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Abstract: Surface-treated fumed silica nanoparticles were added at various concentrations (from 1
to 24 vol%) to a commercial poly(lactide) or poly(lactic acid) (PLA) matrix specifically designed for
packaging applications. Thermo-mechanical behavior of the resulting nanocomposites was
investigated. Field Emission Scanning Electron Microscopy (FESEM) micrographs revealed how a
homogeneous nanofiller dispersion was obtained even at elevated filler amounts, with a positive
influence of the thermal degradation stability of the materials. Modelization of Differential Scanning
Calorimetry (DSC) curves through the Avrami-Ozawa model demonstrated that fumed silica
nanoparticles did not substantially affect the crystallization behavior of the material. On the other
hand, nanosilica addition was responsible for significant improvements of the storage modulus (E’)
above the glass transition temperature and of the Vicat grade. Multifrequency DMTA tests showed
that the stabilizing effect due to nanosilica introduction could be effective over the whole range of
testing frequencies. Sumita model was used to evaluate the level of filler dispersion. The obtained
results demonstrated the potential of functionalized silica nanoparticles in improving the thermo-
mechanical stability of biodegradable matrices for packaging applications, especially at elevated
service temperatures.

Keywords: fumed silica; nanocomposites; poly(lactide); crystallization; thermal properties;
dynamical mechanical analysis; master curves

1. Introduction

Starting from the synthesis in the 1960s [1], poly-lactide or polylactic acid (PLA) began to gain
successful attention from researchers and industry for the first interesting applications in the
biomedical field [2,3], because PLA is a biocompatible and a biodegradable polymer. In the last two
decades, the attention for PLA-based materials has been further increased due to the recent problems
of waste management, especially for packaging materials. Many papers and studies have been
published on biodegradable polyesters and mainly on poly(lactide), as summarized and reviewed in
selected literature [4-7]. PLA represents the denomination of a family of polymers derived from
lactic-acid or from various lactides; it could be a homopolymer or a copolymer of L-lactic acid and/or
D-lactic acid monomers at different degrees of enantiomeric purity, derived both from oil and from
renewable resources [8]. For instance, P-L-LA, poly(L-lactic acid), and P-D-LA, poly(D-lactic acid), or
poly-L-lactide and poly-D-lactide, are enantiomerically pure semicrystalline polymers, with melting
temperatures of about 180 °C and a high crystallinity degree [9]. On the other hand, P-D,L-LA,
poly(D,L-lactic acid) or poly-D,L-lactide is a statistical copolymer, completely amorphous with a
glass transition temperature of about 50-60 °C, which is obtained from a equimolar mixture of L-
lactic acid and D-lactic acid enantiomers. PLA possesses a good balance of performances and
degradation kinetics in dependence on the enantiomeric composition, showing particularly higher
thermal, mechanical, and optical properties with respect to other biodegradable polyesters [4,10].
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From a mechanical point of view, PLA-based polymers have a relatively brittle behavior with
properties dependent on the molecular weight, the enantiomeric purity, the crystallinity content and
the processing conditions [5,6]. Usually a tensile modulus of 2—4 GPa, tensile strength of 30-50 MPa,
and deformation at break in the range of 1% and 7% are obtained [10,11]. For the packaging industry,
relatively low enantiomeric purity PLAs found a wide diffusion, and those polymers are typically
processed by injection molding, extrusion, and thermoforming [6,12]. These materials are
characterized by excellent transparency and good mechanical properties, but they evidence a certain
brittleness and a low creep and thermal stability with respect to the traditional polymers for
packaging applications [13].

The addition of cellulose or inorganic micro- and nanofillers represents an interesting way to
increase its stiffness and thermal stability. For instance, natural fibers [14], micro- and nanocellulose
[15], micrometric fillers such as talc, hydroxy apatite calcium phosphate, barium sulphate, calcium
carbonate, and calcium sulfate at concentrations between 5 and 40 wt% were considered and properly
added to various PLAs with some positive results in a wide range of physical properties [16]. On the
one hand, various inorganic nanoparticles have been more efficiently dispersed in different PLA
matrices to improve their toughness and strength, to increase their thermal stability and to enhance
their barrier properties [17], and/or to reduce their electrical resistivity by using carbonaceous fillers
[16]. In particular, lamellar silicates (clays) [18-20] and hydroxy apatite have been the most utilized
nanofillers [21,22]. On the other hand, in the last years some more attention has been devoted to the
introduction of iso-dimensional nanofillers, such as fumed silica nanoparticles, for the production of
PLA-nanocomposites.

Fumed silica (FS) nanoparticles are available in a wide range of specific surface area (ranging
from 50 to 400 m?-g-') and with a variety of surface treatments. Due to its morphological properties,
this nanofiller is able to self-aggregate when dispersed in polymer matrices, forming an
interconnected network of interacting particles. The role played by silica nanoparticles with different
thermoplastic matrices and the consequent thermo-mechanical behavior of nanocomposites
produced firstly by melt-compounding and then either by compression molding [23-30] or by fiber
spinning [31,32] was extensively investigated by our group in the last years. It was demonstrated
how nanosilica addition leads to a strong stiffening effect on the polymer matrices, without impairing
their failure properties, improving also the dimensional and thermal degradation stability.

For the production of PLA-silica nanocomposites, different approaches were studied for
improving the quality of dispersion and the resulting properties. In situ polymerization of lactide in
the presence of dispersed silica was studied by various authors, in order to optimize and control the
filler distribution in the resulting nanocomposites [33-35]. To overcome the problem of nanosilica
aggregation, various other methods were proposed to modify the silica particles with lactic acid
oligomers, with a surfactant, with silane-coupling agents or other compatibilizers. Yan et al. [36],
Zhang et al. [37], and Sepulveda et al. [38] reported interesting improvements in the physical
properties of PLA-silica nanocomposites after direct grafting of L-lactic acid oligomer onto the
surface silanol groups of the silica nanoparticles. Zhu et al. [39] melt mixed poly(lactic acid)-based
nanocomposites prepared by adding oleic acid-treated fumed silica nanoparticles. The flexibility of
the PLA matrix was improved through the addition of limited amounts (i.e., less than 1 wt%) of
organomodified nanoparticles. It is also interesting to note that many processing studies have been
dedicated to solution casting [36,40—44] and only few papers have dealt with direct melt-processing
of PLA-silica nanocomposites [45-49]. In addition, the biodegradation of PLA-fumed silica
nanocomposites has been studied by Fukushima et al. [40], and a certain protection action of silica
towards PLA degradation was observed. Enzymatic, in vitro, burial, and composting degradation
was properly considered for practical potential applications and waste management [41,49-52].
Different authors started to use hydrophilic fumed silica nanoparticles, having a surface area of about
200 m?>-g, as an additive in PLA compounds [37,41,45,51,53,54]. In a paper of Zhang et al., the
thermal properties of poly(lactic acid)-fumed silica nanocomposites were also investigated through
molecular dynamics (MD) simulations, and the increase of T; observed in nanofilled samples was
qualitatively consistent between the experimental result and the MD predictions [55]. In a previous
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work of our group, various kinds of fumed silica nanoparticles, differing for the surface area and the
presence of a surface functionalization, were melt-compounded with a poly(lactic acid)
biodegradable matrix to be utilized for industrial packaging applications, and the mechanical and
optical properties of the resulting materials were investigated [46]. Untreated nanoparticles at an
elevated surface area resulted as effective in increasing elastic modulus, because of the extended
filler-matrix interaction, while the finer dispersion of silica aggregates at the nanoscale obtained with
surface-treated nanoparticles led to noticeable improvements of the tensile properties at yield and at
break, both under quasi-static and impact conditions. In addition, the fracture toughness and the
creep stability were substantially enhanced by nanosilica addition, without impairing the original
optical transparency of the matrix.

In the above cited papers, it can be seen that the investigation of the thermo-mechanical
properties of PLA-silica nanocomposites has been substantially limited to differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), and monofrequency dynamical mechanical
thermal analysis (DMTA). In the authors” opinion, more sophisticated and detailed approaches (for
instance, multifrequency DMTA tests and the application of theoretical models) should be considered
to have a satisfactory comprehension of the correlation between the microstructural features and the
thermo-mechanical performances of these nanocomposites. Considering that surface-treated
nanoparticles showed the best balance between mechanical properties and optical transparency, in
the present paper, hydrophobic-fumed silica, namely Aerosil® r805, was added at different relative
concentrations to the same commercial PLA matrix. Rheological, thermal, and dynamical mechanical
properties of the resulting nanocomposites up to 24 vol% of fumed silica were systematically studied
and compared. The crystallization behavior of the resulting samples was modeled through the
Avrami model, while their dynamic behavior was interpreted through the application of Sumita and
Arrhenius equations. In this way, a comprehensive study on the effect played by nanosilica addition
of the thermal and viscoelastic properties of the prepared materials was provided.

2. Materials and Methods
2.1. Materials and Processing

2.1.1. Nanofiller and Polymer Matrix

Commercial fumed silica and polylactide were respectively selected as nanofiller and polymer
matrix. In particular, Aerosil® r805 silica nanoparticles, a hydrophobic-fumed silica type (density of
1.99 g-cm™ and a BET surface area of 150 + 25 m?.g™), obtained by treating natural fumed silica
nanoparticles with octylsilane (—CsHi7), was provided by Degussa (Hanau, Germany). Polylactide
(PLA) granules were supplied by NaturePlast (Caen, France) under the trade name of PLE 005
(enantiomeric purity of L-lactide of about 94 wt% and D-lactide of about 6 wt%), MFI =16 g'10 min-!
at 190 °C and 2.16 kg, intrinsic viscosity at 25 °C =1.35 g-dl!, density = 1.25 g'cm=. Both fumed silica
and PLA chips were utilized as received.

2.1.2. Preparation of the Samples

Surface-treated fumed silica nanoparticles and the matrix were melt-compounded at different
relative concentrations from 1 to 24 vol% in a Thermo Haake Rheomix® 600 internal mixer at 160 °C
for 10 min and 90 rpm. Selected compositions for melt flow analysis were preliminary grinded by
using an M20 Universal mill (IKA-Werke GmbH, Germany). Neat PLA and the compounded
materials were then hot pressed through a Carver® laboratory press at 160 °C for 5 min at 0.9 MPa,
and square sheets with a side of 200 mm and a thickness of 0.8 mm and 4.0 mm were prepared. The
unfilled matrix was denoted as PLA, while nanocomposites were denoted indicating the matrix, the
filler, and its amount. For instance, a sample filled with 8 vol% of Aerosil® r805 is indicated as PLA-
Ar805-8.
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2.2. Characterization Techniques

Field emission scanning electron microscopy (FESEM) observations were carried out on
cryofractured specimens by using a Zeiss Supra 40 microscope, operating at an acceleration voltage
of 10kV.

Melt flow index (MFI) measurements were performed in accordance with the ASTM D1238
standard by using a Dynisco 4003DE plastometer. PLA and compounded materials were tested at
three different temperatures (170, 190, 210 °C) under an applied load of 2.16 kg. At least 10
measurements were performed for each composition.

Thermogravimetric analyses (TGA) were carried out through a Mettler TG50 thermobalance
(Schwerzenbach, Switzerland) in a temperature interval from 30 to 700 at 10 °C-min™ under an air
flow of 100 mL-min. In this way, the temperatures associated with a mass loss of 5% (Ts%), the
decomposition temperature (Ta), taken as the temperature associated with the maximum mass loss
rate, and the relative mass residue at 700 °C (m7o) were determined.

Differential scanning calorimetry (DSC) tests were performed through a Mettler DSC30
calorimeter with a heating—cooling-heating cycle in the range 0-200 °C at +10 °C'min™! under a
nitrogen flow of 100 mL-min-. The glass transition temperature (Ts) was determined as the inflection
point of the thermograms, whereas the crystallinity content (W:) was computed from the melting
enthalpy (AHw) normalized to the standard enthalpy of the fully crystalline poly(L-lactic acid), i.e. P-
L-LA, (AHo), taken as 93.6 J-g™ [56], according to Equation (1):

m

We = oo =5 1)
where f is the weight percentage of the filler. Crystallization kinetics was investigated on neat PLA
and on PLA-1805-8 nanocomposite sample (i.e., the composition that showed the best balance of the
mechanical properties, as previously reported [46]), by using the same DSC equipment, 160 uL
crucibles, and a nitrogen flow of 100 mL-min. Isothermal DSC tests were performed at different
temperatures (80, 85, 90, 100, 110, 120, and 125 °C), and the evolution of the relative crystallinity (W)
with the testing time was analyzed through the Avrami approach [57-59]. This model considers the
evolution of the crystallization process of amorphous solids under isothermal conditions. Under the
hypothesis of homogeneous nucleation on the material, the evolution of the relative crystallinity with
the time We(t,T) can be expressed through a sigmoidal trend, as reported in Equation (2).

W@ T) _

T
where We is the maximum crystallinity degree, km) is the kinetic constant, and #n is the Avrami
coefficient. The kinetic constant depends on the temperature, while the Avrami coefficient depends
on the morphology of the crystallites during the isothermal process. In the literature, an n value
comprised between 1 and 5 is generally reported.

1— eCrmt™ )

Vicat softening temperature was determined in accordance with the ASTM D1525 standard
through an ATS-FAAR mod. MP/3 machine (Milan, Italy). Rectangular samples 10 long, 5 wide and
4 mm thick were tested, imposing a load of 10 N at 2 °C'min~" in the range 40-100 °C. The results
represent the average of three specimens.

Dynamic mechanical thermal analysis (DMTA) tests were carried out in tensile mode with a
MKII Polymer Laboratories (Loughborough, UK) analyzer, in the temperature range from 0 to 100 °C
at a heating rate of 3 °C'min, by imposing a pre-stress of 0.2 MPa and a sinusoidal displacement
with a peak-to-peak amplitude of 32 um and a frequency of 1 Hz. Rectangular specimens 0.8 mm
thick and 5 mm wide were tested, with a gage length of 17 mm. The trends of the storage modulus
(E"), of the loss modulus (E”), and of the loss tangent (tand) with the testing temperature were
determined. Moreover, the coefficient of linear expansion at temperatures below and above the glass
transition temperature (T;) was determined through the evaluation of the thermal strain data.
Moreover, multifrequency tests were conducted at 0.3, 1, 5, 10, 30 Hz in a temperature range from 0
to 80 °C at a heating rate of 0.5 °C-min-!, with dynamic displacement of 32 um and pre-stress of 0.2
MPa. According to a frequency-temperature superposition principle [60], storage modulus master
curves (E') at the reference temperature of 30 °C and correspondingly the shift factor values (logar) as
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a function of the temperature were determined. The Arrhenius approach was used to evaluate (i) the
activation energy of the shift factor below and above Tg, and (ii) the activation energy of the transition
from the damping peak (see details in Section 3.3.2).

3. Results and Discussion

Various compositions were characterized and compared in terms of processability and
morphological structure. The results of the thermal and viscoelastic characterization are reported and
discussed in the following sections.

3.1. Microstructural Analysis and Processability of the Materials

It is well known that the thermo-mechanical behavior of particulate nanocomposite is strongly
influenced by the aggregation state of the nanofiller within the polymer matrix. Therefore, a detailed
morphological analysis could give important information about the influence of the nanofiller
content on the silica dispersion behavior in PLA. In Figure 1, FESEM images of the fracture surface
of PLA-based nanocomposites are reported. PLA-Ar805-1 and PLA-Ar805-2 samples were
characterized by the presence of iso-dimensional-fumed silica aggregates having a mean dimension
of less than 100 nm. This confirms that a good silica dispersion was obtained during the melt
compounding process. As reported in our previous paper on the mechanical behavior of PLA
nanocomposites [46], the presence of the organosilane on the surface of the nanoparticles leads to the
formation of silica aggregates with lower size, and this microstructural feature positively affects the
fracture behavior of the material. This interpretation is supported by the conclusions reported in a
paper of Wichmann et al. [61], in which the influence of the surface treatment on mechanical behavior
of fumed silica/epoxy resin nanocomposites was investigated. Additionally, in that work, the
improvement of the dispersibility of functionalized silica nanoparticles was attributed to a
weakening of the inter-particle attractive forces due to the presence of a surface compatibilizer. As
the filler concentration increased, a higher surface corrugation and a marked aggregation tendency
could be detected. Such aggregates explain the detrimental effects on the tensile behavior of the
composites observed at elevated filler loadings in our previous paper on these systems [46].

Figure 1. FESEM images of the fracture surface of polylactic acid (PLA)-based nanocomposites with
1,2, 8, and 16 vol% of fumed silica.

An evaluation of the processability of the prepared samples is of fundamental importance from
a technological point of view. Therefore, melt flow index (MFI) tests were performed. In Table 1, melt
flow index (MFI) values of PLA-based nanocomposites at different temperatures, with an applied



Appl. Sci. 2020, 10, 6731 6 of 19

weight of 2.16 kg, are reported. It is interesting to note how the processability of the material was not
affected until there was a silica amount of 2 vol%, regardless of the testing temperature. MFI values
of the tested materials started to considerably decrease for silica contents higher than 4 vol%. For
instance, MFI values at 170 °C passed from 5.7 to 2.3 g/10 min with a filler concentration of 8 vol%.
As reported in rheological studies on PLA-grafted silica nanocomposites [37], the observed viscosity
increase could be attributed to the formation of physical crosslinking points and a percolative
network. In these conditions, the flow of the molten polymer was hindered by the silica network
within the material, with a consequent melt viscosity increase. On the other hand, the fluidity of the
material increased with the temperature, and the activation energy of the process, calculated
according to Arrhenius plot [62], showed only minor variation with the composition, ranging from
89 for the PLA matrix to 82-94 kJ/mol for fumed silica nanocomposites, as shown in Table 1. These
results were lower than those determined for PLA copolymer of a higher molecular weight (208
kJ/mol), as direct dependence on polymer chain length and mobility. From these findings, it is
possible to conclude that PLA-FS nanocomposites could be rather easily processed by properly
adjusting the temperature with the filler content. For instance, nanocomposite at 24 vol% exhibited
at 210 °C the same melt flow of PLA matrix at 170 °C.

Table 1. Melt flow index (at 2.16 kg) and activation energy of PLA-based nanocomposites at different
temperatures.

Temperature and Kinetics PLA PLA-Ar805-2 PLA-Ar805-4 PLA-Ar805-8 PLA-Ar805-24

170 °C 57+0.2 52+0.5 3.7+0.2 23+0.2 0.8+0.1
190 °C 164 +1.3 141+1.2 10.4+0.3 6.6 +0.6 22+05
210 °C 38.7+2.5 373+15 254+0.8 18.9+1.0 52+12
Activation energy ! (kJ/mol) 85.3 +2.9 82.4+4.6 84.8+1.5 948 +1.4 81.9+1.0

! Calculated from Arrhenius plot (see Supplementary Figure S1).
3.2. Thermal Properties

3.2.1. Thermogravimetric Analysis (TGA)

In addition, the thermal degradation behavior of the prepared materials could be of some
technological importance. In the present paper, thermogravimetric analysis was thus performed
under a nitrogen atmosphere on the prepared materials. In Figure 2, TGA thermograms of neat PLA
and relative nanocomposites are reported, while in Table 2 the most important results are
summarized. Nanosilica introduction determined a slight increase of the temperature associated with
a mass loss of 5% (Ts%), i.e., only 3 °C with a silica loading of 24 vol%.

1.0
0.8
B
E
o 0.6
E
o
E
£ 044
E PLA-Arg05-24
PLA-Ar805-16
0.2
PLA-Arg05-4 PLA-Ar805-8
PLA-Arg05-2
0.0 PLA
T T T T T
300 350 400 450 500 550 600
T(C)

Figure 2. Thermogravimetric analysis (TGA) thermograms of PLA and nanocomposites at various
nanosilica content (2-24 vol%).
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Interestingly, the decomposition temperature (Ta) was shifted towards higher temperatures,
even at elevated filler amounts. For instance, a Ta shift of 10 °C was registered with a silica amount
of 8 vol%. According to the conclusions reported in our previous paper on the thermal stability of
high-density polyethylene-fumed silica nanocomposites, the thermal degradation stabilization
observed for nanosilica filled samples could be explained in terms of their ablative behavior [29]. In
fact, during the thermal degradation of the specimen, silica aggregates tended to agglomerate on the
surface of the molten polymer, creating a physical barrier that protected the rest of the polymer and
hindered the volatilization of the oligomers generated during the combustion process. The ability to
form this protective shield depended on the capability of silica aggregates to form a continuous
barrier, as shown also by Chen et al. [44], in PLA nanocomposites up to 10% of silica. According to
the FESEM images reported in Figure 1, the relatively fine dispersion of silica aggregates at all the
considered concentrations permitted the creation of an efficient barrier even at limited filler contents.
Increasing the silica concentration, the mean distance between the aggregates was considerably
reduced, and the formation of a thicker and stronger protective shield was therefore favored.
Interestingly, the residue left after the combustion of neat PLA in the air was nearly zero, as all the
organic components decomposed into gaseous products, while the remaining mass at 700 °C (mo)
of the nanofilled samples corresponded to the actual nanosilica mass percentage (i.e., very close to
the theoretical one).

Table 2. Results of TGA analysis on PLA-based nanocomposites.

Sample Ts% Ta mzoo
(°C) (°C) (%)

PLA 350.0 384.0 0.1
PLA-Ar805-2 350.3 386.1 2.7
PLA-Ar805-4 351.0 393.2 5.5
PLA-Ar805-8 349.0 394.3 10.2
PLA-Ar805-16 352.3 395.3 21.3
PLA-Ar805-24 353.0 396.4 30.3

3.2.2. Calorimetric Characterization (DSC) and Kinetics Analysis of Crystallization

It has been widely demonstrated that the physical behavior of PLA is highly influenced by its
thermal properties. In particular, both the glass transition temperature and the crystallinity degree
profoundly affect the mechanical properties of the resulting materials [10,11]. In Figure 3a—c, DSC
thermograms (first, heating—cooling; second, heating) on neat PLA and relative nanocomposites
samples are reported, while in Table 3 the most significant results are summarized.

T 0.1 Wig
(=]
S PLA-Ar805-24
g o PLA-Ar805-16
= 5
g PLA-Ar805-16 2
z - PLA-AB05-6
Q
o PLA-ArG05-8 z | PLA-A805-4
= %
Q
g PLA-ArB05-4 & PLA-Ar805-2
[ . ©
PLA-A/805.2 g | A
0.1 Wig @
. . . exof
0 50 100 150 200 : : .
T (°C) (a) 0 50 100 150 200

T(°C)

(b)
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Figure 3. Differential scanning calorimetry (DSC) thermograms of neat PLA and relative
nanocomposites at different nanosilica contents (2-24 vol%). (a) First heating; (b) cooling step; (c)
second heating.

Table 3. Results of DSC analysis of neat PLA and relative nanocomposites at different nanosilica
contents (1-24 vol%).

Sample Te Tm1 Wa Tec Te2
(°Q) (°Q) (%) (@) (°O)

PLA 59.6 141.2 0.6 57.0 59.4
PLA-Ar805-1 59.7 140.8 1.2 53.7 60.0
PLA-Ar805-2 60.4 141.2 1.0 53.8 59.9
PLA-Ar805-4 58.8 140.5 1.2 51.5 59.7
PLA-Ar805-8 59.9 140.8 1.5 51.0 60.8
PLA-Ar805-16 58.9 139.9 1.2 54.4 60.0
PLA-Ar805-24 56.6 139.1 1.5 50.1 59.7

Tg1 = glass transition temperature (first heating stage). Tm1 = melting temperature (first heating stage).
Wa = crystallinity degree (first heating stage). Tgc = glass transition temperature (cooling stage). Tg2=
glass transition temperature (second heating stage).

The main signal of PLA was the Ty centered at around 60 °C, and only a small melting peak
could be detected at around 140 °C [9]. In the cooling step at =10 °C/min, it was interesting to note
the delay in T; signal of fumed silica filled nanocomposites, as a consequence of the reduced mobility
of polymer chain determined by the filler, and the total absence of any crystallization. In addition, in
the second heating scan, the signal associated with the melting peak was only partially detectable at
140 °C, and an average T of 59.9 + 0.4 °C for FS nanocomposites could be determined. In our previous
paper on cycloolefin copolymer (COC)-silica nanocomposites [28], a slight T, increase was observed
from DMTA analysis at elevated silica amounts. However, the observed T; enhancement in that work
was very limited (not more than 2 °C with a silica loading of 2 vol%). It is interesting to note how the
T; was not substantially affected by nanosilica introduction. Moreover, crystallizability, crystallinity
degree (Wc), and melting temperature (Tm) did not seem to be affected by nanosilica addition. At a
general level, it can be concluded that the thermal behavior of both neat PLA and of the relative
nanocomposites samples is typical of an amorphous material.

It is also important to consider that PLA-based materials are prone to long-time crystallization
under certain environmental conditions, and either crystallizability or an optimal crystallization
temperature of commercial PLA are crucial for the significant influence on the physical properties of
the resulting products [63]. Therefore, a detailed analysis on the crystallization kinetics on the
prepared samples could give interesting information about the role played by silica nanoparticles on
the crystallization capability of PLA. With this aim, isothermal DSC tests were performed at different
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temperatures. In Figure 4a-d, crystallization kinetics investigation of PLA and PLA-Ar805-8
nanocomposite samples are reported.

25 {100°C ""9019120 oo 85°C 110°C oeC
110°C B
N 125°C 20 120 °C
20 4
90 °C
80°C ~ 15
z 15 = 85°C
-~ Q
O
3 3 104
104
5 5|
0 T T T T 0 T T T
o 2000 4000 6000 8000 10000 0 1000 2000 3000 4000
t(s) t(s)
(a) (b)
4.5
6.0x10™ Pz L
il .M 4. [ = S | A
/ ) 40P e g
/ R
/ 3.5 5
4.0x10% 4 7 N
& ;JJ ‘% ) &
"o / "‘\ = 3.0 o
2 /
X
20010* & Y 257
--0-- PLA 201 --o-- PLA
--2-- PLA-Ar805-8 -7~ PLA-Ar805-8
0.0 T T T T 1.5 T T T T
80 90 100 110 120 80 90 100 110 120
T({°C) T(°C)
(c) (d)

Figure 4. Crystallization kinetics of PLA and PLA-Ar805-8 nanocomposite samples. (a) Relative
crystallinity at different temperatures of PLA; (b) relative crystallinity at different temperatures of
PLA-Ar805-8; (c) k-coefficient; and (d) n-coefficient of the Avrami equation.

The PLA-Ar805-8 composition was selected because it represents the best compromise between
processability of PLA nanocomposite systems and their mechanical properties (stiffness, toughness,
and creep stability), as reported in our previous paper [46]. In Figure 4a,b, relative crystallinity values
as a function of the testing time in a temperature interval between 80 and 125 °C are reported, while
in Figure 4¢,d the trends of the k and n coefficients of the Avrami model (see Equation (2)) at different
temperatures are shown. Considering DSC thermograms reported in Figure 4a, it is interesting to
note how, in the testing time of 10,000 s, the neat PLA sample was able to reach a plateau W: value of
about 25% for temperatures higher than 85 °C. The fastest crystallization rate can be detected for a
temperature of 100 °C, while a further temperature increase determines a slowing of the
crystallization process. This behavior can be explained considering that crystallization dynamics in
semicrystalline polymers are governed by a balance between crystal nucleation and growth
processes. At low temperatures, crystal nucleation is favored, but their growth is hindered by the
limited molecular mobility. At higher temperatures, the opposite trend can be detected. From the
thermograms of the PLA-Ar805-8 nanocomposite sample (Figure 4b), it is possible to notice that the
plateau W value (i.e,, 25%) could be reached at a temperature of 100 °C, and the maximum
crystallization rate could be registered at 110 °C. Analyzing the trends of the kinetic constant of the
Avrami equation (k), reported in Figure 4c, it is possible to notice that nanocomposite sample
followed substantially the same behavior of the neat matrix, with a theoretical maximum
crystallization rate located at about 105 °C. From the trends of the # coefficient, reported in Figure 4d,
it is possible to conclude that for neat PLA, n assumed a value of 3.2 in correspondence with high
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crystallization rate temperatures (around 100 °C), while at 85 and 120 °C 1 was about 4.0. This trend
could be tentatively explained considering that at lower crystallization rates a better crystallite order
could be achieved, and n assumed thus a higher value. For the nanocomposite sample, the n
coefficient seemed to be practically unaffected by the testing temperature and assumed a fairly
constant value near to 4.0. In literature, it is generally reported that n values for PLLA between 2 and
3.5 could be associated with the formation of crystals with spherulitic morphology [64-66]. Therefore,
it can be concluded that the presence of the nanosilica did not substantially affect the crystallization
kinetics of the materials, nor the morphology of the crystals. The poor influence of fumed silica
nanoparticles on the crystallization properties of polymer matrices was already detected in our
previous paper on polyolefin-fumed silica nanocomposites [25]. In those papers, this behavior was
explained considering that the amorphous nature of silica nanoparticles did not promote the
nucleation of crystals around the nanofiller surface, as previously observed for PLA at high
enantiomeric purity [67].

3.3. Dynamical Mechanical Analysis

3.3.1. Monofrequency DMTA Analysis and Vicat Grade

The dimensional stability and the dependency of the viscoelastic properties from the
temperature is a key parameter in the design of engineering plastics for packaging applications.
Therefore, DMTA analysis was carried out on PLA and the relative nanocomposites. In Figure 5a—-d
the trends of the dynamic moduli (E’, E”), of the loss tangent (tand), and of the thermal expansion
coefficient (CTE) from DMTA tests performed at 1 Hz are reported. The most important results from
DMTA analysis (E” at different temperatures, T; and thermal strain at 65 °C) are summarized in Table
4.
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Figure 5. DMTA tests (heating rate 10 °C/min; 1 Hz) of PLA and relative nanocomposites at 2, 4, 8,
and 24 vol% of FS. (a) Storage modulus, (b) loss factor (tand), (c) thermal strain, and (d) coefficient of
thermal expansion (CTE) below and above Tg.
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Table 4. Results of DMTA analysis and Vicat softening temperature (VST) of PLA and relative fumed
silica nanocomposites.

Tané Peak Thermal Strain

Sample ~ torage Modulus E'(MPa) 'E” Peak .\ pyiopiwidath  ates oc VST

at 25 °C/40 °C/60 °C °C) C/—°C) %) (°C)
PLA 2180/2100/11.1 55.6 56.6/2.99/6.2 11.2 62.6 +0.2
PLA-Ar805-2 2220/2120/41.3 56.8 60.6/2.61 /6.2 6.1 62.8+0.4
PLA-Ar805-4 2410/2280/28.9 55.8 59.4/2.31/6.9 35 63.1+0.3
PLA-Ar805-8 2580/2440/63.2 56.1 60.2/1.96/7.4 2.6 63.9 +0.6
PLA-Ar805-24 2710/2520/170 56.3 61.1/1.12/10.1 1.2 70.6 +0.2

! T determined at max of the damping peak; 2 width determined at half of the damping peak.

It is worth noting that nanosilica introduction determined an important increase of E’ with
respect to the neat PLA. For instance, the E" at 25 °C passed from 2180 MPa for the unfilled PLA to
2710 MPa (+24%) with a filler amount of 24 vol%. A similar stiffness increase was detected under
quasi-static conditions in our previous paper on these systems [46]. As often happens with filled
amorphous polymers, the stiffening effect above the Ty was even more pronounced, as previously
observed in PLA/hydroxyapatite composites [21]. The relative E” increase experienced at 60 °C for
the 24 vol% filled samples was 1500%. This is due to the fact that the stiffening effect provided by
silica nanoparticle was more evident when the difference between the elastic modulus of the filler
and that of the matrix increased. The stabilizing effect due to nanosilica introduction could also be
detected in the systematic lowering and shifting of damping peak (see Figure 5b and Table 4),
reducing consequently the dissipation energy in the glass transition zone. In the present case, the E’
increase at 60 °C evidenced for nanofilled samples was partly related to the T; shift due to silica
introduction. In fact, a Ty increase of about 4 °C could be registered for all silica nanocomposite
samples (see Figure 5b and Table 4). The T, shift was also confirmed by the damping curves, as
depicted in Figure 5c. The glass transition temperature increase observed in DMTA tests was in
contrast with the conclusion reported in DSC tests (see Table 3). This discrepancy could be attributed
to the different testing configuration of the two techniques, and to the different thermal processes to
which the samples were subjected in these tests. A slight increase of the Ts due to nanosilica addition
was also reported in other papers of our group on other amorphous systems [28]. In these works, the
increase in the material stiffness and of T, found for nanocomposites was generally attributed to the
reduction of chain mobility due to physical filler/matrix interactions. The stiffening effect and the
reduction of polymer chain mobility in the Tg zone due to nanofiller introduction were also confirmed
by the trends of the width of the loss tangent curves, as reported in Table 4. The positive contribution
played by silica nanoparticles on the stability of the prepared nanocomposites was also reflected in
the progressive reduction of thermal strain (Figure 5c) and the consequent strong reduction of the
thermal coefficient expansion (CTE) over the whole range of considered temperatures, as shown in
Figure 5d. In particular, below Tg, nanosilica introduction at a concentration of 24 vol% determined
a reduction of the CTE from 1.83 x 10 to 0.94 x 104 K-, i.e., more than 40%. It should be noted that the
observed reduction was even more effective for lower filler contents (i.e., 2-8 vol%), because of the
better nanofiller dispersion. Moreover, the effect was also evident above the glass transition
temperature, where an almost linear decrease of CTE was observed, from 35.5 x 10 of PLA to 16.8 x
10¢ K1 of PLA-Ar805-24 sample.

The loss modulus peak (alpha transition) could also be properly used for the evaluation of the
interphase in composite as a function of filler fraction ¢ according to the expression of the Sumita
model, reported in Equation (3) [68]:

E'pLAFS _ -7 _ .y

- =A=¢)" =148 3)
E'pLa

where ¢. is the effective particle volume fraction, B parameter is the effective volume per single

particle, and E”prars and E”ria represent the maximum values of the loss modulus peak of the

composites and the neat matrix, respectively. The results are shown in Figure 6. The effective particle
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volume fraction ¢. generally increased with the filler content, evidencing a relative minimum at 4
vol%. On the other hand, the large initial decrease of the B parameter suggested that the extent of the
particle agglomeration increased, as previously determined also in nanocomposite polyolefin fibers
with hydrotalcite [69] or fumed silica [32]. However, above 4 vol% the B parameter exhibited an
almost constant value until 24 vol% of fumed silica, suggesting a relatively minimum level of
aggregation in the tested composition range, in agreement with the results of morphological analysis
(see Figure 1).
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Figure 6. Effective particle volume fraction (¢, ®), and effective volume per single particle (B) as a
function of fumed silica volume fraction (¢, ), according to the Sumita model [68].

Correspondingly, Vicat tests also confirmed the positive effect played by nanosilica on the
stability of the prepared materials. In Figure 7, Vicat penetration curves of PLA and relative
nanocomposites are reported, while in Table 4 the numeric results are summarized. It is evident that
nanosilica addition promoted an evident decrease of the slope of the penetration curves above the
glass transition temperature. Therefore, a Vicat grade of PLA-Ar805-24 sample was 8 °C higher than
that of the neat PLA. These results are of relevant importance in the design of PLA-based components
for packaging applications.

104 -—e-PLA

& PLA-Ar805-2
v PLA-Ar805-4
A PLA-Ar805-8
4~ PLA-Ar805-16
,,,,, - PLA-Ar805-24

0.8

penetration (mm)
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Figure 7. Tip penetration in Vicat tests (heating rate 2 °C/min, load 10 N) on PLA and relative
nanocomposites.
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3.3.2. Multifrequency DMTA Analysis

In order to further investigate the viscoelastic properties of the prepared materials,
multifrequency DMTA tests were also carried out. In Figure 8a,b, the storage modulus curves at
different frequencies of PLA and PLA-Ar805-8 samples are respectively reported. As expected, the
higher the frequency, the higher the storage modulus, and the higher the temperature of damping
peak (not shown for brevity), in agreement with previous results obtained on PLLA and
PLLA/hydroxyapatite composites [21]. Moreover, the higher the filler content, the higher the storage
modulus in the entire range of tested frequencies (0.3-30 Hz).

3000 3000
) c%@
2000 e 2000
= Y 7
o Fho o
3 %o £
W k00 i
1000 { © 03Hz B 1000 1
o 1Hz oo
o 5Hz o, IATQO
v 10Hz F %
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0 : : ooy 0
30 40 50 60 70 30
T(°C)
(@) (b)

Figure 8. Storage modulus in multifrequency DMTA analysis of (a) PLA and (b) PLA-Ar805-8
nanocomposite at various frequencies in the range 0.3-30 Hz (heating rate of 0.5 °C/min).

Moreover, through the application of the frequency-temperature superposition principle,
master curves of storage modulus were built, selecting a reference temperature of 30 °C, in a large
frequency interval (about 10-2°-10% Hz), as shown in Figure 9a. Once again, it is evident that fumed
silica addition determined a systematic increase of E’ over the whole range of the testing frequencies,
especially at elevated filler amounts. From the analysis of the trends of the shift factor (logiar) with
the temperature reported in Figure 9b, some differences between neat PLA and 2-8 vol% nanofilled
samples could be observed, either below or above the T; zone (about 50-60 °C). On the other hand,
shift factor of 24 vol% nanocomposite results were very similar to that of PLA. Those comparisons
appear much more evident considering the activation energy of shift factor AEs determined
considering an Arrhenius-type dependence, as reported in Equation (4):

z logk — )
ogar = Lo -

gar 9 RT

where K is the pre-exponential factor, R = 8.314 J/molK, and T the absolute temperature. The slope of
the best fit line below (0-40 °C) and above T (55-70 °C) were considered. The results reported in
Figure 9c evidence for composition of 4 vol% a relative maximum of 693 kJ/mol at a low temperature,
and a AEy value of 476 kJ/mol at a high temperature. These findings seem to be related to the good
dispersion of filler, which progressively decreases with silica content, and consequently affects the
polymer mobility in both glassy and rubbery states.
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Figure 9. Multifrequency DMTA analysis on PLA and relative nanocomposites. (a) Master curves of
storage modulus, (b) shift factor as a function of the temperature (at To =30 °C), (c) activation energy

of shift factor below and above T; as a function of the filler content, calculated from Equation (4).
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From multifrequency analysis, the dependence of T; on frequency F could be also considered.
The correspondent Equation (5) was utilized for the determination of activation energy at Ty (AETs),
as an indicator of the chain mobility in the transition from the glassy to the rubbery phase.

AEr,

logF = logF, — RT
g

()

where Fo is the pre-exponential factor, R = 8.314 J/molK, and T; is the temperature of the damping
peak at the selected frequency F. The results of best fit line are reported in Table 5, and show a higher
activation energy for PLA (623 kJ/mol) with respect to FS nanocomposites, in analogy with the
previous findings for PLLA and hydroxyapatite filled composites up to a concentration of 50 wt%
[21]. It is also worth noting that AEts of PLA corresponds to AEs (621 kJ/mol) at high temperature,
whereas the values of nanocomposites result in between the correspondent AEs values shown in
Figure 9c

The dynamic fragility of PLA and relative fumed silica nanocomposites could be estimated
following the thermal methods proposed by Papageorgiou et al. for PLA and nanocomposites at 2.5
wt% of silica, montmorillonite, and multiwalled carbon nanotubes [53]. The fragility parameter m
and the strength parameter (D) can be defined as reported in Equations (6) and (7), respectively:

_ ABg,
™= n10)RT, ©)

D (In10)m?,,

m — Mpin

)

where AEt; is the activation energy at Ty, R = 8.314 J/mol K, and mmin= 16 is the reference according to
Crowley and Zografi [70]. The higher the m parameter, the higher the fragility, and the higher the D
parameter, the higher the strength. In the present calculation, experimental data from DMTA analysis
were used, such as the activation energy determined from multifrequency analysis (see Table 5) and
Tg as the maximum of damping peak at 1 Hz, as reported in Table 4.

Table 5. Activation energy at Ty (AEtg) and fragility parameters of PLA and relative nanocomposites.

AETg
Sample (J/mol K)) m! D1
PLA 623 £22 99.0 7.1
PLA-Ar805-2 517 £ 12 81.0 9.1
PLA-Ar805-4 547 + 52 86.0 8.4
PLA-Ar805-8 554 +7 86.8 8.3
PLA-Ar805-24 576 +19 90.1 8.0

1 Fragility parameters (m) and strength parameter (D) are determined from Equations (6) and (7).

The results evidenced a strength parameter D lower than 10 as an indicator of relative fragility,
in accordance with the conclusions reported in the paper of Pa et al.,, where they found that the
addition of 2.5 wt% of different nanofillers (hydrophilic fumed silica, montmorillonite, or carbon
nanotubes) determined an increase of the dynamic fragility at Ts. On the contrary, in the present
work, the addition of a hydrophobic fumed silica (i.e., Ar805) determined a reduction of the fragility
parameter m in the range of about 9-18%, and a correspondent D increase of 12-28%, more
pronounced for a filler concentration of 2—4 vol%.

4. Conclusions

Surface-treated fumed silica nanoparticles were melt-compounded at different amounts with a
PLA matrix specifically designed for packaging applications. Thermo-mechanical behavior of the
resulting materials was compared, in order to evaluate the effectiveness of the selected nanofiller in
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improving the mechanical stability of the prepared composites. The good nanofiller dispersion
detected in FESEM micrographs was responsible for a slight increase of the thermal degradation
resistance of the material, especially at an elevated silica amount. DSC tests revealed how the
crystallization behavior of the sample was not significantly affected by the nanofiller addition.
Interestingly, nanosilica introduction determined an important improvement of the E’, especially
above the glass transition temperature, and the Vicat grade could also be improved at elevated filler
amounts. The stabilizing effect due to silica introduction was confirmed by DMTA tests performed
at different frequencies, and master curves were properly obtained. The Sumita model was successful
applied for the evaluation of the nanoparticles” dispersion. These results confirmed the potential of
hydrophobic silica nanoparticles with a proper functionalization in the design of biodegradable
materials for packaging applications, with improved dimensional stability at elevated service
temperatures.

Supplementary Materials: The following data are available online at www.mdpi.com/2076-3417/10/19/6731/s1,
Figure S1: Melt flow index of PLA and fumed silica nanocomposites at 170-190-210 °C.
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