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ABSTRACT: In this manuscript, a toughened PLA/nanosilica composite with good storage stability was obtained in the presence of the
epoxidized soybean oil (ESO). The composite was fabricated via a twin-screw extruder, and characterized by the FTIR, selective distri-
bution test, and SEM. The surface of nanosilica was modified by the ESO through the chemical bonding, and this rendered the nano-
silica to selectively localize in ESO droplets in the composite. As a result, the PLA/nanosilica composite was changed from brittleness
to ductility with the addition of ESO. For example, the elongation and notched impact strength of the PLA/silica/ESO nanocomposite
with 5 wt % nanosilica and 15 wt % ESO were ~42% and ~11 KJ/m?, respectively, which were much higher than neat PLA or
PLA/nanosilica composite without ESO. Furthermore, the change of the brittle fracture of PLA into ductile fracture was investigated
by SEM micrographs in detail. A possible toughening mechanism was also proposed. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
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INTRODUCTION

In recent years, environmental concerns and the shortage of
petroleum resources have driven many efforts on the develop-
ment and production of biodegradable or bio-based materials,
which are known as “green materials.”' Among these materials,
polylactide (PLA) is one of the most important biodegradable
and bio-based polymers, and the monomers of which are gener-
ally derived from corn and sugar cane.”> PLA is now not only
used as biomedical materials in surgical sutures and controlled
drug delivery systems but also used to substituted some conven-
tional plastics to a certain extent due to its excellent mechanical
strength and modulus.>* However, the inherent brittleness,
poor heat resistance, low elongation at break (<5%), and high
price prevent it from being used in many applications.’

How to improve the toughness of PLA is a key study for both
academic and industrial researchers.® Plasticizers are frequently
used not only to improve the process-ability of thermoplastics
but also to increase the flexibility and ductility of glassy poly-
mers.” Although the toughness of PLA can be achieved by add-
ing a plasticizer,'" the stiffness and modulus of PLA would
greatly be decreased by the plasticizer. Inorganic filler is used to
increase the stiffness of PLA, whereas no remarkable toughness
can be obtained.

© 2014 Wiley Periodicals, Inc.
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To overcome drawbacks resulting from the adding of only a
plasticizer or an inorganic filler, a lot of work has been done on
PLA/plasticizer/inorganic filler ternary systems, where both plas-
ticizer and inorganic filler were used to enhance the toughness
and stiffness.'*™"* Unfortunately, due to the nonchemical reac-
tion among PLA, plasticizers, and inorganic filler, plasticizers
tend to migrate to the surface of the PLA and as a result the
ductility of PLA composites eventually deteriorates due to the
loss of plasticizers.'?

To limit the migration of the low molecular weight plasticizers
and toughen the PLA for a long time, chemical bond should be
generated among the PLA, plasticizer, and filler. Recently, a
series of studies have been done by our group on the utilization
of reactively bio-based plant oil as plasticizers for PLA/starch
blends.'*™'® It was found that if the plant oil reacted with starch
and formed a flexible interphase between PLA and starch, the
ductility of PLA/starch blends could be increased. Based on this
technology, the combination of plasticizer and filler via the
chemical reaction is not only helpful to improve the overall
mechanical properties but also to resolve the migration of plas-
ticizers in the PLA/filler/plasticizer ternary system. However, the
starch is belonged to the large-scale organic filler. The effect of
the combination of starch and plasticizer on the improvement
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of the mechanical properties of PLA/starch blends is not very
obviously. Therefore, adding nanofillers and reactive plant oil
plasticizers can represent an interesting way to extend and to
improve the properties of PLA.

This article follows our previous papers on the utilization of
plant oil as the reactive toughening agent for PLA/nanofiller
composites. Meanwhile, the plant oil as the bio-based plasticizer
is of current interest to toughen the bio-based PLA."** As
reported from these plant oils, the epoxidized soybean oil
(ESO), with the nature of chain flexibility and reactivity of
epoxy functional group with PLA,”>>> can be not only recog-
nized as one of potential bio-based plant oil plasticizers to
improve the toughness of PLA/nanofiller composites but also to
produce some chemical reaction with nanofiller to limit its
migration. As for the inorganic filler, the nanosilica has the
potential reactive hydroxyl groups with ESO on its surface will
be selected in the PLA/nanofiller/ESO ternary system. Moreover,
the nanosilica used as a filler and crystallization nucleating
agent to reinforce the PLA has been detailed investigated in
other literatures.”® However, with our best knowledge, no ref-
erence has suggested a method of using the ESO to steadily
toughen the PLA/nanosilica composite by chemical reaction
during the simple melt-blending.

To evaluate the influence of the chemical reaction between ESO
and nanosilica on the mechanical properties of PLA, the three
components are melt-blended by means of a two-screw extruder
to fabricate the PLA/ESO/silica ternary nanocomposite. Further-
more, the distribution state of nanosilica and ESO in PLA
matrix is systematically evaluated by SEM. The mechanical are
characterized by tensile, impact, and DSC experiments to dis-
cuss the effects of ESO combined with nanosilica on PLA.
Meanwhile, the toughening mechanism of the combination of
ESO with nanosilica in PLA is investigated by the SEM. At last,
the storage stability of the combination of ESO with nanosilica
toughened PLA samples was evaluated by retesting their tensile
and notched impact properties after 5 months.

EXPERIMENTAL

Materials

A semicrystalline extrusion grade, PLA 4032D was supplied by
NatureWorks (Minnesota, USA). It was vacuum dried at 80°C
for 8 h before use. The nanosilica (~30 nm) was bought from
Shenzhen Yifeng Development Co., Ltd (Guangdong, China),
and it was dried in a vacuum dryer for 24 h at 100°C before
used. The chemical pure grade ESO was purchased from the
Aladdin Reagent (Shanghai, Chain) and was used directly
without further purification.

Preparation of the PLA Composites

PLA/nanosilica composites with and without ESO were firstly
melt-blended in a Brabender twin-screw extruder (Brabender,
Germany). The rotation rate and the mixing temperature were
set at 40 rpm and 170°C/175°C/175°C/170°C/175°C, respec-
tively. Where-after, the melting blends were water-cooled and
sent to a LQ-25 granulator (Hengxi Machinery Manufacturing
co., Ltd, Taizhou, China) to make pellets. At last, the pellets of
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PLA blends were dried at 85°C in a vacuum drying oven for 24
h before injection molding.

The FTIR Measurement

To prove the reaction between the silica and ESO, Extra-SiO,-1
and Extra-SiO,-2 were extracted from PLA/nanosilica composite
(95/5) and PLA/nanosilica/ESO composite (80/5/15) by Soxhlet
extraction, respectively. Extraction with chloroform at 85°C was
continued for 1 week. The residual nanosilica white powders
obtained by Soxhlet extraction were dried at 60°C for 24 h in the
vacuum oven for the FTIR analysis. The FTIR (Nicolet FTIR
6700 infrared spectrophotometer, America, KBr powder) was
used to characterize over a range of 4000-400 cm™ .
Morphological Characterization

Microstructure of the fracture surfaces of samples with the
dimension of 80 X 10 X 4 mm’ were recorded by a low expan-
sion scanning electron microscope (SEM, Hitachi S-4800). The
same SEM was also used to observe the tensile longitudinal
fracture section and impact fracture section of neat processing
PLA, PLA/nanosilica composite (95/5), PLA/ESO blend (85/15),
and PLA/nanosilica/ESO (80/5/15). To
explore the toughening mechanism, the resulted tensile longitu-
dinal sections of PLA with or without the filler were fractured
in liquid nitrogen, respectively. Furthermore, the tensile longitu-
dinal section of PLA/silica/ESO ternary nanocomposite with
25% elongation was fractured in liquid nitrogen to explore the
detailed toughening mechanism of PLA. Moreover, the tensile
and impact fractured surfaces were sputtered with gold before
SEM examination. By these observations, the fracture mode of
the materials can be revealed.

ternary composite

The Mechanical Properties Characterization

To measure the tensile properties of the neat PLA and PLA
composites, the standard samples were firstly prepared by a
HTF90W1 injection molding machine (Haitian Plastics Machin-
ery, Ningbo, China). The temperatures of the injection molding
were set at 180°C/185°C/185°C/185°C/180°C, respectively. The
injection pressure was set at 65 MPa. The cooling time of the
injection molding was 20 s. And then, according to ISO 527-2:
1996 (International Standards), the samples were injection
molded into 1A type dumbbell-shaped samples with a thickness
of 4.0 mm. The width of the narrow part and overall length for
the dumbbell-shaped samples is 10.0 mm and 100.0 mm,
respectively. Lastly, the tensile testing was carried out at a rate
of 20 mm/min by a universal testing machine to investigate the
tensile properties of the neat PLA and PLA composites. Four
samples for each composite were tested. These samples were
conditioned at room temperature for a period of 1 week prior
of testing.

Based on the America standard of 1SO179-1:1998 (International
Standards), the samples were injection molded into a type of
rectangular solid with a dimension of 80 X 10 X 4 mm’ for
impacting test in a HTFOOW1 injection molding machine (Hai-
tian Plastics Machinery, Ningbo, China). To conduct the notch
impact test, the samples were then notched on a WAY-240 uni-
versal sampling machine (Chengde Kecheng Testing Machine
Co., Ltd, China), the depth of notch on these samples were
arranged from 1.9 to 2.1 mm. The finally notch impact test was
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Figure 1. The FTIR spectra of ESO, neat silica, Extra-SiO,-1, and Extra-
Si0,-2.

performed on a mechanical impact tester (XJ-50Z, Chengde
Dahua Testing Machine Co. Ltd, Chengde, China). In the pro-
cess of notch impact test, a 2.75 ] pendulum was used to
determine the notch impact strength. These samples were
conditioned at room temperature for a period of 1 week
before testing, and five samples for each composite were
tested.

RESULTS AND DISCUSSION

The FTIR Analysis of the Extracted Nanosilica

To prove the reaction between ESO and nanosilica particles in
the melted-blended process, the FTIR spectra of ESO, neat
nanosilica, and two different kinds of extracted nanosilica,
namely Extra-SiO,-1 and Extra-SiO,-2, were shown in Figure 1.
The Extra-SiO,-1 extracted from PLA/nanosilica (95/5) compo-
sites exhibited similar FTIR spectra with the neat nanosilica.
Meanwhile, the peaks ranged from 1700 cm ™' to 1800 cm™ ',
which could be attributed to carboxyl (—C=0O—) group,
did not appeared in the FTIR spectra of neat nanosilica and
Extra-SiO,-1. Thus, it could be inferred that there was no
chemical change in Extra-SiO,-1 particles and their surface
could not has been modified by PLA. While the Extra-5iO,-2
particles extracted from the PLA/nanosilica/ESO ternary (80/5/
15) composite were measured by FTIR. Interestingly, it is
observed that the peak at 1760 cm ' attributed to carboxyl
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(—C=0—) group appeared in the FTIR spectra. Meanwhile,
the peaks at 1465, 1090, and 863 cm ™' in the spectra of ESO
appeared in the relevant positions of Extra-SiO,-2 FTIR spec-
tra (1460, 1061, and 878 cm '). Moreover, the intensity of
alkyl (—CH;—/—CH,—) peaks in the spectra was greatly
enhanced in contrast with Extra-SiO,-1. Thus, during the
melt-blending, the surface of nanosilica particles was mainly
bonded by ESO molecules grafting via the chemical reaction
between ESO and nanosilica.

Morphology Analysis

To investigate the effect of ESO on the existing state of nanosil-
ica in the PLA matrix, morphologies of PLA and PLA nano-
composites were observed by SEM, respectively. It was
noteworthy that many nanosilica aggregate particles were dis-
persed in the PLA matrix [Figure 2(a)], indicating the poor dis-
persion of silica in PLA. Meanwhile, the morphology can be
obviously changed by the addition of ESO. In Figure 2(b), simi-
lar with our previous and Ali’s researches,'®* it can be found
that many ESO was dispersed in PLA matrix with the formation
of droplets.

However, while the three components PLA, nanosilica, and ESO
were melt-blended together, it was observed that many of the
ESO droplets contained many nanosilica granules inside [Figure
2(c)]. Meanwhile, the volume of ESO droplets was enlarged by
the immigrated of nanosilica particles. It seems that the nanosil-
ica particles were inclined to localize dispensation in ESO
droplets, and formed some mixture of ESO/nanosilica in the
PLA matrix.

Moreover, the nanosilica particles in PLA/nanosilica composites
with and without ESO were extracted out and marked as Extra-
SiO,-1 and Extra-SiO,-2, respectively. The dispersed stability of
0.03 g Extra-SiO,-1 and 0.03 g Extra-SiO,-2 in 1.2 g water and
0.12 g ESO were shown in Figure 3, respectively. It could be
observed that the Extra-SiO,-1 was homogeneously dispersed in
water but precipitated in ESO, whereas, the dispersion of Extra
SiO,-2 was in opposite to that of Extra SiO,-1. It was indicated
that the nanosilica in PLA/nanosilica composite was hydro-
philic, but it is oleophylic in PLA/nanosilica/ESO ternary com-
posite. Thereof, it was reasonably believed that the dispersion of
nanosilica in PLA matrix was different with the addition of
ESO. Maybe, in the PLA/nanosilica/ESO ternary composite, the
nanosilica particles were inclined to localize in ESO phase, but
not in the PLA phase, which similar with the phenomenon in
Figure 3.

Figure 2. Morphology of the PLA/silica nanocomposites and PLA/ESO blend. (a) PLA/silica nanocomposite (95/5), (b) PLA/ESO blend (85/15), and (c)
PLA/silica/ESO ternary nanocomposite (80/5/15). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. The dispersion of Extra-SiO,-1 and Extra-SiO,-2 in water (a) and ESO (b) for 10 min, respectively. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Thus, as proved in Figure 1 and Figure 3, the possible inner
structure of PLA/nanosilica/ESO ternary composite in Figure
2(c) could be illustrated in Figure 4. During the melt-blending
process, the oleophylic characteristic of the pristine nanosilica
was produced by the grafting of ESO on its surface. As a result,
the nanosilica particles were inclined to selectively localize in
ESO droplets, and formed some mixture of ESO/nanosilica in
the PLA matrix. This localization of nanosilica was also investi-
gated in other immiscible polymer blended systems with its
hydrophilic character changing.**~" But, with our best knowl-
edge, no direct reference has been reported the combination of
nanosilica and ESO could be formed in the PLA matrix via the
simple melt-blending.
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Mechanical Properties

Pure PLA is a fairly rigid material with a high tensile modulus
(~3399 MPa) and tensile strength (~66 MPa), but it is very
brittle with very low elongation at break (~3%) and weak
impact strength (~3 KJ/m?), as shown in Figure 5. The addition
of nanosilica particles induced an increase in tensile modulus of
PLA, but it had no obvious effect on the tensile strength, elon-
gation at break, and impact strength. Clearly, the inorganic
nanosilica particles can only enhance the stiffness of PLA. When
the ESO is blended with PLA, it does not function as a plasti-
cizer and cannot tune PLA from rigid to ductile (Figure 5).
Even higher content of ESO seems not to influence the mechan-
ical properties of PLA at all, which also proved by Brostrém.*?

CH,
& u«(o—clzn—c OH
I
PLA

180°C

Melt Blending

Figure 4. The possible inner structure of PLA/silica/ESO ternary nanocomposite during melt-blending process. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Mechanical properties of PLA, PLA/ESO, PLA/silica, and PLA/silica/ESO nanocomposites.

However, the addition of ESO to PLA/nanosilica composite
could considerably improve the mechanical properties of PLA/
nanosilica binary composite (Figure 5). With 15 wt % ESO in
PLA/nanosilica composite, the elongation at break and notched
impact strength increased to ~42% and ~11 KJ/m?, respec-
tively. Meanwhile, its tensile modulus and tensile strength could
also reach up ~3300 MPa and ~46 MPa, respectively. All of the
mechanical properties change above revealed that the combina-
tion of ESO and nanosilica could tune the brittle PLA from
rigid to ductile state. Moreover, the stiffness and tensile strength
of PLA could also reach a high level with the combination of
ESO and nanosilica. Thus, the combination of ESO with nano-

silica will offer a simple method to toughen PLA with balanced
stiffness via the melt blending.

Toughening Mechanism of the Combination of Nanosilica
with ESO

To further explore the toughening mechanism of PLA with or
without the combination of ESO with nanosilica, SEM analysis
was conducted. The tensile and fracture SEM micrographs are
shown in Figure 6. It was shown that the tensile and impact
fracture behavior of the PLA/ESO or PLA/nanosilica did not
have any change after drawing and impacting, which could be
attributed to the PLA’ brittle failure according to Yan’s work.*>

>,

Figure 6. Tensile SEM mircrographs of (a) PLA/ESO blend (85/15), (b) PLA/silica nanocomposite (95/5), and (c) PLA/silica/ESO ternary nanocomposite
(80/5/15) tensile in the tensile direction and their corresponding SEM mircrographs for impact fracture surfaces (d-f). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Tensile and impact SEM mircrographs of PLA/nanosilica/ESO (80/5/15) composite, (a) with ~25% elongation (unbroken), (b) with ~40%
elongation at break, (c) notched impact fracture surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Thereof, it was concluded that neither ESO nor nanosilica could
change the fracture brittle behavior of PLA in terms of tensile
and impact experiments.

However, while the combination of ESO with nanosilica existed
in PLA matrix, the composite which had the highest elongation
at break [Figure 6] could experience tremendous plastic defor-
mation in the stress direction [Figure 6(c)]. Many long oval
cavities were visible [Figure 6(c)], which was obviously different
from the fracture surface before drawing [Figure 2(c)]. More-
over, the fracture surface of PLA/nanosilica/ESO ternary com-
posite which had the highest impact strength also underwent an
obvious change [Figure 5(f)]. Some holes occurred in the PLA
matrix after impacting, which indicated the detaching of nano-
silica/ESO phases from PLA matrix in the impacting process. As
obtained from the tensile and impact fracture of toughened
polymer systems,”>° it was well known that crazing, cavitation,
shear banding, crack bridging, and shear yielding have been
identified as important energy dissipation processes. Thereof,
the results mentioned above showed that the great toughness
improvement of ternary composite might be ascribed to the
cavitation effect produced by the combination of nanosilica
with ESO under stretching and impacting. However, the mecha-
nism of the oval cavities or holes produced by the nanosilica/
ESO mixture under stretching or impacting is not very clear.
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PLA/ESO/nanosilica (80/15/5) [ Elongation at Break | 14
504 [ Impact Strength
12~
= £
£ 404 L0 2
L B
04 £
3 :
c 6 @
2 201 2
o 104 5
0

After § months

Furthermore, the morphology of PLA/silica/ESO ternary nano-
composite with 25% elongation in the tensile direction was inves-
tigated to explore the detailed process of cavities generation. It
could be seen that under stretching, some oval cavities and
deformed and fractured nanosilica/ESO mixture simultaneously
appeared in the PLA matrix [Figure 7(a)]. With the stretching
lasting, the cavities might be initiated from the fractured location
of nanosilica/ESO mixture and gradually propagated in the stress
direction with the deformation of the PLA matrix. At last, the
long cavities appeared in the PLA matrix and many broken
ESO/nanosilica mixtures were found surrounding the cavities. As
a result, the mechanical energy was locally released by the forma-
tion of cavities and shear yielding was then allowed, which
resulted in the improved elongations of the PLA.

Meanwhile, some holes under impacting [Figure 7(c)] were visi-
bly occurred in the PLA matrix because of some nanosilica/ESO
mixtures debonding from the PLA matrix under impacting.
After that, the impact strength of the PLA/nanosilica/ESO com-
posite was increased. The similar results were also reported in
the poly(lactic acid)/poly(butylene adipate-co-terephthalate)/
nanoparticle ternary composites via the formation of holes or
cavitation in PLA matrix.’® Overall, the toughened mechanism
of PLA under drawing and impacting was related with the com-
bination of ESO with nanosilica in PLA.
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Figure 8. The tensile and notched impact testing of PLA/nanosilica/ESO ternary composite (80/5/15).
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Time Stability of the Toughened PLA with the Addition of
ESO and Nanosilica

Based on the researches of Hoglund group," the plasticizers
without any reactive groups reacting with PLA or fillers could
easily migrate from the PLA matrixes and resulted in the proper-
ties of PLA deterioration. To assess the stability of nanosilica/ESO
mixtures toughening the PLA, the tensile and notched impact
testing of the PLA/nanosilica/ESO ternary composite (80/5/15)
was investigated after 5 months. As shown in Figure 8, the elon-
gations and notched impact strength of the PLA/nanosilica/ESO
ternary composite could still reach ~45% and ~10 KJ/m?, which
had not much change after 5 months. Meanwhile, in Figure 8,
the tensile modulus and strength neither changed two much in
contrast with its originated state. Based on these results, it indi-
cated that the ESO with reactive groups could form a stable
nanosilica/ESO mixture to toughen the PLA with the balanced
stiffness via the melt blending.

CONCLUSIONS

PLA, ESO, and nanosilica were melt-blended via a twin screw
extruder to successfully prepare a toughened and stiff PLA ter-
nary composite. During the melt-blending process, the ESO
could chemically bond onto the surface of silica particles via the
ready reaction of ESO with silica, and then brought the modi-
fied silica particles to selectively localize in ESO droplets and
formed some nanosilica/ESO mixtures in the PLA matrix. With
the combination of nanosilica with ESO in the PLA matrix, it
could induce cavitation to consume the energy produced under
the stretching and impacting, which resulted in the toughness
of PLA obviously improved. Moreover, through the combina-
tion of ESO and nanosilica, the stiffness of PLA was not
decreased much by ESO. Meanwhile, after 5 months, the
mechanical properties of PLA/ESO/nanosilica ternary composite
including its elongation and impact strength remained
unchanged, which reflected the good storage stability of PLA
composite promoted by the combination of ESO with nanosil-
ica. This article offers an effective method to fabricate an ESO/
nanosilica mixture to toughen the brittle PLA with a balanced
stiffness via the melt blending.
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