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3 December 2018 its ductility. This paper successfully synthesized the rigid-soft core-shell
nanoparticles which are feasible to simultaneously improve the strength and

© Springer Science+Business  toughness of NFPC. The core-shell structure was molecularly designed to act

Media, LLC, part of Springer the nano-silica and poly (butyl acrylate) rubber as rigid inner core and soft outer

Nature 2018 shell, respectively. Furthermore, the devised active functional groups at the end
of core-shell filler also interact with polylactide (PLA) matrix to form strong
interface. The effect of core-shell nanoparticle on crystalline, thermal and
mechanical properties of NFPC was investigated. The results showed that the
core-shell nanofiller can facilitate to form the more complete crystalline grain of
PLA matrix and the thermal stability improvement of NFPC. More attractively,
the addition of the rigid-soft core-shell nanoparticle enhanced the strength and
stiffness of NFPC without sacrificing its elongation at break. Finally, the
toughness improvement mechanisms and synergistic effect of core—shell
nanoparticles were illustrated via field emission scanning electron microscope.
It indicates that the micro-cracks, shear band and fibration of the matrix induced
by the core-shell filler are the main causes of toughness improvement.

Introduction environment friendliness, sustainability, low cost,

lightweight and high specific strength and stiffness
In recent years, the natural fiber composite (NFC) has [1-3]. For further to achieve the full biodegradability
been applied in automotive industry, building con- and reduce petroleum consumption, using the
struction and sports accessories due to its advantages biodegradable polymers as the matrix of the NFC is
compared to the synthetic fiber composite, such as an excellent choice. Polylactide, which is produced
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from renewable agricultural raw materials, is the
most promising biodegradable polymer due to its
high strength, stiffness, transparency and commercial
production [4]. Therefore, many investigations have
been conducted on natural fiber-reinforced polylac-
tide composite [5-7], while the inferior mechanical
properties of these NFPC limit their more extensive
industrial applications. So some strategies have been
developed, for instance, improving the interfacial
adhesion between natural fiber and PLA matrix [8, 9].
Huda et al. [10] used the alkali, silane and alkali
followed by silane to treat the kenaf fiber, respec-
tively. They found that the alkali followed by silane-
treated fiber-reinforced composite showed more
superior flexural strength and storage modulus due
to the improved interfacial compatibility between the
hydrophilic natural fiber and hydrophobic PLA
matrix. Except for the fiber surface treatment, the
processing condition has also been ameliorated to
enhance the performance of NFPC [11]. For example,
Plackett et al. [12] investigated the effect of heating
temperature and time of compression molding on
performances of NFPC. They concluded that the
tensile strength of NFPC prepared at 210 °C (3 min)
increased 38% compared to that of NFPC prepared at
180 °C (10 min) resulting from the adequate
impregnation.

In addition to the optimization of interfacial
adhesion and processing condition, the modification
of matrix is also an efficient strategy to improve the
properties of NFPC. However, there are only a few
publications in this regard. Kumar et al. [13] added
the montmorillonite clay into PLA matrix to investi-
gate its effect on flax fabric-reinforced composite. The
results showed that the Young’s modulus of the
hybrid NFPC increased remarkably, but its tensile
strength increased slightly or even decreased, and the
elongation at break declined seriously. This may be
attributed to the weakened interfacial adhesion of
modifier/matrix and the higher stiffness of mont-
morillonite clay compared to the PLA resin. Notice-
ably, a designed molecularly core-shell nanoparticle
which is comprised of both rigid and flexible seg-
ments was recently used to modify the polymer
system [14]. Meanwhile, the active functional groups
at the end of nanofiller were feasible to enhance the
interfacial interaction of filler/matrix. As a result, the
incorporation of this core-shell modifier improved
the strength and toughness of thermoset polymer
simultaneously. Nevertheless, to our knowledge,
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there has not yet been reported that this devised
core-shell structure is applied to enhance the per-
formance of natural fiber-reinforced biodegradable
composite. The synergistic effect between covalently
bonded rigid core and soft shell of this core-shell
structure will provide the strength increment of nat-
ural fiber-reinforced composite while maintaining its
ductility.

In this paper, this rigid-soft core-shell nanoparticle
was introduced into the PLA matrix to improve the
mechanical properties of woven jute fiber-reinforced
PLA composite. The nano-silica and poly (butyl
acrylate) were designed as the rigid inner core and
rubbery outer shell of core-shell filler, respectively.
The effect of core-shell nanoparticle on crystalline
and thermal properties of NFPC were investigated by
the X-ray diffraction (WAXD), differential scanning
calorimetry (DSC) and thermogravimetric analysis
(TGA). Furthermore, the contribution of core-shell
nanofiller to the strength, stiffness and ductility of
NFPC was also explored by the tensile and flexural
tests. Subsequently, the mechanism of mechanical
enhancement and synergistic effect of designed core—
shell nanoparticle were also analyzed.

Materials and methods
Materials

Polylactide (3051D, 96.5% of L-lactide, M,,:160 kDa,
polydispersity:1.7) was supplied by Natureworks.
The woven jute fiber used in this work was pur-
chased from Zhenjiang, China. The jute fabric is plain
weave, and its average weight is about 280 g/m?. The
tensile strength and density of jute fiber are 340 MPa
and 1.21 g/cm®, respectively. Nano-silica (Aerosil
380, raw particle diameter of 7 nm) white powder
with a specific surface area of 380 & 30 m?/g was
attained from Evonik. n-Butyl acrylate (n-BA, >
99%), 3-aminopropyltriethoxysilane (APTES, > 99%)
and other chemicals were purchased from Aldrich
Chemical Reagents Co.

Synthesis of core-shell nanoparticles

The AGET ATRP (activators generated by electron
transfer, atom-transfer radical polymerization) was
utilized to synthesize the silica-rubber core-shell
nanoparticle [15, 16]. As shown in Fig. 1, the amino-
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functionalized silica nanoparticles (5iO,-NH,) was
first prepared by the silanization reaction of abun-
dant hydroxyl on the silica surface with silane cou-
pling agent (APTES) for 16 h at 95 °C in an oil bath.
Subsequently, to realize the polymerization grafting
of butyl acrylate (BA) monomer, the initiator was
immobilized at the surface of silanized silica to obtain
the SiO,-Br. The 2-bromoisobutyryl bromide (BiB)
was added dropwise to mixed solution of silanized
silica, trimethylamine and toluene. The immobiliza-
tion reaction was processed for 3 hat0 °C and 12 h at
room temperature. Then, the iron-mediated AGET
ATRP technique was applied to synthesize the SiO,—
PBA core-shell nanoparticle. In the presence of ini-
tiator, graft polymerization of the butyl acrylate (BA)
rubber shell was initiated on the nano-silica surface
using the FeCl;/triphenylphosphine (PPhj) as cata-
lyst complex and ascorbic acid (VC) as reducing
agent. The polymerization procedure was carried on
for 8 h at 90 °C. The obtained rigid core-soft shell
nanoparticle with end bromine group was denoted as
S5iO,~PBA-Br. Furthermore, to promote the covalent
bonding between core-shell filler and polylactide
matrix, the “click’ reaction was used to transfer the
end bromine group of PBA shell to the active amine
group [14]. The SiO,-PBA-Br core-shell particle,
trimethylamine and cysteamine were dissolved in
tetrahydrofuran and stirred overnight at room tem-
perature. The obtained core—shell nanoparticle with
the terminal amino group was designated as SiO,—
PBA-NH,.

__Silane | -0,

Raw SiO2

Si02-NH2

AGET ATRP
——
Butyl acrylate

3
3 Si-(CHa)e-NH-C- $~ECHZ QH%B
CHs'

(CHz)s-CHs

SiO2-PBA-Br
Q CHs
- §2$i-(CHz)s-NHz 38 S Si-(CHa)s-NH-C- C-Br
ChHs

Figure 1 Synthesis schematic of silica-rubber core—shell nanoparticle.
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Preparation of woven jute fiber-reinforced
PLA composite

To improve the interfacial adhesion between hydro-
philic jute fiber and hydrophobic PLA, the surface
treatment of natural jute fiber was implemented
firstly. The jute fibers were immersed in sodium
hydroxide solution (5% w/v) for 2 h at room tem-
perature and then were washed with distilled water
until pH of 7. After washing, the fibers were dried in
air for 12 h followed by dried in vacuum oven at
80 °C for 6 h. The alkali-treated fibers were immersed
in the mixture of water/ethanol (40:60 w/w) with
5 wt% APTES (weight percentage compared to the
fiber) for 3 h. Then, the fibers were washed and dried
in air for 12 h followed by dried in vacuum oven at
80 °C for 6 h.

The composite laminates containing 40 wt% woven
jute fiber were fabricated by hot pressing of prepregs,
as shown in Fig. 2. Firstly, the specific weight of dried
PLA pellet was dissolved in the dichloromethane.
The 1 wt% core—shell nanoparticle (SiO,~PBA-NH,)
was dispersed in ethanol and sonicated for 30 min.
Secondly, the nanoparticle solution was mixed with
the PLA resin and the mixture was stirred to homo-
geneity. The obtained modified matrix was poured
onto the woven jute fiber to prepare the prepregs.
After the solvent volatilizing, the obtained prepregs
were dried in the vacuum at 60 °C. Before hot
pressing, the steel mold was heated to 160 °C, and
subsequently, the dried prepregs were stacked in the
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groove of the steel mold. Then, a thick steel sheet was
covered on above steel mold. Finally, the fabric stacks
were hot compressed at 160 °C for 20 min by the hot-
press machine. The obtained sample is denoted as
NFPC/SiO,-PBA-NH,. The NFPC represents the
jute fiber-reinforced unmodified-PLA composite. For
comparison, the nanoparticles of SiO, and SiO,-NH,
were also used to modify the PLA matrix, and the as-
prepared jute fiber-reinforced nanocomposites are
designated as NFPC/SiO, and NFPC/SiO,-NHo.

Materials characterization

The characterization of core-shell nanoparticle was
analyzed by the Fourier transform infrared spec-
troscopy (FTIR). The morphology and size of the
core-shell nanoparticles were investigated using the
transmission electron microscope (TEM) (JEOL2100F)
operated at 200 kV.

The crystalline, thermal, mechanical properties and
morphology of jute-reinforced PLA composites were
also characterized. Wide-angle X-ray diffraction
(WAXD) was performed on a Smartlab9 diffrac-
tometer under a voltage of 40 kV using the Cu Ka
radiation. The differential scanning calorimetry
(DSC) measurement was taken under N, using
NETZSCH DSC 200F3. The samples were first heated
from 25 to 200 °C by the heating rate of 20 °C/min
and held at the 200 °C for 5 min to release the ther-
mal history. Subsequently, the samples were cooled
down to the 0 °C at the rate of 20 °C/min quickly and
kept for 2 min. Then, the samples were heated to
200 °C again at the rate of 10 °C/min. During this
process, the DSC thermograms were recorded, and

Nanoparticle
modified PLA resin

Nanoparticle

=
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PLA-dichloromethane
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&
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Figure 2 Fabrication of jute-reinforced PLA laminated composite.
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the glass transition temperature (Ty) and melting
temperature (T,,) can be determined. Thermogravi-
metric analysis (TGA) was performed on a thermo-
gravimetric analyzer of NETZSCH STA 449F3. About
8 mg of samples were heated from 30 to 600 °C at a
rate of 10 °C/min in nitrogen atmosphere. Thermal
degradation temperature of jute fiber, PLA and
composites were evaluated as temperature corre-
sponding to the maximum rate of the weight loss.
The tensile properties of fiber-reinforced laminate
were obtained according to the ASTM Standard
D3039 using an Instron 5500R testing machine at a
crosshead speed of 2 mm/min. The flexural proper-
ties were measured according to ASTM D790 using
Zwick/Roell Z010 machine. The fracture surface
morphologies of the tensile samples were observed
using a scanning electron microscopy (SEM) (JEOL
JSM 6390) at an accelerating voltage of 10 kV. Before
examination, a thin layer of gold was sputter-coated
onto the specimen surfaces to avoid electrostatic
charging. Dispersion of core-shell nanoparticles in
PLA matrix and detailed fracture morphology of
PLA /SiO,-PBA-NH; nanocomposite were examined
using the field emission scanning electron micro-
scope (FE-SEM, ZEISS) operated at 15 kV.

Results and discussion
Characterization of core-shell nanoparticle

The FTIR can be used to verify the graft polymer-
ization of the butyl acrylate on nano-silica surface.
From Fig. 3, the peaks at 806 and 1055 cm™" are the

Compressing gradually for
160°C/20min

31

Drying

Jute/PLA film

Jute reinforced PLA
composite
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result of S5i-O-Si and Si-O stretching vibration from
the silica nanoparticle, respectively. Compared with
the FTIR spectrum of SiO, the new peaks at
1396 cm™! from the C-N stretching vibration and at
1650 cm™! from the C=O of acrylamide were pre-
sented in the spectrum of SiO,~PBA-NH,, which
verified that the 2-bromoisobutyryl bromide was
initiated to the silica [17]. The adsorption peak at
1732 cm™! was the characteristic of C=O group from
the PBA. Meanwhile, the peaks at 2875 cm™ ',
1382 cm™! and 1433 cm™' from the C-H vibration
indicated the presence of methyl group. The peak at
2934 and 1469 cm™' was attributed to the C-H
stretching and bending vibration of methylene. All of
these indicated that the PBA was grafted on the silica
surface successfully [16]. The stretching vibration of
C-S at 694 cm ™" and the bending vibration of NH, at
1533 cm™! revealed that the amine groups were
bonded to the terminal of rubber shell.

The TEM morphologies of raw SiO, and SiO,—
PBA-NH, core-shell nanoparticle are shown in
Fig. 4. Compared Fig. 4a with b, it is clearly seen that
the nanoparticle size becomes larger after surface
grafting. The light PBA shell was surrounded on the
surface of rigid SiO, core. The average diameter of
raw SiO; is about 11.3 nm. After graft polymerization
of butyl acrylate, the average diameter of core-shell
nanoparticle is about 19.3 nm. The thickness of rub-
ber shell is about 4 nm.
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Figure 3 FTIR
nanoparticle.

spectra of SiO, and SiO,-PBA-NH,
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Crystalline and thermal properties of NFPC

The crystalline structures of the jute fiber, PLA/jute
fiber composite (NFPC) and NFPC/SiO,-PBA-NH,
were characterized by the WAXD, as shown in Fig. 5.
It can be seen that the jute fiber exhibited a prominent
diffraction peak at 20 = 22.4° corresponding to the
(002) lattice plane of cellulose I. Another low-inten-
sity peak presented at 20 = 16.4° is attributed to its
(010) lattice plane [18]. In the PLA/jute fiber com-
posite, a sharp diffraction peak appeared at
20 = 16.4° compared to the broad peak in the jute
fiber, which is corresponded to the (110/200) lattice
plane of a-form homocrystallite of PLA. It revealed
that the natural jute fiber can promote the crystal-
lization of PLA molecular chain acting as the
heterogeneous nucleus [19]. The characteristic of
natural fiber to accelerate the crystallization of PLA
matrix has also been found in hemp and kenaf fiber/
PLA biocomposites [20, 21]. Moreover, the natural
fiber can induce the transcrystallinity from their
surface in the semicrystalline PLA polymer, espe-
cially when the impurities (e.g., wax and pectin) of
fiber surface were removed by the chemical treatment
[22]. With the core-shell nanoparticle (SiO,—~PBA-
NH,) incorporated, the sharper and higher intensity
of aforementioned characteristic peak of PLA
(20 = 16.4°) was obtained in the nanocomposite.
Causally, the core-shell filler, acting as a nucleating
agent of PLA, promoted the formation of complete
crystalline grain. In addition, the as-prepared NFPC/
S5iO,-PBA-NH, nanocomposite presents an addi-
tional peak at 20 = 18.9° due to the diffraction from
(203) lattice plane of a-form crystallite of PLA [23].
These demonstrated that the nanoparticle has an
effect of heterogeneous nucleation on the crystal-
lization of PLA matrix. This phenomenon has also
been confirmed in the calcium carbonate and layered
silicate-reinforced PLA nanocomposite [24, 25].

The DSC heating thermograms of neat PLA and
PLA /jute fiber composites are displayed in Fig. 6. It
shows that the thermal properties of PLA in the
composites remained unaffected by the addition of
the jute fiber. The glass transition temperature (T)
and melting temperature (Ty,) of neat PLA and PLA/
jute fiber composite were centered at about 60 and
153 °C. It illustrates that the interaction of jute/ma-
trix is not strong to slow down the mobility of
molecular china related to the glass transition. The
same conclusion was also revealed in the coir fiber-
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Figure 4 TEM images of a raw SiO, nanoparticle, b SiO,—~PBA-NH, core—shell nanoparticle.

16.4°
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18.9°
3
&
2 ~ NFPC/SiO,-PBA-NH,
L
=
NFPC
Jute
1 1 1 1 1
0 10 20 30 40 50 60

26(°)

Figure 5 WAXD diffractograms of jute fiber and jute fiber/PLA
composites.

reinforced PLA biocomposite [26]. As the silica-rub-
ber core-shell nanoparticles were introduced into the
PLA matrix, the T, and Ty, of nanocomposite almost
did not change with considering the experimental
deviation, although the rubber within the core-shell
filler being added. It is reported that the mobility of
polymer chains has a prominent effect on the T, and
Tm of composite [27]. The core-shell nanoparticles
used in this study has a strong interfacial bonding
with the matrix due to its end active amine group.
Therefore, the migration and diffusion of PLA
molecular chains near the interacting interface was
confined, which contributed to the high thermal

4989
g NFPC/SIO,-PBA-NH, ‘
3 1535 C
8 611 C
=
v}
=)
£
=
£ /\ NFPC ]
3 60.1 C 1538 °C
[
®
:GE) yaN Neat PLA
7,607 C T,=153.4 C
1 " 1 " 1 " 1 " 1 " 1

40 60 80 100 120 140 160 180
Temperature (C)

Figure 6 DSC thermogram of neat PLA and jute fiber/PLA
composite.

stability =~ of  core-shell  nanofiller-reinforced
biocomposite.

The thermal stability of neat PLA, jute fiber and
NFPC determined by TGA and derivative thermo-
gravimetric (DTG) are shown in Table 1 and Fig. 7.
The temperature (T4) of maximal thermal degrada-
tion rate can be obtained from the peak value of DTG
curve. The neat PLA showed a single step thermal
degradation at T4 of 358 °C. There were three-stage
weight losses in the TGA curve of jute fiber. The first
stage (30-100 °C) is attributed to the moisture loss.
The second transition (200-300 °C) is related to the
decomposition of low molecular weight components
of hemi-cellulose. The third weight loss stage
(300400 °C) corresponds to the thermal degradation

of cellulose [28]. As shown in Fig. 7b, the T4 of PLA/
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jute fiber composite decreased to the 343 °C com-
pared to the neat PLA of 358 °C, which may be
attributed to the lower thermal degradation temper-
ature of jute fiber. The observation is in good agree-
ment with the thermal properties of composites
reinforced with other natural fibers [26]. As the silica-
rubber core-shell nanoparticles were introduced into
the PLA matrix, the thermal stability of composite
was improved. The initial temperature of thermal
degradation and T4 were both increased compared to
that of NFPC, which is ascribed to the excellent
thermal stability of rigid silica core. Similarly,
Siengchin et al. [29] obtained that the incorporation of
alumina particles can enhance the thermal resistance
of flax/PLA biocomposite at high temperature. Fur-
thermore, the poly (butyl acrylate) (PBA) designed as
the outer shell in this study can increase the thermal
stability of composite, which has been confirmed by
the Qin et al. [30]. This can be explained as that the
interaction between poly (butyl acrylate) and poly-
lactide molecular chain improves the entanglement
density of PLA matrix.

Mechanical properties
Flexural properties

The flexural stress—strain curves of neat PLA and
nanoparticle-modified PLA /jute fiber composites are
presented in Fig. 8a. It can be observed that the curve
of neat PLA showed a linear evolution, while the
PLA /jute fiber composites appeared the initial linear
deformation, followed by a nonlinear deformation
due to the introduction of jute fiber. The initial lin-
earity indicates the elastic properties of jute/PLA
composite. With the applied load increases, the
nonlinearity of flexural stress-strain curve appeared
due to the beginning of matrix cracking and fiber

Table 1 Thermal properties of PLA, fiber and composites

Sample Temperature (°C)

Ts Tio T2 Tso Tq
Neat PLA 318 329 340 355 358
Jute fiber 239 285 320 360 362
NFPC 273 296 316 341 343

NFPC/SiO,~PBA-NH, 279 314 332 352 354

Ts, T1o, T2 and T'sy are temperatures of 5%, 10%, 20% and 50%
weight loss. Ty is temperature of maximal degradation rate
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breaking. The similar phenomena were observed in
woven bamboo/PLA biocomposite as well [31]. As
shown in Fig. 8a, the NFPC exhibits a significant
improvement of flexural properties compared to neat
PLA, the flexural strength and modulus increased
37.9 and 101%, respectively. It is resulted from the
strong mechanical properties of jute fiber and inter-
facial adhesion between fiber and matrix. The com-
patible interface between silanized jute fiber and PLA
matrix promoted the stress transfer effectively.
Accordingly, little or no fiber pull-out and delami-
nation were observed from the tested specimens.

Furthermore, the nanoparticles applied to modify
the PLA resin had a prominent reinforcement to the
NFPC. The effects of raw silica (SiO,), silanized silica
(5i0,-NH,) and core—shell nanoparticle (SiO,~PBA-
NH,) on the flexural strength and modulus of NFPC
are shown in Fig. 8b. The flexural strength and
modulus of NFPC are 87.3 MPa and 4.87 GPa,
respectively. In comparison of NFPC, the flexural
strength of NFPC/SiO,-NH, composite increased
18.9%. Due to the presence of the terminated amine
group on the surface of silica, the SiO,-NH,
nanoparticle can be comparatively well dispersed in
the matrix to enhance the efficient load transfer
between modifier and PLA. Moreover, with incor-
poration of the SiO,~PBA-NH, core—shell nanofiller,
the strength and modulus of NFPC/SiO,-PBA-NH,
composite enhanced to 115.3 MPa and 5.33 GPa,
respectively, about 32 and 9.4% higher than those of
NFPC, simultaneously, increased 11.9 and 7.9%
compared to the NFPC/SiO,-NH, composite. This
could be attributed to that the core—shell filler with
the end-amino group can form the strong interfacial
chemical bonding with the PLA matrix via the ami-
dation reaction to reduce the debonding of the
nanofiller and promote the load transfer [32, 33]. On
the other hand, the soft rubber shell of core-shell
filler can also dissipate effectively local stress initi-
ated by the rigid core via the large deformation to
reduce the cavitation of nanoparticles. More attrac-
tively, due to the strong covalently bonding between
the rigid and soft phases, the rigid core can hinder
the propagation of the cracks formed by the defor-
mation of rubber shell. The synergistic effect between
rigid core and soft shell contributed to the rein-
forcement of jute/PLA composite without impairing
its flexibility.
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Figure 7 Thermal properties of neat PLA, jute fiber and PLA/fiber composites. a TGA thermograms. b DTG thermograms.
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Figure 8 The effect of nanoparticles on flexural properties of PLA/jute fiber composites. a Stress—strain curve. b Flexural strength and
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Tensile properties

The tensile stress—strain curves of neat PLA and
nanoparticle-modified PLA /jute fiber composites are
shown in Fig. 9. It is apparent that all samples
showed the brittle fracture behaviors, while the
nonlinear deformation appeared in the stress—strain
curves of PLA/jute fiber composites. The starting of
nonlinearity indicated the initial matrix cracking fol-
lowed by progressive failure of fiber. Moreover, the
tensile strength and young’s modulus of fiber-rein-
forced composites increased significantly compared
to neat PLA; however, their failure strains declined.
This can be attributed to the lower failure strain of the
jute fiber compared to that of PLA. From Fig. 9, the
tensile strength of NFPC increased to the 52.4 MPa

from the 43.1 MPa of neat PLA. The modulus of
NFPC was high as 3.14 GPa compared to the PLA of
0.94 GPa, improved 234.0%. This could be attributed
to the higher stiffness of jute fiber and the improved
fiber wetting when the prepreg technology was
applied to prepare the jute/PLA laminate. The simi-
lar result about the effect of jute fiber on tensile
properties of PLA has been confirmed by Plackett
et al. [12].

Figure 10 presents the effects of nano-modifiers on
tensile properties of jute fiber-reinforced PLA com-
posites. The toughness was calculated by integrating
the tensile stress—strain curves. From Fig. 10, the low
content of raw silica had a slight effect on the tensile
properties of NFPC owing to the poor interfacial
interaction of filler/matrix. With introducing the
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Figure 9 Tensile stress—strain curve of neat PLA and PLA/jute
fiber composites.

SiO,-NH, and SiO,-PBA-NH, modifiers to PLA
matrix, the modulus of NFPC increased to 3.42 and
3.67 GPa from the 3.14 GPa, respectively. Meanwhile,
the tensile strength of NFPC also improved from
52.4-71.9 and 77.5 MPa, respectively. This could be
attributed to efficient load transfer between nano-
fillers and PLA matrix resulting from their perfect
interfacial bonding via the amidation reaction. In
addition, the nanofillers introduced into the matrix
also had the ability to deflect the cracks formed
during loading to strengthen the NFPC. Notably, the
core—shell nanoparticle also had the excellent tough-
ening effects on the NFPC, demonstrated by the
tensile fracture toughness of NFPC/SiO,-PBA-NH,
exhibited 97.3% enhancement compared to that of
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NFPC. Meanwhile, the elongation at break of PLA/
jute fiber composite also increased from 2.80 to 3.74%,
which may be caused by the great flexibility of PBA
rubber shell of core-shell nanoparticle.

To illustrate the toughening mechanism, the frac-
ture surface morphologies of core-shell-reinforced
PLA matrix nanocomposite after tensile tests are
shown in Fig. 11. The 1 wt% of SiO-PBA core—shell
nanoparticles are homogeneously distributed in the
PLA matrix (labeled by yellow circles in Fig. 11a).
The less cavitation/voids occur in the fracture sur-
face, which profits from the desirable interfacial
adhesion between core—shell filler and matrix. Being
different from the toughening mechanism of pure
rubber particle, which the cavitation plays an essen-
tial role, the core-shell particle with a superior filler-
matrix interaction can also improve the toughness of
composite. He et al. [34] concluded that the rubber
layer of core-shell particle may initiate the crazes,
which is considered to be the key toughening mech-
anism. Although the crazes did not appear in our
fracture surface, as the red arrows shown in Fig. 11a,
the flexible rubber layer of core-shell filler facilitates
the micro-crack, which is the origin of energy dissi-
pation and thus improves the toughness of
nanocomposite. In addition to crack formation, it is
hypothesized that the shear band and fibration of
matrix induced by the core-shell filler also have the
significant toughening effect (as labeled by red circles
in Fig. 11b). These shear bands occurred near the
core-shell particles, which demonstrates that the
rigid-flexible filler can induce the inhomogeneous
localized plastic deformation of PLA matrix.

40 |

35

3.0

25

2.0

1.5

Toughness (J-cm™)

1.0

0.5

L N
NFPC NFPC/SIO, NFPC/SiO,-NH, NFPC/SiO,-PBA-NH,

0.0

Figure 10 The effect of nanoparticles on tensile properties of PLA/jute fiber composites. a Tensile strength and modulus. b Elongation at

break and toughness.
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Figure 11 FE-SEM fracture surface morphologies of PLA/SiO,—~PBA-NH, nanocomposite.

Moreover, the fibration of matrix could absorb energy
remarkably to enhance the toughness of composite.
As expectedly, the core-shell modifier used in this
study can contribute to the significant improvement
of strength and stiffness of NFPC without sacrifice its
toughness and elongation at break. Causally, the
synergistic effect of rigid core and flexible shell of
core-shell nanoparticle plays a significant role in
strengthening and toughening of PLA/jute fiber
composite. As shown in Fig. 12, the covalent linkage
formed by the grafting polymerization between SiO,
core and PBA shell can prevent the separation of
rigid and rubbery phase. It is resulted in that the two
components of rigid and rubbery phase can con-
tribute their respective merits in mechanical proper-
ties increment. The rigid SiO, core can improve
stiffness of matrix, while the flexible PBA shell is
related to the enhancement of ductility. The stress
transferred to rigid core from the matrix can be
relaxed in situ via the deformation of PBA rubber
shell, which releases triaxial stress around the core-
shell particle further to initiate the shear yielding of
PLA matrix. It is considered that the dissipated
energy of plastic deformation of matrix is much
higher than that of particle debonding [35]. Mean-
while, the micro-cracks formed by the deformation of
rubbery phase can be pinned by the chemically
bonded rigid SiO, core, which makes the paths of
cracks deflect or branch. Consequently, the toughness
of composite could be improved and the probability
of filler debonding or cavitation declines. Further
considering the desirable stress transfer between fil-
ler and matrix, the strength of composite can be
enhanced simultaneously. This synergistic effect of
core-shell was also indicated by Yin et al. [36]. They
found the thicker shell can prevent the debonding of

Rigid nano-silica core

from matrix

Figure 12 Synergistic effect diagram of core—shell nanoparticle.

core-shell and ensure the stress transfer from matrix
to inner core, subsequently, the inner core can avoid
the disruption of shell due to the strong interface
adhesion of core/shell. As a result, the fibrillation of
particle dissipates more fracture energy and thus
improves the toughness.

Fracture surface morphologies of PLA/jute
fiber composites

To better understand the toughening effect of SiO—
PBA core-shell nanoparticle on PLA /jute fiber com-
posites, the tensile fracture surfaces of NFPC and
NFPC/SiO,-PBA-NH,; were observed using SEM as
shown in Fig. 13. The fracture surface of PLA matrix
of NFPC is smooth (Fig. 13a), and some fractured
fiber can also be seen. It is in agreement with the
lower elongation at break of NFPC. Nevertheless, the
PLA matrix of NFPC/SiO,-PBA-NH, presents a
much rougher fracture surface (Fig. 13b), which
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demonstrates the localized plastic deformation of
PLA matrix can be induced by the core-shell
nanoparticle. Figure 13c, d shows the fracture mor-
phologies of PLA matrix permeated through jute
fiber yarns. It can be seen the fibers were well
impregnated at loading of 40 wt% by PLA resin
using the prepreg technology. As presented in
Fig. 13c, the PLA matrix of NFPC between fiber
bundles appears a typical brittle failure. The broken
PLA mass disperses surrounding fibers. With incor-
poration of core—shell nanoparticle, the lamination of
matrix between fiber bundles occurs, exhibiting a
more ductile fracture (Fig. 13d). Excepting for the
fibration effect induced by the core-shell filler, the
shear yielding produced at the interface between
fiber bundles and matrix also contributes to the
exfoliation of PLA.

J Mater Sci (2019) 54:4984-4996

Conclusions

A designed rigid core-soft shell nanoparticle was
introduced into the PLA matrix to strengthen the
jute/PLA biocomposite meanwhile maintaining its
ductility. The core-shell nanoparticle with both the
rigid and rubbery phases was synthesized via
chemical polymerization of nano-silica as the inner
core and poly (butyl acrylate) as outer shell. The
effect of core-shell filler on the crystalline, thermal
and mechanical properties of NFPC was investigated.
The WAXD results revealed that the core-shell
nanofiller, as a nucleating agent, can promote the
formation of complete crystalline grain of PLA. From
the thermal analysis, the applied core-shell modifier
is capable of improving the thermal stability of
NFPC, and remaining its glass transition and melting
temperatures as well. Furthermore, as the tensile and
flexural tests presented, with the core—shell nanofiller

Figure 13 SEM fracture surface morphologies of PLA/jute fiber composites a, ¢ NFPC; b, d NFPC/SiO,~PBA-NH,.
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adding, the strength and stiffness of NFPC were
significantly enhanced, especially, its toughness and
elongation at break were not impaired. The superior
mechanical properties are derived from the strong
filler-matrix interactions and efficient synergy
between rigid and rubbery phases of core-shell filler
caused by the covalently bonding. Moreover, the
fracture surface morphologies of PLA and NFPC
revealed that the localized plastic deformation of
matrix induced by core-shell filler is the main
toughening mechanism.
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