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ABSTRACT: Poly(t-lactide) (PLA)/silica (SiO,) nano-
composites containing 1, 3, 5, 7, and 10 wt % SiO, nano-
particles were prepared by melt compounding in a Haake
mixer. The phase morphology, thermomechanical proper-
ties, and optical transparency were investigated and com-
pared to those of neat PLA. Scanning electron microscopy
results show that the SiO, nanoparticles were uniformly
distributed in the PLA matrix for filler contents below 5
wt %, whereas some aggregates were detected with fur-
ther increasing filler concentration. Differential scanning
calorimetry analysis revealed that the addition of SiO,
nanoparticles not only remarkably accelerated the crystalli-
zation speed but also largely improved the crystallinity of
PLA. An initial increase followed by a decrease with
higher filler loadings for the storage modulus and glass-
transition temperature were observed according to

dynamic mechanical analysis results. Hydrogen bonding
interaction involving C=0 of PLA with Si—OH of SiO,
was evidenced by Fourier transform infrared analysis for
the first time. From the mechanical tests, we found that
the tensile strength and modulus values of the nanocom-
posites were greatly enhanced by the incorporation of
inorganic SiO, nanoparticles, and the elongation at break
and impact strength were slightly improved. The optical
transparency of the nanocomposites was excellent, and it
seemed independent of the SiO, concentration; this was
mainly attributed to the closed refractive indices between
the PLA matrix and nanofillers. © 2009 Wiley Periodicals, Inc.
J Appl Polym Sci 114: 3379-3388, 2009
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INTRODUCTION

With increasing environmental awareness around the
world, the research and development of biodegradable
polymers has attracted more and more attention.'”
Poly(r-lactide) (PLA), a typical linear aliphatic thermo-
plastic polyester, has been viewed as the most popular
commercial biodegradable material because it is biode-
gradable, compostable, and nontoxic to the human
body and to the environment; moreover, it can be pro-
duced from renewable plant resources (mainly starch
and sugar).*® This polymer possesses reasonably good
mechanical and optical properties, thermal plasticity,
and processability, so it has tremendous market poten-
tial for packaging materials, fibers, agricultural films,
and biomaterials.”® However, some of its physical
properties, such as its toughness, dimensional stability,
melt viscosity, crystallization rate, and gas barrier
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properties, are still not satisfactory for processing and
application. Consequently, there is a sustained interest
in overcoming these disadvantages without a drastic
loss in its general performance to meet various end-
use applications.

Over the last few years, a new class of mineral-
reinforced thermoplastics known as nanocomposites
has attracted increasing interest for researchers in
the field of polymer and materials science from both
academia and industry.”" Fillers as dispersed
phases in nanocomposites are nanometer sized, pref-
erably with at least one of its dimensions on the
order of a few nanometers (1-100 nm). Because of
the small particle size and extremely high surface
area, the incorporation of nanoparticles into a poly-
mer creates a great amount of interphase and
changes the intermolecular interaction of the matrix.
As a result, dramatic improvements in the physical
and mechanical properties, including stiffness and
toughness, thermal stability, gas barrier properties,
and electrical and thermal conductivity, can be
achieved by the incorporation of a few weight per-
centages of particulate fillers into polymer matrices.

On the basis of these advantages of nanocompo-
sites, many excellent studies have been reported on
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the preparation and properties of PLA nanocompo-
sites. PLA/layered silicate nanocomposites have
been extensively studied, including some reviews.'?”
* PLA nanocomposites incorporating hydroxyapa-
tite, carbon nanotubes, calcium carbonate, and
titanium dioxide have also been reported.">® The
crystallinity, thermal stability and mechanical, gas-
barrier, degradation, and flame-retardant properties
of PLA have been greatly improved. Unfortunately,
some original properties, such as optical transpar-
ency, were lost in these prepared nanocomposites.

Fumed silica (SiO,) has also been widely used as a
nanofiller the preparation of polymer/SiO, nano-
composites.'” ! It possesses advantages of a light
mass, low price, rich resource, high strength and
modulus, and good thermal stability; more impor-
tantly, it has almost the same refractive index as
PLA, so it is believed that the outstanding properties
are obtained by the preparation of PLA/SiO, nano-
composites. To this point, few studies on PLA/SiO,
nanocomposites have been reported. Yan et al.** pre-
pared PLA/SiO, nanocomposites via two steps: the
grafting of L-lactic acid oligomer onto the surface of
SiO; followed melt blending with PLA. The resulting
nanocomposites had improved mechanical proper-
ties. Subsequently, the same research group,™ in
another study, successfully synthesized plasticized
PLA /SiO; nanocomposite materials by a sol-gel pro-
cess. Recently, Wu et al** prepared PLA/SiO,
nanocomposites (PLASNs) by the in situ melt poly-
condensation of 1-lactic acid in the presence of acidic
SiO, sol and improved the dispersion of SiO,
nanoparticles in the final nanocomposites. These
methods were positive in improving the perform-
ance of PLA, but they often resulted in extra cost
and the use of a toxic organic solvent, which is
undesired with regard to environmental concerns.

When one considers the processing technology
and cost for preparing PLASNs, direct melt com-
pounding based on commercial raw materials is a
more applicable and economical compared with so-
lution blending, sol-gel processes, and so on. To the
best of our knowledge, no detailed investigation on
PLASNs has been reported hitherto by this conven-
ient method. In this study, PLASNs were prepared
by melt compounding in a Haake (Karlsruhe, Ger-
many) mixer. The interaction between PLA and SiO,
was studied by Fourier transform infrared (FTIR)
spectroscopy. The effects of SiO, loading on the
phase morphology, microstructure, and thermal and
mechanical properties of the nanocomposites were
studied through scanning electron microscopy
(SEM), differential scanning calorimetry (DSC),
dynamic mechanical analysis (DMA), and mechani-
cal tests. In addition, the dependence of the optical
transparency on the SiO, content for the nanocom-
posites was also investigated.
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EXPERIMENTAL
Materials

The PLA (4032D) used in this study was a commer-
cial product of Natureworks Co., Ltd. (USA), and
had a high optical purity of about 98% L-lactide con-
tent. It exhibited a density of 1.24 g/ cm®, a weight-
average molecular weight of 250 kDa, a polydisper-
sity of 1.70 (gel permeation chromatography analy-
sis), and a glass-transition temperature (T,) and
melting temperature (T,,) of 60.48 and 166.40°C
(DSC analysis), respectively.

The nanosilica (Aerosil 200) was supplied by
Degussa AG (Hanau, Germany). It was hydrophilic
pyrogenic SiO, with a specific surface area of
200 m?/ g (>99.8% SiO,). The SiO, nanoparticles
were aggregates and had an average primary parti-
cle size of 12 nm.

Preparation of the nanocomposites

PLA was mechanically mixed with nanosilica from 1
to 10 wt %. Before blending, PLA and nanosilica
were dried in vacuo at 90 and 110°C for 24 h, respec-
tively. Melt blends were prepared with a Haake
batch intensive mixer (Haake Rheomix 600) with a
batch volume of 50 mL. The components were
mixed at a screw speed of 60 rpm for 5 min at
175°C. The torque was continuously monitored dur-
ing the whole mixing process. Also, the neat PLA
was subjected to the mixing treatment to create the
same thermal history as that of the blends. After
mixing, all of the compounds were cut into small
pieces. Then, all of samples were compression-
molded into sheets with thicknesses of 1.0 and
4.0 mm at 180°C for various tests. For convenience,
the PLASNs are denoted as PLASNx in the follow-
ing discussion, where x represents the weight
percentage of SiO, nanoparticles.

Characterization

The morphologies of the fracture surfaces of the neat
PLA and PLASNs were examined with an XL30
environmental scanning electron microscope with a
field-emission gun (FEI Co., Eindhoven, The Nether-
lands). The samples were frozen well in liquid nitro-
gen and quickly broken off to obtain a random brit-
tle-fractured surface. A layer of gold was sputter-
coated uniformly over all of the fractured surfaces
before SEM observations.

The thermal parameters of the PLA and PLASNs
were measured by a DSC-7 (PerkinElmer, Waltham,
MA) under a nitrogen flow. All samples were heated
from 30 to 200°C at a heating rate of 50°C/min and
kept isothermal for 3 min to erase the previous ther-
mal history. Then, they were cooled to 0°C at 50°C/



POLY(L.-LACTIDE) /SILICA NANOCOMPOSITES

min, and subsequently, the second scan as result
curves was performed between 0 and 200°C at a
heating rate of 10°C/min. The T, originated from
the midpoint of the transition. Both the cold crystal-
lization temperature (T..) and T,, were determined
from the peak temperature.

DMA was carried out with a Diamond DMA
dynamic mechanical analyzer (PerkinElmer, Ameri-
can) in the tensile mode. The samples (20 x 6 x 1
mm®) were measured over a wide temperature range
of —30 to 140°C at a heating rate of 3°C/min and at
a frequency of 1 Hz. The viscoelastic properties, such
as the storage modulus (E’) and mechanical loss factor
(tan 6 = E"/E', where E” is the loss modulus), were
recorded as a function of the temperature.

Infrared (IR) spectroscopy measurements were
recorded with a Bruker (Ettlingen, Germany) Vertex
70 FTIR spectrophotometer, and 64 scans were col-
lected with a spectral resolution of 1 cm ™. The tetra-
hydrofuran solution (1 mg/mL) containing the blend
samples were cast onto a conventional KBr disk,
allowed to evaporate at room temperature, and vac-
uum-dried at 50°C for 24 h. Subsequently, all KBr
disks containing samples were kept isothermal in
vacuo at 200°C for 5 min to erase the previous history,
then quickly taken out, and quenched to room temper-
ature for FTIR measurement. The SiO, particles were
mixed with KBr grains at a weight ratio of 0.5-1% and
then compressed into a thin disk for the testing.

Uniaxial tensile tests were performed with an Ins-
tron 1121 testm% machine (Canton, MA). Specimens
(20 x 4 x 1 mm”) were cut from the previously com-
pression-molded sheet into a dumbbell shape. The
measurements were conducted at a crosshead speed
of 5 mm/min at room temperature. The V-notched
specimens (55 x 6 x 4 mm’) were tested to measure
the impact strength according to GB1843-93 proce-
dures with an impact testing machine (CEAST,
Chengde, China). All tests were carried out at room
temperature and 50% relative humidity. At least five
runs for each sample were measured, and the results
were averaged.

The light transmittance and haze values of the
pure PLA and PLASN sheets were measured with a
photoelectric haze instrument (WGW, Suzgou,
China) at room temperature. The sheets were pre-
pared by melting and then quick quenching with a
thickness of 1.00 = 0.02 mm.

RESULTS AND DISCUSSION
Structure and morphology

It is well known that the properties of nanocompo-
sites are highly dependent on the filler dispersion
and adhesion with the polymer matrix. Figure 1(a)
shows the SEM image of the pure PLA fracture sur-
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Figure 1 SEM micrographs of the fractured surfaces of
the PLA and PLASNSs: (a) pure PLA, (b) PLASNI, (c)
PLASNS, (d) PLASNS, (e) PLASNY?, and (f) PLASN10.

face, which was smooth and featureless. As for the
PLASNSs, the SiO, particles were detected as white
dots. They were spherical in shape, and the diameter
was dependent on the amount of SiO,. When the
SiO, content was less than 5 wt % [Fig. 1(b—d)], the
nanoparticles were uniformly distributed in the PLA
matrix. They exhibited many monodisperse particles
and only a few aggregates integrated with three to
five particles. The aggregates did not exceed 100 nm
in diameter. However, larger aggregates were found,
and the size of aggregates increased substantially in
these micrographs with higher SiO, loadings [Fig.
1(e,f)]. At the highest SiO, content (10 wt %), particle
sizes ranging from 120 to 750 nm were detected.
These results are in good agreement with the find-
ings of Wu et al.* and Bikiaris et al.,** who reported
that increasing the content of SiO, led to large aggre-
gates. It was hard to break aggregates as completely
single particles during compounding when the
nanoparticle content was too high because a strong
interaction still existed among the nanoparticles.

Thermal and crystallization behavior

The physical properties of the nanocomposites could
be significantly affected by the crystallization charac-
teristics of PLA. Figure 2 shows the second heating
scans of the DSC thermograms of the neat PLA and
PLASNs with various filler loadings, and Table I
summarizes the results obtained from this heating
run for all of the samples. The measurements were

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Second-heating DSC curves of the PLA and
PLASNSs at a heating rate of 10°C/min.

performed immediately after the melt-quenching
scans, so the samples had the same thermal history
without an aging cycle. The curves revealed the fol-
lowing thermal events with increasing temperature:
the glass-rubber transition (characterized by T,),
cold crystallization process [characterized by T.. and
the cold crystallization enthalpy (AH.)], and the
melting process with two components (characterized
by T,n, AH,1, Tyo, and AH,,, where AH,, is the
melting enthalpy). Comparing the thermograms and
calorimetric parameters collected in Table I, one can
see that with a filling of SiO,, T, was almost
unchanged; only small differences existed within
1°C. It seemed that the chain segment mobility of
the PLA phase was not influenced by the introduc-
tion of SiO, nanoparticles. With regard to the limita-
tions of the DSC technique, more discussions on this
topic are presented with the DMA results.

As shown in Figure 2, neat PLA represented a
tiny broad exothermic peak at 133°C, which indi-
cated a rather low cold crystallization capability.
However, in the case of PLASNSs, this peak was
sharper and appeared at much lower temperature,
and the crystallization enthalpies increased corre-
spondingly (Table I). These results suggested that
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the incorporation of SiO, enhanced the cold crystal-
line ability of PLA. The significant decrease in T,
was ascribed to a nucleating effect of the filler,
which accelerated the crystallization speed of PLA.
The concentration dependence of the nucleating
effect was also observed in similar compositions of
PLA/clay nanocomposites.”’ By careful analysis, it
was easy to detect that T, decreased to the lowest
107.80°C with 3 wt % loadings. When the content of
SiO, continued to increase, T.. followed and shifted
to the higher temperature. This result can be
explained by the agglomeration of the nanoparticles.
More nanoparticles were added, and more aggre-
gates were formed. In general, larger aggregates con-
tributed to the crystallization of PLA. This signifi-
cantly conformed by the gradually decrease of AH,.
that corresponded to the increase in filler content. In
other words, when these nanoparticles were well
dispersed in the PLA matrix, the number of them
was very large, even at a filler content of 1 wt %,
which was enough to form the nucleating sites and
promote the growth of PLA crystals.

In parallel with the shift in T, the T,, of PLA
component also gradually shifted down with
increasing SiO, content. Interestingly, the melting
peak had a transition from a single peak to two sep-
arate peaks. A similar phenomenon with the
bimodal melting peaks was also reported for other
PLA blends.?® It was induced during the slow DSC
scans when the less perfect crystals had enough time
to melt and reorganize into crystals with higher
structural perfection and remelt at higher tempera-
ture. By considering the theoretical enthalpy of com-
pletely crystalline PLA (AH,,*) as 93.1 J/g,> we esti-
mated the value of crystalline degree (y.) of PLA in
different systems. y. of the composites was based on
the following equation:

AH,,
=——x1
=g, <

where ¢ is the weight fraction of the filler in the
nanocomposite and AH,, is the melting enthalpy
(J/g) that was calculated from the fusion peak in

TABLE 1
Thermal and Crystalline Properties of the PLA and PLASNs
Crystallinity
Sample Tg (OC) TCC (OC) Tml (OC) TmZ (OC) AHCC (]/g) AHm (]/g) (0/0)
PLA 60.48 133.30 166.40 21.27 23.98 25.76
PLASN1 60.71 110.46 162.50 168.61 34.32 37.21 40.37
PLASN3 61.10 107.87 162.60 168.70 32.42 34.57 38.28
PLASN5 61.22 110.26 163.40 169.05 32.25 32.16 36.36
PLASN7 60.68 111.72 164.12 168.38 30.99 29.20 33.72
PLASN10  60.56 112.88 163.44 166.91 28.64 27.41 32.71

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 Effect of the SiO, concentration on the storage
modulus (G') of the PLASNSs: (a) —40 to 140°C and (b) —40
to 50°C.

DSC curve. According to the data listed in Table I,
the y. values of all of the nanocomposites were
greatly increased compared to that of neat PLA. In
the meantime, y. gradually decreased with increas-
ing content of SiO,. This phenomenon has been
reported in many other articles.’>*" Generally, with
the addition of lower contents of nanoparticles, the
polymer in the nanocomposite, especially PLA,
formed crystals much more easily because of the
nucleation effect of the nanoparticles. However,
when it achieved a certain content, the appearance
of some aggregates restricted the crystallization
behavior of PLA.

DMA

DMA was used to evaluate the effect of the SiO,
nanoparticles on the thermomechanical properties of
the PLA matrix because of its sensitivity to the relax-
ation behavior of the materials examined. The
mechanical relaxation data of the composites with
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Figure 4 Effect of the SiO, concentration on the tan & of
the PLASNSs.

different contents of SiO, are depicted later in
Figures 4 and 5 in the form of E' and tan 9,
respectively.

Figure 3(a) shows the variations of E’ as a function
of temperature for the PLA and PLASNSs. For all of
the samples, the following characteristic E' changes
with increasing temperature were observed: a grad-
ual decrease in the region of —40 to 50°C, a rapid
drop below 55-70°C due to the glass—rubber transi-
tion (Ty), an increase in the cold crystallization range
(ca. 110°C) due to reinforcement by the crystallites
being formed, and then, a decrease as a result of the
premelting process. Comparing the E’ values of the
different samples below T, as magnified in Figure
3(b), we realized that all of nanocomposites had
higher E’ values than did the initial PLA. A substan-
tial increase in E’ was recorded with increasing SiO,
content up to 5 wt %, where the maximum value
was reached. This behavior was attributed to the
tendency of SiO, to form aggregates at higher con-
centrations, as already proven by the SEM study.

| |
0. 0 0

H H
0 0o

HO OH

HO

Figure 5 Schematic illustration of the hydrogen-bonding
interactions between the PLA and SiO,.

OH
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Figure 6 FTIR spectra of the pure PLA and PLASNS: (a)
pure PLA and SiO, nanoparticles and (b) pure PLA and
PLASNSs and (c) magnified FTIR spectra between 1800 and
1720 cm ™.

Similar relationships were reported in PP/SiO,
nanocomposites by Bikiaris et al.** Tt was obvious
that E’ of the PLASNs increased dramatically in the

Journal of Applied Polymer Science DOI 10.1002/app
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cold crystallization range as compared with the pure
PLA, which suggested that the incorporation of SiO,
enhanced the cold crystalline ability of PLA because
of the nucleation effect. This was in good agreement
with the DSC results discussed previously.

Figure 4 shows the variation of tan § with temper-
ature for the PLA and PLASNSs. The results indicate
that tan & slightly increased for filler contents up to
5 wt % but decreased gradually with further
increases in SiO, concentration. This was different
not only from the previous work on PI/SiO, nano-
composites,” in which T, increased as a function of
filler loading, but also from the result for epoxy
resin/SiO, nanocomposites,** which showed a sharp
T, depression. In many cases, the dispersion and
surface conditions of the nanoparticles have played
important roles in the changes in T,. Molecular
dynamic simulations of polymer melts in the pres-
ence of nanoparticles have shown that the dynamics
of the polymer melts can be influenced by polymer—
nanoparticle interactions.®® Here, dynamics means the
mobility of the polymer chains. Strongly attractive
polymer—nanoparticle interactions slow the dynam-
ics with respect to those of a pure polymer melt,
whereas nonattractive interactions enhance the
dynamics. Macroscopically, a change in the dynam-
ics results in a shift in T,. In this study, SiO, nano-
particles possessed lots of Si—OH groups on the
surfaces, and PLA had C=O groups in its chains, so
molecular interaction, that is, hydrogen bonding
may have existed between them. A schematic illus-
tration of the interaction is described in Figure 5.

FTIR analysis of hydrogen bonding

The FTIR technique is sensitive enough to verify
hydrogen-bonding formation in various systems.”*®
Particularly, because the C=O stretching vibration
intensity of PLA is excessively strong, its peak often
goes beyond the full scale if the testing film is some-
what thick. To obtain a film with a suitable thickness
for FTIR measurement, a new method, as reported
in our previous article,®® dissolves the melt-com-
pounding composites and then recasts them onto
KBr disks. The IR spectra of the pure PLA and SiO,
nanoparticles are presented in Figure 6(a). From the
curve of PLA, we observed that there was a strong
absorption band at 1758 cm ™!, which corresponded
to the C=O0O stretching vibration. Additionally, the
band at 2997 cm ™' was assigned to the C—H stretch-
ing vibrations of CHj groups in the side chains, and
the band 2946 cm ™' was attributed to the —CH— in
the stem chains of PLA. Similarly, peaks at the wave
numbers 1109, 809, and 472 cm ' were caused by
the bending vibration of the functional group Si—O,
as shown in the curve of SiO,. The peak at
3432 cm ™' represents the stretching vibration of the
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Figure 7 Variation of the (a) tensile strength and (b)
Young’s modulus of the nanocomposites with the nano-
particle loading.

functional group —OH. It was obvious that the
strongest peak of SiO, at 1109 cm ™' overlapped with
the peak at 1093 cm™ !, which corresponded to the
—C—O— stretching vibration of PLA, so the second
strongest peak at 472 cm ™' was selected to quantify
SiO, in the PLASNS.

Figure 6(b) shows the IR spectra of the PLASNS,
and the curve of pure PLA is presented again for
comparison. It was apparent that pure PLA had no
absorption at 472 cm '. However, as the SiO, con-
tent gradually increased, the intensity at 472 cm™'
for the PLASNs became stronger and stronger
accordingly. To investigate the changes of C=O0, the
curves between 1800 and 1720 cm™' were magnified,
as shown in Figure 5(c). Interestingly, the stretching
vibrations of C=0O for the PLASNs were all split up
into two peaks. One peak at 1758 cm ™' was assigned
to the original C=O vibration of PLA; the other
blueshifted to a lower wave number, which was
ascribed to the interaction of PLA and SiO,. This
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indicated that hydrogen-bonding interaction existed
between the Si—OH and the C=O of PLA. By com-
paring the position and intensity of these peaks, we
determined that the interaction between them was
drastically dependent on the content and dispersion
of SiO,, which was in accordance with previous
SEM results.

On the basis of the hydrogen bonding formation,
the changes in T, for the PLASNs could be easily
interpreted. Because of the hydrogen-bonding inter-
action, which slowed the dynamics of the PLA
chains, there existed less free volume at the SiO,—
PLA interface, and T, shifted to a higher tempera-
ture within 5 wt % of SiO, loading. As the filler
loading increased beyond 5 wt %, the appearance of
some aggregates weakened the interaction because
of the decreased interphase, and the previously
enhanced dynamics decreased to a certain extent
and resulted in a lower T,. Overall, the hydrogen-
bonding interaction between PLA and SiO, was not
strong enough, so the changes in T, seemed to be
indistinctive in the DSC data. However the differen-
ces in T, in the PLASNs were easily detected by
DMA testing because of its higher sensitivity to T,.

Mechanical properties

The mechanical properties were measured to evaluate
the reinforcing effect of the nanoparticles on PLA.
Because of the very high surface area of the nanopar-
ticles in the nanocomposites, the applied stresses
were expected to be easily transferred from the matrix
onto the SiO, particles and to result in an enhance-
ment in the mechanical properties. The results of ten-
sion testing were calculated and are plotted in Figure
6. Meanwhile, for comparison, the Young’s modulus
and tensile strength of the composites were predicted,
respectively, by Guth’s equation™:

E.=E, (1 +25¢; + 14.1¢}> (1)
and Nicolais-Narkis theory*:

e = Gym(l 1 21¢2/3) @)

where E and o, are the Young’s modulus and tensile
strength, respectively; the subscripts m and c¢ denote
the composite and the matrix, respectively; and ¢y is
the volume fraction of particles, which can be calcu-
lated with eq. (3):

& = P Wr/[(Pw = P)Wr + pc] ©)
where Wy is the weight fraction of particles and p,,

and p, are the densities of the PLA matrix (1.24 g/
m®) and SiO, nanoparticles (2.20 g/m?), respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Variation of the elongation at break of the nano-
composites with the nanoparticle loading.

Figure 7(a) shows a comparison of the predicted
tensile strength with the measured values in the
studied nanocomposites. Clearly, the predicted val-
ues continuously decreased with increasing amount
of SiO,. However, the experimental values in all of
composites were higher than the theoretical values.
Even with 10 wt % SiO,, in which a slight drop was
also observed in the experimental value, the experi-
mental value was still higher than the theoretical
value. These results were attributed to the limita-
tions of Guth’s equation, which is only suitable for
those systems with poor adhesion between the par-
ticles and the matrix, but in this system, there
existed some interaction between SiO, and PLA, as
discussed previously. Furthermore, as can be seen in
the diagrams, the measured values were greatly
affected by the SiO, content. The tensile strength
gradually increased for SiO, content up to 5 wt %
and then decreased slowly with further increases in
the filler loading. PLASN5 exhibited the highest ten-
sile strength (70 MPa), which improved nearly 20%
compared to that of neat PLA. As reported in many
results, the particle size had a significant effect on
the strength of the particulate-filled polymer compo-
sites, which generally decreases with increasing size.
When the loading increased beyond 5 wt %, more
and more aggregates formed, and their size
increased, which resulted in a gradual decrease in
the tensile strength of the composites. These results
are also in good agreement with the previously dis-
cussed results from the SEM images.

The Young’s modulus values of the nanocompo-
sites are shown in Figure 7(b). From the predicted
results, the addition of rigid particles into the PLA
matrix easily improved the modulus values because
the rigidity of inorganic fillers is generally much
higher than that of organic polymers. However,
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there were some different features for the trends of
the measured modulus values. The moduli increased
gradually for SiO, contents up to 5 wt % and then
remained at almost the same level with further
increases in filler loading. Fu et al.*' indicated that
there was a critical particle size, above which there
was no effect on the composites modulus, but the
effect was significant when the particle size was
below it. In this study, the average particle size cor-
responding to a 5 wt % concentration was the possi-
ble critical size. Consequently, the modulus
increased significantly with less than 5 wt % SiO,,
but it was insensitive to higher concentration. Mean-
while, it was clear that with the same SiO, content,
each of the measured moduli of the nanocomposites
was much higher than that of the predicted value.
This was attributed to the effect of the hydrogen-
bonding interaction between PLA and SiO,, as dis-
cussed previously. In addition, the measured modu-
lus was also dependent on the crystallinity of PLA.
According to the previously discussed DSC results,
the crystallinity of PLA was markedly improved by
the incorporation of the SiO, nanoparticles, so the
modulus values of the PLASNs increased remark-
ably and were much larger than the predicted
values.

Generally, the toughness of polymer materials
should be determined by the area under a stress-
strain curve, but it is usually estimated by the elon-
gation at break if the tensile strength does not
change a lot. To characterize the effect of SiO, on
the toughness of the nanocomposites, Figure 8 plots
the elongation at break of the nanocomposites as a
function of SiO, content. The elongation at break
increased only a little in the PLASNSs, so it seems
that there was an insensitive effect on the toughness
with the introduction of SiO, into the PLA matrix.
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Figure 9 Variation of the notched impact strength of the
nanocomposites with the nanoparticle loading.



POLY(L-LACTIDE)/SILICA NANOCOMPOSITES

Another characteristic parameter of the toughness of
a polymer material is its notched impact strength.
The notched impact strengths for the PLA and
PLASNs are shown in Figure 9. Similarly, the SiO,
loadings had a slight effect on the improvement of
the matrix toughness. Similar results were also
obtained for other nanocomposites systems.'” Zhang
et al.*? demonstrated that the keys to toughening
nonlayered  nanoparticles/polymer  composites
included sufficient mobility of nanoparticles in the
polymer matrix, low particle—particle attraction, and
strong filler-matrix interaction. However, our experi-
ments were carried out at room temperature, which
was far below the T, of PLA. As a result, the effect
of nanosilica on the toughness of PLA was
indistinct.

Optical properties

PLA is one of a few transparent biodegradable poly-
mers in commercial products. Undoubtedly, it is ad-
vantageous for food packing materials and other
consumer products, but most PLA-based nanocom-
posites have lost essential characteristics because of
the different refractive indices between the PLA ma-
trix and nanofillers. The refractive index of the SiO,
nanoparticles chosen in this study was 1.46, which
was very close to that of the PLA matrix, which had
a value of 1.45.

The visible light transmittance and haze value of
the neat PLA and PLASNs are plotted in Figure 10.
It was obvious that the transmittance fluctuated at
85% and seemed independent on the SiO, concentra-
tion. Correspondingly, the haze value of all of the
samples varied near 5 and were almost unaffected
by the filler loadings.

To further study the effect of the SiO, particles on
the transparency of the nanocomposites, the photo-
graphs of the PLA and PLASN sheets covered on
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Figure 10 Effect of the SiO, concentration on the trans-
parency and haze for the PLASNS.

3387

Figure 11 Photographs of the PLA and PLASN sheets on
a graphic pattern: (a) pure PLA, (b) PLASNI, (c) PLASNS,
(d) PLASNS, (e) PLASNY, and (f) PLASN10.

the same graphic pattern and collected by a digital
camera were shown in Figure 11. It was apparent
that each sheet possessed excellent transparency,
and the letters below it were clearly observed, even
in the PLASN10 with the highest SiO, content. This
result was consistent with those from the previous
discussion. It indicates that the transparency of the
PLASNs was mainly due to almost the same refrac-
tive index of the two components and was little
affected by the filler loadings and their dispersion in
the matrix.

CONCLUSIONS

PLA/SiO; binary nanocomposites were prepared by
melt compounding to investigate the effects of nano-
filler loadings on the phase morphology, thermome-
chanical properties, and optical transparency of the
nanocomposites. A good dispersion of the SiO,
nanoparticles in PLA was achieved for filler contents
below 5 wt %, but some aggregates were found with
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higher concentrations. The addition of SiO, nanopar-
ticles remarkably enhanced the cold crystallization
ability and largely improved the crystallinity of
PLA. The DMA results show that T, of PLA slightly
shifted to a higher temperature because of the weak
interaction between the PLA and SiO, nanoparticles.
The FTIR results indicate that hydrogen-bonding
interaction between the C=O group of PLA and the
surface Si—OH group of SiO, existed in the PLASNSs.
The tensile strength and modulus of the nanocompo-
sites were significant enhanced by the introduction
of stiff nanoparticles, but the elongation at break
and the impact strength were not much affected by
the presence of SiO, nanoparticles. Nanocomposites
with a high transparency, similar to that of pure
PLA, were obtained without dependence on the
amount of SiO, nanoparticles; this was attributed to
the close refractive indices of the two components.
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