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Abstract

-W.L.Tham'-B.T. Poh?. Z. A. Mohd Ishak’

Poly(lactic acid) (PLA)/halloysite nanotube (HNT) nanocomposites were prepared using melt compounding followed by
compression molding. Maleic anhydride grafted styrene—ethylene/butylene—styrene copolymer (SEBS-g-MA) and N,N'-
ethylenebis(stearamide) (EBS) were used to improve the impact properties of PLA nanocomposites. The properties of PLA/
HNT nanocomposites were characterized by tensile and impact tests, Fourier transform infrared spectroscopy, thermal
analysis (DSC and TGA), and morphological analysis (FESEM and TEM). In addition, the oxidation onset temperature
(OOT) was determined using DSC. The PLA/HNT6/EBSS nanocomposites gives higher impact strength improvement (98%)
compared to that of PLA/HNT6/SEBS-g-MAS (77%). Also, the PLA/HNT6/EBSS exhibited higher OOT compared to that

of PLA/HNT6/SEBS-g-MAS nanocomposites.

Keywords Poly(lactic acid) - Halloysite - Maleic anhydride grafted styrene—ethylene/butylene—styrene copolymer - N,N'-

ethylenebis(stearamide) - Oxidation onset temperature

Introduction

Polymer nanocomposites have attracted great attention
worldwide from both academic and industries. The prop-
erties of polymer can be enhanced by incorporating nano-
fillers at very low concentrations [1]. The enhanced prop-
erties of polymer nanocomposites are attributed to the
nanoscale structure, the large aspect ratio of the nanofiller
and the strong interaction between polymer molecular chains
and nanofiller [2, 3]. Poly(lactic acid) (PLA) is an attrac-
tive biopolymer due to its sustainability and eco-friendly
which are derived from the renewable resources, e.g. corn,
sugar beets, and sugarcane. PLA offers good mechanical
properties (i.e. high strength and modulus), good thermal
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processability, transparency, biodegradability, and biocom-
patibility [4-8].

Halloysite nanotubes (HNT) have recently received
increasing research attention due to the combination
of the chemistry of montmorillonite and the geometry
of carbon nanotubes. The HNT is similar to the kaolin
group of clay minerals with the chemical composition of
Al,(OH),S1,05(2H,0). It exhibits hollow nanotubular struc-
ture and its typical dimension is of nanoscale with high
aspect ratio. Furthermore, the cost of HNT is far cheaper
than other nanofillers such as carbon nanotubes [9, 10]. In
this research, HNT was incorporated in the PLA matrix in
order to produce a green nanocomposite, with the intention
of obtaining materials with improved properties which is
suitable for a wide range of applications. The incorporation
of HNT could improve the properties of polymer matrix in
terms of mechanical, fire retardant, rheological, and gas bar-
rier properties [11-13].

The applications of PLA are limited by several factors
such as low glass transition temperature, low thermal resist-
ance and brittle. PLA has been blended with others polymers
for toughness improvement, e.g., poly[(3-hydroxybutyrate)-
co-(3-hydroxyhexanoate)] [14], poly(acrylic acid) and
poly(ethylene glycol) [15], polyhydroxyalkonoates [16],
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polyethylene octane grafted maleic anhydride (MA) [17]
and poly(butylenes succinate) [18].

In this study, SEBS-g-MA and EBS have been selected as
an attempt to improve the impact properties of PLA nano-
composites. The SEBS is a styrenic block polymer consist-
ing of polystyrene blocks and rubber blocks. The rubber
block consists of ethylene/butylenes (EB) is efficient to act
as bumpers that absorb the impact energy and also play as
crack initiator stops in polymer system. MA can be grafted
to the EB chain to improve the properties of polymers, by
providing polarity to enhance the adhesion and compatibil-
ity with other polymers and fillers [19, 20]. It is known that
SEBS-g-MA is a common rubbery polymer which has been
used as impact modifiers and compatibilizer to improve the
toughness for certain polymer composites [21-24].

The N, N'-ethylenebis(stearamide) (EBS) has low molec-
ular weight and flexible hydrocarbon segment with the
existence of polar amide groups (—CONH-) in the molecu-
lar structure of EBS make it compatible with some of the
polar polymer. Several articles reported that EBS can act as
a lubricant and plasticizer in HDPE/bark fiber composites
[25], polyethylene/maple composites [26], PE/cassava starch
[27], high impact polystyrene/magnesium hydroxide [28],
and poly(3-hydroxybutyrate-co-4-hydroxybutyrate)/short
glass fiber composites [29].

In this paper, we aim to report the effects of SEBS-g-
MA and EBS on the mechanical and thermal properties of
PLA/HNT nanocomposites. It is known that SEBS-g-MA
could act as impact modifier for polymer composites (and/or
nanocomposites). Hence, comparative studies were done on
both PLA/HNT/SEBS-g-MA and PLA/HNT/EBS, in order
to check the feasibility of EBS to be used as impact modifier
for PLA/HNT nanocomposites. At the same time, the ther-
mal oxidation behaviours of the PLA/HNT nanocomposites
were evaluated.

Experimental
Materials

PLA (Ingeo™ 3051D, NatureWorks LLC®, USA) was
selected in this study. The specific gravity and melt flow
index of the PLA were 1.25 g cm™ and 25 g 10 min™!
(2.16 kg load, 210 °C), respectively. HNT was supplied by
Sigma-Aldrich (Malaysia). The diameter of the HNT was
in the range of 30-70 nm, while its length was 1-3 um.
SEBS-g-MA, with a MA grafting level of 1.4-2.0 wt%
and styrene/rubber ratio of 30/70 (wt%), was purchased
from Shanghai Jianqgiao Plastic Co. Ltd., (China). The melt
flow index and specific gravity of the SEBS-g-MA were
1.0 g 10 min~' (2.16 kg load, 230 °C) and 0.91 g cm™,
respectively. EBS was supplied by Sigma-Aldrich (USA).
The melting point and density of EBS is 140 °C and
0.97 g cm™3, respectively. The molecular weight of EBS
is 593 g mol~!.

Preparation of PLA/HNT Nanocomposites

Melt compounding was carried out by using an inter-
nal mixer (Haake PolyDrive R600, Germany) at 180 °C
for 10 min. The rotor speed was set at 50 rpm. Prior to
compounding, PLA, HNT, SEBS-g-MA and EBS were
dehumidified in a vacuum oven at 80 °C for 24 h. During
compounding, the HNTs were mixed with PLA, followed
by the addition of SEBS-g-MA or EBS. Table 1 shows the
materials designations and compositions for PLA/HNT6
nanocomposites. The compression molding was performed
at 185 °C using a hot press machine (Go Tech, Taiwan).
The preheating, compression molding and cooling times
were 7, 3, and 3 min, respectively.

Table 1 Materials designations

e Materials designation PLA (Wt%) HNT (wt%) SEBS-g-MA EBS (wt%)

and compositions of PLA/ (Wt%)

HNT6 nanocomposites
PLA 100 - - -
PLA/HNT6 94 6 - -
PLA/HNTG6/SEBS-g-MAS5 89 6 5 -
PLA/HNT6/SEBS-g-MA10 84 6 10 -
PLA/HNTG6/SEBS-g-MA15 79 6 15 -
PLA/HNT6/SEBS-g-MA20 74 6 20 -
PLA/HNT6/EBS5 89 6 - 5
PLA/HNT6/EBS10 84 6 - 10
PLA/HNT6/EBS15 79 6 - 15
PLA/HNT6/EBS20 74 6 - 20
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Characterization of PLA/HNT Nanocomposites
Mechanical Properties

Tensile tests were carried out on an Instron tensile machine
(model 3366, USA) at 27 °C and 50% relative humid-
ity, according to ASTM D638. Tensile modulus, tensile
strength and elongation at break were determined from the
stress—strain curves. The Charpy impact strength of the sam-
ples was determined according to ASTM D6110 by using a
pendulum impact machine (model 5101, Zwick, Germany).
The dimension of sample was 65 mm X 13 mm X 3 mm
(length x width X thickness). The testing was performed

with pendulum of 7.5 J with a velocity of 3.54 ms™".

Field Emission Scanning Electron Microscopy (FESEM)

The fracture surfaces of selected PLA nanocomposites were
investigated in a FESEM (Zeiss Supra 35VP, Germany) at
an acceleration voltage of 5 kV. The specimen surfaces
were gold coated to avoid electrostatic charging during
examination.

Transmission Electron Microscopy (TEM)

PLA specimens (approximately 50 nm) were prepared using
a PT-PC PowerTome ultramicrotome (Boeckeler Instru-
ments, Arizona, USA) with a diatome diamond knife. The
PLA specimens were stained using osmium tetroxide (OsO,)
to provide contrast to the image. TEM viewing was then
performed using a Zeiss Libra 120 Plus energy filtering
transmission electron microscope (Carl Zeiss, Germany)
operating at an accelerating voltage of 120 kV.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrophotometer (Perkin Elmer Spectrum One, UK)
was used to characterize the functional group of PLA/HNT
nanocomposites. FTIR spectra were determined from 400 to
4000 cm™! with a resolution of 4 cm™'.

Thermogravimetric Analysis (TGA)

Thermal decomposition behaviour of the PLA samples was
characterized by using a thermogravimetric analyzer (TGA,
Perkin Elmer Pyris 6, USA). The TGA was performed in
both nitrogen and oxygen atmosphere. In both measure-
ments, the samples were heated from 30 to 600 °C at a heat-

ing rate of 10 °C min™".

Differential Scanning Calorimetry (DSC)

The melting and crystallization behaviour of the composites
were scanned under nitrogen atmosphere by DSC 1 (Mettler
Toledo STAR®, USA) using approximately 10 mg samples
sealed in aluminum pans. The specimens were scanned from
30 to 200 °C at a heating rate of 10 °C min~". The glass tran-
sition temperature (7,), melting temperature (7,,), cold crys-
tallization temperature (7,.) and degree of crystallinity (y.)
of the PLA nanocomposites were determined. The degree
of crystallinity (y,) of PLA nanocomposites was evaluated

according to Eq. (1).

Af, x 100%
= - 0 1
AHp X wppy &

e
where AH,, is the enthalpy of melting; AH,is the enthalpy
for 100% crystalline PLA, and wp; 4 is the net weight frac-
tion of the PLA. The heat of fusion for 100% crystalline PLA
is approximately 93.6 J g~ [30, 31].

Oxidation Onset Temperature (OOT)

The OOT was determined using differential scanning calo-
rimetry (DSC Q200, TA instruments, USA). The samples
(10 mg) in opened Tzero pan were heated at heating rate
of 10 °C min~! up to 180 °C under nitrogen atmosphere
(50 mL min~"') and isothermal for 2 min. The atmosphere
was then switched from nitrogen to oxygen atmosphere. The
flow rate of O, gas was set at 50 mL min~!, and then heated
up from 180 °C until the OOT occurred.

Results and Discussion
Mechanical Properties

Table 2 shows the tensile and impact properties of PLA/
HNT6 nanocomposites. The tensile modulus of PLA was
increased with the addition of 6 wt% HNT. The improve-
ment of tensile modulus is attributed to the rigidity and
reinforcing-ability of HNT. It can be observed that the addi-
tion of SEBS-g-MA and EBS into PLA nanocomposites
decreases the tensile modulus and strength due to the elas-
tomeric nature of the impact modifier. It is worth to mention
that the tensile modulus of PLA/HNTG6 containing EBS is
higher than that of PLA/HNT6/SEBS-g-MA. The elonga-
tion at break of PLA was decreased in the presence of HNT.
This may be due to the constraint of mobility on the polymer
chains caused by the HNT. Nevertheless, the incorporation
of SEBS-g-MA into PLA/HNT nanocomposites increased
the elongation at break. It is suggested that SEBS-g-MA
is capable of inducing an energy dissipation mechanism in
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Table2 Effects of SEBS—g—MA Materials designation Tensile modulus (GPa) Tensile strength (MPa) Elongation Impact

and EBS on the mechanical at break (%) strength

properties of. PLA/HNT6 (KJ m~2)

nanocomposites
PLA 1.7 £ 0.10 60.0 + 1.4 4.6 + 0.7 9.0+ 0.7
PLA/HNT6 2.0 + 0.04 49.5 + 0.7 38+02 114+14
PLA/HNT6/SEBS-g-MAS 1.8 + 0.09 39.1 +£ 2.0 38+02 202+19
PLA/HNT6/SEBS-g-MA10 1.5 + 0.05 339+ 14 41+02 19722
PLA/HNT6/SEBS-g-MA15 1.2 + 0.08 28.7 + 0.6 47+02 164 +14
PLA/HNT6/SEBS-g-MA20 1.1 + 0.06 24.1 + 0.6 51 +05 166 + 1.8
PLA/HNT6/EBSS 1.6 + 0.06 384 + 1.1 35+£02 226+12
PLA/HNT6/EBS10 1.7 £ 0.09 354 £ 22 33+£03 179+ 1.8
PLA/HNT6/EBS15 1.7 £ 0.04 29.1 £ 29 36+03 153 +123
PLA/HNT6/EBS20 2.0 + 0.02 26.1 £ 0.9 3103 139+ 1.1

the PLA composites and may elongate to a greater extent,
avoiding a highly strained process during the tensile defor-
mation. On the other hand, the elongation at break of PLA/
HNT6 containing EBS is in the range of 3.1-3.6% which is
comparable with the PLA/HNT6 nanocomposites.

The incorporation of 6 wt% HNT increases the impact
strength of PLA to approximately 11.4 kJ m~2. The inor-
ganic particles act as stress concentrator to build up a stress
field surrounded polymer matrix. The debonding of inor-
ganic particle occurs at the particle-matrix interface would
take place, leading to the release of the strain constraints
at the crack tip. Thus, it may cause the plastic deformation
to dissipate a large amount of energy [32-35]. The addi-
tion of 5 wt% SEBS-g-MA and 5 wt% EBS increased the
impact strength of the PLA/HNT6 to approximately 77 and
98%, respectively. Again, this is attributed to the elastomeric
nature of the SEBS-g-MA which can induce higher energy
absorption during an impact test and give higher impact
strength for the PLA/HNT nanocomposites. According to
Bartczak et al. [36], the cavitation of rubber particles is
a main mechanism to increase polymer toughness due to
energy dissipation. Note that the addition of 5 wt% EBS in
PLA/HNT®6 gives higher impact strength compared to that of
PLA/HNT®6 containing 5 wt% SEBS-g-MA. This may due to
EBS can act as a dispersant for the HNT in PLA matrix [32].

Fourier Transform Infrared Spectroscopy

Figure 1 shows the FTIR spectra of PLA/HNT6 with and
without SEBS-g-MA. The new bands appeared at 2924 and
2852 cm™! for the PLA/HNT6/SEBS-g-MA nanocomposites
can be assigned to the C—H stretching and —CH, group from
SEBS-g-MA. Additionally, the band intensity of 2924 and
2852 cm™! is more noticeable as the SEBS-g-MA loading
increased to 20 wt%. Note that the peak at 3503 cm™' was
shifted to 3487 cm™! as the increasing of SEBS-g-MAH
loading. These peaks were attributed to the O—H stretching

@ Springer
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Fig.1 FTIR spectra of PLA/HNT6, PLA/HNT6/SEBS-g-MAS5, and
PLA/HNT6/SEBS-g-MA20 nanocomposites

from the hydrogen bonding of water molecules or lateral
groups of amino acids, such as protonated carboxylic acids.
The intensity peak at 3487 cm™' becomes more obvious as
the SEBS-g-MA loading increases to 20 wt%, which indi-
cates the better interaction between MA and Si—O group.
Figure 2 shows the FTIR spectra of PLA/HNT6, PLA/
HNT6/EBSS, and PLA/HNT6/EBS20 nanocomposites. The
new peaks at 3300, 1639, and 1556 cm™! have appeared in
the FTIR spectra of PLA/HNT® in the presence of EBS. The
peaks at 3300 and 1639 cm™' is associated to N-H stretch-
ing, while the absorption band at 1556 cm™! is assigned to
C=0, which are originated from the amide group (-CONH)
of EBS. The appearance of peaks at 2919 and 2850 cm™! is
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Fig.2 FTIR spectra of PLA/HNT6, PLA/HNT6/EBSS, and PLA/
HNT6/EBS20 nanocomposites

attributed to the aliphatic C—H group of EBS as the loading
of EBS increased. The presence of amide group in EBS can
lead to inter- and/or intra-molecular reaction between each

Fig.3 FESEM micrographs
taken from impact fracture
surfaces of a PLA/HNT6, b
PLA/HNT6/SEBS-g-MAS, and
¢ PLA/HNT6/EBSS

other to form hydrogen bonding. There are also possibility
for the chemical interaction between C=0 from PLA and
hydroxyl group from HNT with the amide group of EBS.

Field Emission Scanning Electron Microscopy
(FESEM)

Figure 3 shows FESEM micrographs taken from impact
fracture surfaces of PLA nanocomposites. The formation
of non-planar fracture surfaces and plastic deformation in
PLA/HNT®6 can be observed in Fig. 3a. A relatively rough
fracture surface and crack fronts on the fracture surface of
PLA/HNT6 was observed. It was suggested that a crack path
deflection due to the rigidness of HNT hindered crack propa-
gation, and thus more energy dissipated during the fracture
mechanism [37]. Therefore, HNT could improve impact
strength of PLA.

Figure 3b, ¢ shows a more extensive plastic deforma-
tion and rougher surface were observed on the fracture
surface of PLA/HNT containing impact modifiers (i.e.
SEBS-g-MA and EBS). The FESEM micrograph of PLA/
HNT6/SEBS-g-MAS (c.f. Fig. 3b) contains smooth and
distinct droplets protruded on the PLA fracture surface,
indicating that the SEBS-g-MA particles are not miscible
with PLA matrix and have less interfacial adhesion. The
microcavities were observed on the impact fracture surface
of PLA/HNT6/SEBS-g-MAS, which corresponded to the

20 pm

@ Springer



2978

Journal of Polymers and the Environment (2018) 26:2973-2982

SEBS-g-MA particles detached from the PLA matrix sur-
face. The cavitations associated with localized shear band
formation proceeded crazing in the sample. The crazing is
commonly controlled by the foreign particles, which act as
stress concentrators. The rubber-modified polymer acts as
stress concentrators due to the formation of a large number
of crazes distributed throughout the sample volumes. From
Fig. 3c, it can be observed that the EBS is mostly embedded
on the fracture surface of PLA nanocomposites, indicating a
good interaction adhesion between HNT, EBS and PLA. The
EBS with particle size 1-2 pm was observed on its fracture
surface (c.f. Fig. 3¢). This morphology can be related to the
enhancement in impact strength of PLA/HNT6/EBSS.

Transmission Electron Microscopy (TEM)

Figure 4 shows the TEM micrographs of the PLA/HNT
nanocomposites. In Fig. 4a, b, the dark region with elon-
gated droplet shape was ascribed to the SEBS-g-MA with
the dimension of approximately 2—5 pm. It is interesting
to note that the HNT appeared in different morphologies
with small bundles and single dispersed nanotubes can be
observed after the addition of SEBS-g-MA within poly-
mer. The occurrence of different sizes, broken and folded

Fig.4 TEM images of a PLA/
HNT6/SEBS-g-MAS, b PLA/
HNT6/SEBS-g-MA20, ¢ PLA/
HNT6/EBSS, and d PLA/
HNT6/EBS20

nanotubes of HNT may be due to the existence of a ben-
zene group of SEBS-g-MA which restrict the dispersion of
HNT, probably resulting from mechanical damage during
the mixing process, which caused the breakage of the HNT
nanotubular.

Figure 4c, d shows the TEM images of PLA/HNT nano-
composites containing 5 and 20 wt% EBS. The dark region
with irregular shape can be ascribed to EBS. It can be
observed that the dimension of EBS is about 0.5—1 um. The
EBS promotes better dispersion of HNT in PLA matrix. It
can be seen that the HNT are mainly located at the surface
of EBS, thus suggesting a strong affinity by the formation of
hydrogen bonding between the surface OH groups of HNT
and amide group of EBS.

Thermogravimetric Analysis (TGA)

Table 3 summarises the thermal decomposition temperature
of PLA nanocomposites in both nitrogen and oxygen envi-
ronments. The TGA and DTG curves of PLA nanocompos-
ites recorded under nitrogen and oxygen atmospheres are
shown in Fig. 5. The T refers to the decomposition tempera-
ture at 5% weight loss. The T;, and T, indicate the first and
second stage decomposition temperatures, respectively. It
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Table 3 TGA data of PL.A Material designation Decomposition temperature (°C)
nanocomposites under nitrogen
and oxygen atmosphere T T, T,
N, atm 0O, atm N, atm 0O, atm N, atm 0O, atm
PLA 328.1 327.3 380.2 370.4 -
PLA/HNT6 311.5 313.7 374.2 366.5 -
SEBS-g-MA 424.0 296.5 - 396.2 508.0 522.5
PLA/HNT6/SEBS-g-MAS 320.5 316.0 371.0 359.3 4922 4314
PLA/HNT6/SEBS-g-MA20 326.1 310.5 374.8 365.1 499.0 479.5
EBS 298.5 279.5 436.6 362.2 - -
PLA/HNT6/EBSS 293.5 302.0 336.7 368.6 - 4354
PLA/HNT6/EBS20 293.8 295.2 328.9 360.5 - 458.3
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Fig.5 TGA curves of PLA/HNT nanocomposites recorded under a nitrogen and b oxygen atmosphere; DTG curves of PLA/HNT nanocompos-

ites recorded under ¢ nitrogen and d oxygen atmosphere

was found that single-stage decomposition takes place in the
nitrogen atmosphere, while a double-stage decomposition
process occurred in the oxygen atmosphere. A double-stage
decomposition process may relate to thermo-oxidation deg-
radation. When a substance was combusted under oxidation
atmosphere, it may undergo complex oxidation degradation
process.

The decomposition of PLA at T is related to the random
chain scission of PLA backbone chains. The T5 of PLA/HNT
nanocomposites with 6 wt% HNT is lower than that of the

neat PLA. The free hydroxyl group on the HNT surface and
the moisture entrapped within the tubular lumen of HNT
could accelerate the thermal decomposition of PLA due to
the dehyroxylation of hydroxyl group from HNT. The T
of PLA and PLA/HNT nanocomposites were comparable
both under nitrogen and oxygen atmosphere. Note that the
T, of PLA and PLA/HNT nanocomposites is lower when
the specimens were combusted under oxygen atmosphere.
The presence of oxygen molecules could accelerate the oxi-
dation degradation of polymer matrix. It can be observed
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from Fig. 5c, d that the DTG curves of neat PLA give high-
est derivative weight under oxygen atmosphere. This indi-
cates that the present of oxygen accelerate the degradation
of polymer.

Two stages of decomposition were detected in PLA/HNT
nanocomposites containing 20 wt% SEBS-g-MA. The sec-
ond onset decomposition stage occurred at about 450 °C.
This indicates that SEBS-g-MA has high thermal stability.
However, the second stage of onset decomposition of PLA/
HNT/SEBS-g-MA20 was shifted to a lower value of approx-
imately 400 °C under oxygen atmosphere. From Table 3,
reduction of 75 and 7, of PLA/HNT/SEBS-g-MAH nano-
composites under oxidation atmosphere can be observed.
Table 3 shows that the decomposition temperature (i.e. 7T
and 7,) of SEBS-g-MA was shifted to lower decomposition
temperature when SEBS-g-MA was undergoing thermo-oxi-
dative degradation. This may be due to the polar MA group
of SEBS, which are easily attacked by oxygen molecules
at ambient temperature. It is believed that the formation of
free radical in the specimens could accelerate the oxidation
degradation. Thus, the PLA/HNT/SEBS-g-MA has lower
thermal stability when combusted under oxygen compared
to the one that under nitrogen condition.

Table 3 shows that in oxygen atmosphere, the T5 and 7,
of EBS are lower compared to those in a nitrogen atmos-
phere. This is because the thermo-oxidation degradation of
EBS was initiated at the short hydrocarbon chain segment.
Figure 3a, b shows the TGA curves of PLA/HNT nanocom-
posites (with and without EBS) recorded under nitrogen and
oxygen atmosphere. The T5 and T, of PLA/HNT6/EBS5
and PLA/HNT6/EBS20 were shifted to higher temperatures
under oxidation condition (c.f. Table 3). This may due to
the —-CONH in EBS enables the trapping of free radicals
generated at higher combustion temperature [38].

Differential Scanning Calorimetry (DSC)

Table 4 shows the thermal characteristics of PLA and
PLA/HNT nanocomposites recorded from DSC. The glass

transition temperature for all PLA/HNT6 nanocomposites
is approximately 58—61 °C. The neat PLA displayed two
melting peaks i.e. 150.7 °C (T, ;) and 157.5 °C (T}, ,).
From Table 4, it can be seen that all of the PLA/HNT6
nanocomposites exhibited double melting endotherms.
Double melting endotherms can be attributed to the melt
re-crystallization mechanism of PLA which is originated
from PLA crystal growth. The less perfect crystals (a'-
form crystal) of PLA have sufficient time to melt and reor-
ganize into perfect crystals (a-form crystals) before giving
a second endotherm at higher temperature [39].

The T,. of PLA was slightly shifted to a lower tem-
perature from 113.5 to 109.0 °C by the incorporation of
6 wt% HNT. The y, of PLA/HNT®6 is about 31.3% which
is slightly higher than that of PLA (29.9%). The shifting
of T,. of PLA to lower temperature could be attributed to
the nucleating effects of HNT [40]. Note that, the addition
of SEBS-g-MA into PLA/HNT6 nanocomposites shifted
the 7. (107-116 °C) to a higher temperature compared to
that of PLA/HNT®6 (7. = 109.0 °C). The y,. of PLA/HNT6
nanocomposites decreased profoundly with further load-
ing of SEBS-g-MA content. This indicates that SEBS-g-
MA may retard the formation of large crystallites of PLA.
According to Lim and Chow [41], the presence of rubber
particles could act as physical hindrances towards crys-
tal formation. Therefore, the growth of perfect lamellar
crystals was limited. However, note that the 7. of PLA/
HNT/EBS nanocomposites are slightly lower compared
to that of PLA/HNT®6. According to Di et al. [42], PLA
nanocomposites give a lower 7. compared to that of PLA
can be attributed to the nucleating effects of the well dis-
persed clay. It is interesting to note that the addition of
EBS in PLA/HNT6 nanocomposites could remain the
X (28-31%). This can be attributed to the fact that good
dispersion HNT induced by EBS could eventually remain
unchanged crystallisation process of PLA/HNT®6.

Table 4 Thermal characteristics

of PLA and PLA/HNT
nanocomposites recorded from
DSC

@ Springer

Materials designation T, °C) T.. (°C) T,:(°0) T,,(°C) T.(°C) X (%)
PLA 58.7 113.5 150.7 157.5 - 29.9
PLA/HNT6 60.3 109.0 150.7 154.3 - 31.3
PLA/HNTG6/SEBS-g-MAS5 60.9 107.6 150.0 153.6 - 27.8
PLA/HNT6/SEBS-g-MA10 60.7 110.9 150.2 153.9 - 27.1
PLA/HNT6/SEBS-g-MA15 60.7 111.6 149.8 154.4 - 27.8
PLA/HNT6/SEBS-g-MA20 61.7 116.6 149.9 154.0 - 17.7
PLA/HNT6/EBS5 58.3 106.4 147.3 152.8 135.0 314
PLA/HNT6/EBS10 57.7 105.9 145.2 151.0 136.0 28.4
PLA/HNT6/EBS15 58.9 107.3 147.4 151.0 139.6 28.1
PLA/HNT6/EBS20 58.7 109.9 147.9 152.0 139.5 28.6
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Fig.6 DSC curves of PLA/HNT6 nanocomposites (Note OOT was
determined from the intercept point through the exothermic process
of DSC curves)

Table 5 OOT of PLA/HNT nanocomposites recorded from DSC

Material designation OOT (°C)
PLA 221.2
PLA/HNT6 239.5
SEBS-g-MA 236.0
PLA/HNT6/SEBS-g-MAS 204.3
PLA/HNT6/SEBS-g-MA20 205.7
EBS 183.2
PLA/HNT6/EBS5 225.9
PLA/HNT6/EBS20 208.2

Oxidation Onset Temperature (OOT)

Figure 6 shows the DSC curves of PLA/HNT6 nanocompos-
ite and its OOT results are summarised in Table 5. The OOT
of PLA was recorded at 221.2 °C. Adding 6 wt% of HNT
shifted the OOT to higher temperatures at 239.5 °C. It is
believed that the presence of HNT can increase the oxidation
stability of PLA. The improvement in the oxidative stability
was attributed to sorption effects caused by nanofiller, which
hinders the diffusion of oxygen and restricts the volatilisa-
tion of decomposed gaseous from bulk polymer [43—45].
Table 5 shows that the OOT of SEBS-g-MA occurred at
about 236 °C. The MA group of SEBS behave as catalysts
of oxidation, favouring the formation of free radicals in the
polymer matrix under an oxygen atmosphere. During the
thermo-oxidative process, the MA hydrolysed to maleic acid
at higher temperature. The maleic acid consists of acidic car-
boxylic group which acts as an active site inducing oxidation
[46]. Adding of SEBS-g-MA in PLA/HNT6 nanocomposites
activates thermal oxidation at early temperatures of approxi-
mately 198-210 °C due to the oxidation of MA group of
SEBS. Table 5 shows that the OOT of EBS is approximately

183 °C. Although the OOT of EBS (183 °C) is lower than
that of SEBS-g-MA (236 °C), note that the OOT of PLA/
HNT6/EBSS5 (229.5 °C) is higher than that of PLA/HNT6/
SEBS-g-MAS (204.3 °C).

Conclusions

Based on this research devoted to study the effect of SEBS-
g-MA and EBS on the mechanical, thermal and morphologi-
cal properties of PLA/HNT nanocomposites, the following
conclusions can be drawn.

The PLA/HNT6/EBSS showed higher impact strength
(98%) compared to that of PLA/HNT6/SEBS-g-MAS (77%).
The T, and y, of PLA/HNT6 nanocomposites were influ-
enced by the SEBS-g-MA and EBS content. The T,. of PLA/
HNT6 increased, while the y, decreased as increasing of
SEBS-g-MA content. On the other hand, the 7, and y, of
PLA/HNTG6/EBS is comparable to the PLA/HNT6 nanocom-
posites. From the TGA and OOT results, it can be revealed
that the performance of SEBS-g-MA is sensitive to the oxy-
gen atmosphere due to its MA group. Nevertheless, EBS
could still perform in oxygen environment. As a conclusion,
EBS can be a potential impact modifier for PLA/HNT nano-
composites, based on its improvement in impact strength,
comparable 7. and y,, and it is less sensitive to the oxygen
atmosphere as compared to SEBS-g-MA.
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