, in the present work, Tg, diel
equals to 54.0°C, in fair agreement with the Tg, DSC=60.0°C, record-
ed in the DSC spectra of the specimens (not presented here). Finally,
the fragility index is evaluated to be m=146 indicating a “fragile”
glass forming system. This value of m is in very good agreement
with previously published results of PLLA based amorphous or
semicrystalline systems. The calculated fragility index seems unaf-
fected by the nanofiller concentration [16,17]. Finally, no fitting to
the experimental data was performed for the electrical conductivity
term, since the number of data points is limited, rendering the fit-

ting procedure uncertain.
Conclusion

The effect of TiO, nano inclusion on the crystal structure, crys-
tallization behavior and dielectric response of polylactic acid bio
polymer is monitored and evaluated by means of complementary
experimental techniques. PLLA/TiO, nanocomposites are prepared
and isothermally crystalized from the melt at 120°C for 1h. The
XRD results suggest that the crystal structure is not affected by the

concentration of the filler. On the other hand, the crystallization
temperature strongly affects the crystal structure formation of the
polylactide matrix. Specifically, it is observed that the formation of
o' form of PLLA is preferable over that of a form in samples crys-
tallized at 80°C, while at 120°C, the a’-form of PLLA is fully trans-
formed to the more-stable a-form. POM observations reveal that
TiO, nanofillers act as nucleation sites and their presence enhances
the crystallization process of the polylactide matrix. Furthermore,
the mean size of the observed spherulites, as well as their growth
rate are not affected by the concentration of TiO,. The BDS analysis
reveals the existence of three relaxation mechanisms in all studied
specimens. The activation energies, VFT parameters as well as the
fragility index of the nanocomposites are evaluated through the

analysis of the relaxation dynamics.
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