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ABSTRACT

This work reports the preparation and characterization of poly(lactic)
acid/acrylonitrile  butadiene  styrene/graphene  nanoplatelets/Cloisite ~ C20A
montmorillonite (PLA/ABS/GnP/C20A) nanocomposites via melt blending. The clay is
hybridized with graphene to increase its dispersion in the polymer matrix. The melt
processing temperatures play a vital role in the properties of the resulting nanocomposites
in dictating the extent of thermal stability and dispersion of the fillers. The hybrid
nanocomposites were characterized for stress-strain, thermal, chemical, and
morphological properties. The findings were that there was an increase in the mechanical
properties in terms of tensile strength and Young's modulus with the
PLA/ABS/GnP/C20A at the high-temperature profile having the highest values of 43.1
MPa and 2533 MPa. The elongation at break increases slightly, due to the brittle
properties of GnP. It was found that the dispersion of the fillers increased with increasing
temperature profiles, as revealed by the morphological analysis by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). The void size was also
observed to be smaller and more homogenous with increasing temperature. However, in
terms of thermal degradation analysis, the addition of fillers increases its thermal stability
as the decomposition onset temperature increases by 22.5°C.

CHAPTER'1

INTRODUCTION

1.1 Background

Nowadays, the search for polymers that are biodegradable and benign to the
environment has been exploited by tailoring the existing commodity polymers.
Poly(lactic acid) is a bioplastic made using renewable biomass known as poly(lactic acid)
or called PLA. Renewable resources such as starch and sugar are one of the sources. PLA
is an eco-friendly, biocompatible, and renewable polymer that can be processed using
conventional processing equipment. Typically, the use of non-degradable plastics for
consumer products and engineering goods has created a substantial dumping problem.



As such, polymers from renewable sources such as poly (lactic acid) (PLA) are on the
threshold of gaining popularity. PLA has been extensively blended with other polymers
to modify its inherent brittleness drawback, mainly rubber toughening, as demonstrated
by previous research [1]. However, PLA is very brittle to be used commercially, and
toughness modification is typically required. Various strategies have been employed to
toughen brittle PLA, such as blending with plasticizers’ and rubber/plastic blends [2-4].
In many cases, the strength and modulus of the toughened PLA are much lower than those
neat PLA. PLA also a brittle thermoplastic with high strength and modulus, insufficient
toughness, and low thermal stability.

Acrylonitrile butadiene styrene (ABS) is a tough material and suitable for
toughening brittle PLA [5]. ABS is composed of acrylonitrile, butadiene, and styrene; it
has strength and rigidity. The toughness property in ABS is contributed by the rubbery
part of polybutadiene in the block copolymer [6]. ABS has been widely used for electrical
and electronics goods, automotive parts, and household appliances. Recently, the use of
ABS for 3D printing has increased tremendously, as many prototype developments
require the aid 3D printer prior to commercialization. In the polymer blend of ABS/PLA,
part of the ABS could be substituted with PLA in an effort to increase the content of the
eco-friendly polymer. Li and Shimizu (2009) reported that the not compatibilized blends
of PLLA and ABS blends exhibited poor mechanical properties with low elongation at
break and impact strength [7]. However, they found that a reactive styrene/
acrylonitrile/glycidyl methacrylate copolymer (SAN-GMA) by incorporating ethyl
triphenyl phosphonium bromide (ETPB) as the catalyst, SAN-GMA was an effective
reactive compatibilizer for PLLA/ABS. The improvement in impact strength and
elongation at break was attributed to the dispersion of rub ber particles in the blend. Choe
et al. (2014) investigated the mechanical properties of acrylonitrile—butadiene—styrene
copolymer/poly(l-lactic acid) (70/30) wt.% blends and their composites. They found that
the SAN-g-GMA random copolymer was an effective compatibilizer for the ABS/PLA
composites [8]. In another work by Dong et al. (2015) PLLA/ABS blend compatibilized
by a reactive comb (RC) polymer, i.e. one poly- (methyl methacrylate) (PMMA)
backbone, which was distributed randomly along the backbone. Their results showed that
the improvement in toughness was most significant at the weight ratio of PLLA/ABS
(50/50 %) [9]. In an effort to improve the toughness of PLLA, Wu et al. (2015)
incorporated 6.0 wt.% ABS copolymer particles in a poly(L-lactide) (PLLA) matrix.
They reported that the ABS copolymer increased the elongation yield at break and impact
strength as compared to neat PLLA [10]. Vadori et al. (2016) explored polymer blends
containing poly(lactic acid) (PLA) and acrylonitrile butadiene styrene (ABS) (50/50 %)
blend. They found that acrylic copolymers and chain extender worked to synergistically
increased the impact strength [5].

Polymer nanocomposites typically consist of nanofiller such as
organomontmorillonite or graphene. Montmorillonite (MMT) is a cost-effective additive
in polymers and currently the most researched filler for polymer composites. The use of
MMT and graphene individually as nanofiller in the polymer matrix has been well
established and available in the literature [11-24]. Nevertheless, there is a limitation for
polymer nanocomposites based on MMT alone, such as brittleness and thermal
conductivity. On the other hand, graphene is considered an ideal nano-reinforcement for
multifunctional polymer nanocomposites owing to its extraordinary thermomechanical
and electrical properties [25]. Even at a low load quantity of graphene, it can improve the
overall mechanical properties of the polymer. Besides, graphene is expected to have
significant characteristics such as high thermal conductivity, outstanding electronic
transport properties, and more exceptional mechanical properties. Polymer



nanocomposites based on hybrid organomontmorillonite and graphene nanoplatelet
(GnP) offers a new class of material by taking advantage of the performance of MMT
and GnP as individual nanofiller. The synergistic effect of MMT and graphene
functionalized epoxy in PLA blends was reported by Bouakaz et al. (2015). Their results
showed that the enhancement of dispersion and exfoliation of two nanofillers
(organomontmorillonite and graphene) in ternary PLA nanocomposites is ascribed to a
right combination of repulsive and attractive interactions between the C15A-graphene
and C30B-graphene systems [26]. It is very interesting to evaluate the hybridization effect
of MMT/graphene for other types of blend systems such as PLA/ABS blends. In this
work, part of the ABS was substituted with PLA in the ABS matrix in order to develop
an ABS blend with 20% eco-friendly material. In addition, it was expected that the
rigidity of the ABS blend could be enhanced by the presence of PLA, as a dispersed
phase. The aim of this work was to prepare and characterize PLA/ABS with a hybrid of
graphene and MMT as nanofillers in terms of mechanical, thermal, chemical, and
morphological properties. The focus of the study is the effect of processing temperatures
for three ranges of temperature profiles i.e. low, medium, and high temperatures.

1.2 Objectives

As there is huge potential of graphene as filler to strengthen the mechanical strength of
Poly(lactic) Acid (PLA) nanocomposites, this research is carried out with two objectives:

e To prepare the PLA/ABS/GnP/C20A nanocomposite by using melt intercalation
method.

e To investigate the effect of processing temperature profile on the mechanical,
morphological and thermal properties of the PLA/ABS and PLA/ABS/GnP/C20A.



CHAPTER 2

LITERATURE REVIEW

2.1  Poly(lactic) Acid (PLA)

Poly(lactic) acid (PLA) is a renewable, sustainable, biodegradable, and eco-
friendly thermoplastic polyester produced from renewable feedstock [25,27]. It has high
potential for short-term applications as a disposable and degradable plastic with a wide
end-use application due to its balanced properties of mechanical strength, thermal
plasticity, and ability to be composted [27]. In fact, comparing with conventional
polymers such as polypropylene (PP), polystyrene (PS) and polyethylene (PE), in terms
of mechanical strength, PLA possess much superior tensile Young’s modulus, tensile
strength and flexural strength [28].

However, for PLA to be use in large scale commercial application, first and
foremost, its inherent brittleness, poor thermal resistance and limited gas barrier
properties has to be addressed. The brittleness of PLA can be seen in its elongation at
break and impact strength which is inferior to the aforementioned conventional polymers
[28]. For applications that require injection moulding, blow moulding, thermoforming or
extrusion, adequate thermal stability are required to maintain molecular weight properties
and prevent degradation [29].

In addition, although, in recent years, low-cost industrial processes had been
developed, PLA remains expensive in comparison to the common synthetic
petrochemical polymers. According to Nampothiri et. al. (2010) to compete with the
common synthetic petrochemical polymers, the manufacturing cost should be targeted
below 0.8 US$/kg. This is because the market price needs to be reduced by half of the
current price of 2.2 US$/kg. To achieve this, he commented that the issues that need to
be addressed are the high-performance lactic-acid producing microorganisms’
development and the cost reduction of the raw materials and fermentation process.

In a nutshell, the commercial success of PLA is highly dependent on two crucial
factors; reducing cost and improving the polymer property especially in food industry.
Nuona et. al. (2014) believes that this could be by incorporating specific fillers into the
PLA matrices [27].

2.2 Acrylonitrile Butadiene Styrene (ABS)

While normal acrylonitrile butadiene styrene ABS, can be blended with PLA, high
rubber ABS (50-85% rubber) content, also known as ABS grafted rubber concentrates,
and have found to successfully strengthen PLA (NatureWorks, 2007). The two polymers



possess similar melt processing temperatures and thus are easily capable to be processed
via standard melt mixing equipment. Due to their immiscibility, the blend produced is
opaque and the physical and thermal properties it possesses is as expected for two phase
blends. From table 2-1, it can be seen that the impact strength of PLA/ABS composite is
better than in neat PLA.

Table 0-1 Injection Moulded Properties of Some PLA Blends with Commercial
Polymers (NatureWorks 2007)

% Tensile % Tensile DTUL" I1zod Clarity
Polymer Yield® Elong.® Modulus® °C @ Impact?
in PLA (psi) (psi) 66 psi (ft-
Blend Ibs/inch)
Polycarbonate? 20 9,130 3.0 411,000 59 0.35 No
PMMAP 20 9,730 4.0 453,400 58 0.33 Yes
50 10,575 4.0 453,900 63 0.32 Yes
80 10,625 51 446,500 73 0.29 Yes
ABS°® 20 7,950 2.9 414,000 58 0.48 No
50 7,130 2.5 377,700 61 0.29 No
80 6,660 4.9 343,000 89 0.59 No
PLAY 100 9,150 3.5 429,500 59 0.35 Yes

Caliber™ 200-22 b. Magnum™ 555 c. Paraloid ™ CA 86 d. NatureWorkse 2002D e. ASTM
D638 @0.2 inch/min. f. ASTM D648-06 g. ASTM D256-92

In terms of elongation at break, although at lower ABS loading, the value is low,
increase in ABS loading improves the elongation at break due to the ABS ductile
properties. In addition, Sun et. al. (2011) also found that the incorporation of ABS-grafted
glycidyl methacrylate (ABS-g-GMA\) as the toughening agent could enhance the impact
strength and elongation at break of PLA [30].

2.3 Nanofillers

Nanofiller is filler with at least one dimension lies in the range of 1-50 nm which
is dispersed into the polymer matrix to form nanocomposite. Fillers was initially used to
reduce cost of the polymeric product but is now became an integral part in many
applications, especially polymer mechanical properties reinforcement [31].

2.3.1 GRAPHENE

Graphene is a 2-dimensional (2D) material of one atomic-layer thick honeycomb
sheet of carbon atoms that makes up the fundamental structural unit of some carbon
allotropes, such as graphite, carbon nanotubes and fullerenes. As the basic building,
stacked layers of graphene of more than 20 thicknesses made up graphite. On the other
hand, rolling them along a given direction made up nanotube. As for fullerenes,
wrapping-up the graphene produces a zero-dimensional fullerene [32]. Figure 2-1 shows
the different carbon allotropes.



Although the perception of graphene was noticed by Brodie in 1859 from the
highly lamellar structure of thermally reduced graphite oxide, the theory of graphene had
only been first explored in 1947 by P.R. Wallace [33]. However, only by 2004 was
graphene truly discovered by the physicists Sir Andre Geim and Sir Konstantine
Novoselov in a ground-breaking experiment that had won them the Nobel Prize in 2010.
This discovery includes the unique behaviour attributed to a number of exceptional
phenomena in graphene leading dramatic growth of interest in this field [34].

Figure 0-1 Top left: Graphene, a honeycomb lattice of carbon atoms. Top right:
Graphite, a stack of graphene layers. Bottom left: Carbon nanotubes, rolled-up cylinders
of graphene. Bottom right: Fullerenes (C60), wrapped graphene achieved through the
introduction of pentagons on the hexagonal lattice (Reproduced with permission from
[32].

The graphene outstanding properties in terms of thermomechanical and electrical
makes it the finest nano-reinforcement for multifunctional polymer nanocomposites.
Graphene possess the top elastic modulus of 1 TPa. The thermal conductivity is also very
at 5.1x10° WmK. In addition, at with intrinsic electrical conductivity 6x10° Sm?,
graphene is the greatest known material possessing such value. It is also worth to note
the individual graphene sheet van der waal thickness is 0.34 nm, making it the thinnest
2D nanofiller recognized to date. Graphene also has tremendously high aspect ratio of
flakes (ratio of lateral dimensions to thickness of 10* and upper) and great intrinsic
flexibility. Recent research also found that graphene that does not possess oxides or other
functional group, particularly pristine graphene, has a very good biocompatibility [35].
Conroy et. al. (2014) stresses that this implies toxicity potential only appears after
chemical treatment since the toxicity reported by previous studies uses graphene that has
been chemically modified like graphene oxide (GO). GO possess many oxygen atoms in
the form of carboxyl groups, epoxy groups and hydroxyl groups.



However, according to Hu et. al. (2014), since pristine graphene are hard to
synthesis and its mass production requires high time and energy consumption, research
are more focused on other variant of graphene that partially preserve the exceptional
properties of graphene. The focus on the derivatives of graphene is also due to the fact
that some of them possess quality that overcomes some of pristine graphene deficiency.
In addition, hydrophobic nature of pristine graphene makes it tends to agglomerate in
polymer matrix [33]. Although the hydrophobicity and n-w interaction could be utilised
for effective drug loading, graphene poorly dispersed in water.

2.3.2 NANOCLAY

Nanoclay can be in the form natural or synthetic clay as well as in the form of
phosphates of transition metals [36]. As filler, nanoclays attributes to overall
improvement in physical performances of nanocomposites. It possesses high mechanical
strength with a single sheet of montmorillonite having Young’s modulus in the range of
178 to 265 GPa [31].

Clay of 2:1 layered or phyllosilicates structural family (as shown in Table 2-2) is
the most used clay in polymer/clay [36,37]. It has a sheet structure in which layers of
octahendral sheet of alumina or magnesia packed between two tetrahedral sheets of silica
made up their crystal structure. The structure of 2:1 phyllosilicates are illustrated as in
Figure 2-2. Subjected to the particular layered silicate, the lateral dimensions may differ
from 30 nm to several micrometres and even larger with layer thickness of ~ 1 nm. The
layers leads to arrange themselves to form stacks with a regular VVan der Waals gap
between the layers called the interlayer or gallery. To retain charge neutrality, isomorphic
exchange within the layers of pristine clay generates negative charges that are
counterbalanced by alkali and alkaline earth cations (Na+, Li+, Ca+ ) situated inside the
galleries.



Table 0-2 Classification of clay mineral (phyllosilicate) [38].

Type Group Groupoid  Species Tetrahedron Octahedron Interlayer
cation
2:1Si,O(0OH), Pyrophylite talc (x~0) di. Pyrophylite Sia Al -
tri. Talc Sia Mgs -
Smectite (0.25<x<0.6) di. Montmorillonite Sis (Al2,MQ): Na, Ca, H.O
di. Hectorite Sig4 (Mggz,Li)2 Na, Ca, H.O
di. Beidite (Si,Al)4 Al Na, Ca, H.O
tri. Saponite (Si,Al)4 Mgs Na, Ca, H-0
Vermiculite (0.25<x<0.9) di. Vermiculite (Si,Al)4 (Al2,MQ): K, Al, H,0O
tri. Vermiculite (Si,Al)4 (Mgz,Al); K, Mg, H,0
Mica (x~=1) di. Muscovite Siz. Al Al K
Paragonite Siz. Al Al Na
Brittle mica (x=2) tri. Phlogopite Siz. Al (Mg,Fe?")s K
Biotite Siz. Al (Fe?* Mg)s K
2:1:1Si4010(OH)g Chlorite (large variation of x) di. Donbassite (Si,Al)4 Al Al>(OH)s
di.-tri. Sudoite (Si,Al)4 (Al,Mg): (Mg,Al)3(OH)e
tri. Clinochlorite (Si,Al)4 (Mg,Al)s (Mg,Al)3(OH)s
Chamosite (Si,Al)4 (Fe,Al)s (Fe,Al)3(OH)s
Kaoline mineral serpentinite di. Kaolinite Siz Al, -
(x=0)
Halloysite Siz Al, H.0
tri. Chrysotile Siz Mgs -
Needle Sepiolite palygorskite (x~0) tri. Sepiolite Sii Mgs (HO )4 HO
Palygorskite Sig Mgs (HO )4 H0
Amorphous-low crystalline Imogolite SiOs0H Al(OH)3 -
Allophane (1-2)SiO2.(5-6)H20

Hisingerite Si0;-Fe;03-H,0

X degree of isomorphous substitution; di.: dioctahedral; tri.: triotahedral
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Figure 0-2 2:1 phyllosilicate structure [39].

The cation exchange capacity and layer morphology (crystalline structure) of the
clay are used to characterize the type of clay. According Kamal (2010) and Marquis et.
al. (2011) the cation exchange depends on the quantity and position of the ions within the
elementary mesh and thus to characterize it, an average value of the charge over the whole
crystal has to be considered as the charge is not locally constant, but differ from layer to
layer. Montmorillonite, saponite and hectorite are the most used layered silicate. The
characteristic and chemical formula can be seen in Table 2-3. For polymer nanocomposite
design, the smectite clays are the materials of choice due to their exceptional rich
intercalation chemistry. This allows chemical modification of the clay, ensuring
compatibility with organic polymers for dispersal on a nanometre length scale. They are
cheap and easy to obtain in mineralogical pure form as it is abundance in nature. The
layered silicate consist of two types of structure; tetrahedral-substituted and octahendral-
substituted. The polymer matrices are more readily to interact with tetrahedrally
substituted material than with octahendrally-substituted material due to the location of
the negative charge being on the silica layers’ surface.

Table 0-3 Chemical formula and characteristic parameter of commonly used 2:1
phyllosilicate [40]

2:1 phyllosilicate | Chemical formula CEC Particle length
(mequiv/100g) (nm)

Montmorillonite | Mx(AlsxMgx)SisO020(0OH)4 110 100 — 150

Hectorite Mx(MgexLix)SisO20(OH)4 120 200 — 300

Saponite MxMgs(Sis-xAlx)SisO20(0OH)4 86.6 50 — 60

M, monovalent cation; x, degree of isomorphous substitution (between 0.5 and 1.3)
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According to Kamal (2010), two vital factors in choosing clay for polymer layered
silicate nanocomposites are their ability to disperse into individual layers and to adjust
their surface chemistry via ion exchange reactions with organic and inorganic cations to
form organophilic clay which are interrelated to each other. This is due to the fact that
the interlayer cations affect the degree of dispersion of layered silicate in a particular
polymer matrix. The nature of these clays are originally hydrophilic making them only
able to interact with hydrophilic polymers, such as poly(vinyl alcohol) (PVA) and
poly(ethylene oxide) (PEO). To improve their compatibility with many matrices of
engineering polymers by, modification has to be made by increasing the organophilicity
of the clay . Cation exchange, silane grafting and adsorption of polar polymers are some
of the way the clay can be modified. Among these three, cation exchange is the method
mostly employed. However, this method is highly dependent on the crystal size, pH and
type of exchangeable ions.

Depending on the cation exchange capacity of the clay, the ion exchange reaction
with cationic surfactants may comprise of primary, secondary, tertiary, and quaternary
alkyl ammonium or alkylphosphonium cations. Alkylammonium or alkylphosphonium
cations is used in the organosilicates to reduce the surface energy of the inorganic host
and increase the wetting characteristics and intercalation with the polymer matrix,
resulting in a larger interlayer spacing [41]. In addition, the functional groups that may
be provided by the alkylammonium or alkylphosphonium cations could allow chemical
reaction with the polymer matrix. In some cases, monomer polymerisation may even be
initiated to enhance the interface adhesion strength between the polymer matrix and the
clay nanolayers. The hierarchical morphology contained in most layered silicates, be it
organically modified or not, can be defined by three general levels of structure; crystallite
(tactoid), primary particle and agglomerates as shown in Figure 2.3. Up to 100 individual
layers can be found stacked together in the crystallite which can also be commonly
referred to as tactoids. Dense face to face stacking or low angle intergrowth of individual
tactoids is entailed in the primary particles. Finally, the powder that we generally refer to
as particles are formed from the weak agglomeration of these particles. To achieve
homogenous nanoparticles and dispersion in the matrices of the polymer, disruption of
the tactoids as well as primary particles and the agglomerates’ dispersion are vital.
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Description Scale

Agplomerates 100-1000 pm

Figure 0-3 Montmorillonite clay particles hierarchy [42]

2.3.3 HYBRID GRAPHENE/NANOCLAY

The hybridization of graphene with 2D materials, for example montmorillonites,
had been found to enhance carbon nanotubes’ dispersion, which is carboceous material,
in recent studies. According to the available literature, the synergistic effect makes these
hybrid-filled polymer nanocomposites to display excellent properties in comparison to
polymer with individual fillers [43].

Fukushima et. al. (2010) studied the effect of fusing two nanofillers by
incorporating expanded graphite and Cloisite 30B (C30B) in PLA. The results show
enhancement of mechanical properties, thermal stability, and fire-retardant properties.
They claimed that these improvements were attributed to the decent (co) dispersion and
to the nanoparticles reinforcement effect. Apart from that, the remarkable improvement
was also noted by many researchers in terms of modulus, strength, barrier property,
resistance to flame, and thermal stability of both montmorillonite and organically
modified montmorillonite (OMt) reinforced polymer when compared to conventional
composites [44-46].

12



2.4 Preparation of Polymer

The two crucial factors in preparing PLA nanocomposites with the desired
properties enhancements are the compatibility and the effective dispersion of the fillers.
The resulting nanocomposite will exhibit inferior properties to the predicted ones in case
of failure in achieving either one of these things. Apart from that, it is also vital to pay
attention to the significance of materials preparation as failure may result in an incorrect
conclusion that the poor silicate dispersion and/ or materials performance are due to the
compatibilization strategy. The methods that are mostly used to prepare polymer
composites are solution intercalation, melt intercalation and in situ polymerization.
However, in this paper, only melt intercalation method will be discussed.

As of late, the melt intercalation technique has been the main conversion
technique for PLA. Najafi et. al. (2012) stated that this is due to the fact that it requires
no solvent as well as being compatible with the current industrial compounding and
processing technique. This is because melt intercalation method is a solvent free method
in which the fillers are distributed in the polymer matrix via mechanical shear force using
a screw extruder or a blending mixer [47]. The mixing is usually in molten state and are
performed at elevated temperatures [48]. To form nanocomposites, intercalation or
exfoliation need to be achieved on the polymer chain.

In terms of commodity polymers, this method is widespread and has broad
applications (Kamal, 2010). There are many advantages of using this method. The absent
of solvent makes it environmentally benign as well as economical in term of cost [49]. In
addition, unlike in solution and in situ intercalation that requires compatible polymer-
filler solvent system, through the hybrid process, melt intercalation technique is highly
open to a variety of challenging polymer.

The melt intercalation technique has been successful with polymer/clay
nanocomposites due to the clay’s and the polymer’s affinity. Some of the success polymer
nanocomposites intercalation includes PP, PS, low density polyethylene (LDPE), high
density polyethylene (HDPE), polymethyl methacrylate (PMMA) and, of course, PLA.
The shear force in melt intercalation also leads to better dispersion and properties
enhancement.

On the other hand, Bhattacharya (2016) suggested that the difficulty of melt
intercalating polymer/graphene nanocomposites are due to fact that most chemically
modified graphene has low thermal stability in addition to graphene itself having low
bulk density. This is supported by Fu et. al. (2014) who finds that the stable the single
sheet dispersion graphene in polymer matrix is extremely difficult to attain due to high
strength inter-sheet VVan der Waals force and large area-to-volume ratio of graphene. The
mechanical properties of the resulting nanocomposite will be poor if the dispersion of the
graphene in the polymer matrix is poor. This is because poor dispersion and excessive
aggregation results in a reduced interfacial area and weakened interfaces.

Figure 2-4 shows the different scenario that could occur during the fabrication of
polymer nanocomposite with laminated reinforcing materials. The improvement of the
interfacial strength and spectacular enhancement of the interfacial area, resulting in
stronger nanocomposite materials can be achieved through efficient exfoliation of
stacked laminates followed by intercalation. Stronger interfacial interactions and a
localized improvement in the properties can be obtained from efficient intercalation

13



making it important to achieve homogenous dispersion and exfoliation of graphitic
components inside the polymer matrix for better performance [32].

e —— ——
— /
=~ N
a b c
Separated Intercalated Exfoliated

Figure 0-4 Dispersing scenarios of laminated nanofillers in polymer matrix
representative [32].

Note also that for melt intercalation to succeed, the process must be performed at
temperature higher than the glass transition temperature of amorphous polymer
components (ABS in this case) and temperature higher than the melting point of PLA
(the semi-crystalline polymer component). This is to be able to manage the viscosity and
to attain optimum dispersion. For PLA blends, the processing temperature should be in
the range of 180°C and to 270°C. The lower limit is to ensure the polymer is in molten
and the upper limit is to prevent thermal degradation. To enhance mixing, modification
of the process condition can be done on either the compounding temperature or the
components’ molecular weight. In order to obtain good mixing, the condition of the
equipment and screw design also needs to be considered. Optimization should be done
on the rotation per minute (RPM) of the screw, feed rate and other process conditions.
The components also needs to be thoroughly dried prior to processing as PLA is very
sensitive to polymers that have nucleophilic additives or contain high levels of water
which can cause molecular weight loss of the PLA resulting in blends with poor physical
properties (NatureWorks, 2007).

2.5 Physical and Mechanical Properties of Nanocomposites

2.5.1 PLA/NANOCLAY

In terms of elongation at break, Jollands & Gupta (2010) found that at clay loading
of 4wt%, the elongation at break of PLA nanocomposite increase from 2.3% (in pristine
PLA) to 3.2%. This is supported by Gamez-Perez et. al. (2011), as they found that
addition of OMt increases the elongation at break from 4.0% to 5.7% and 11% for clay
loading of 0.5wt% and 2.5wt% [50]. Another research by Wang et. al. (2012) also found
similar results with increment from 5.4% to 7.9% at 1wt% clay loading [51]. Lai et. al.
(2014) stated that the highest improvement in literature was achieved by Li et. al. (2009)
with result of 26.5 times enhancement in comparison with pristine PLA. However, in
their own research, Lai et. al. (2014) had actually achieved 37-fold increment in the
elongation at break with addition of 1 phr of C30B.
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In terms of thermal properties, Paul et. al. (2003) found that the maximum thermal
stability increment can be achieve at 5wt% of clay as further increment of the clay loading
decreases the thermal stability due to the relative extent of exfoliation/delamination in
function of amount of organo-clay. Increasing filler content increases relative exfoliation
of individual particles, increasing thermal stability. However, at 5wt%, complete
exfoliation gets hindered by geometrical constraint within the limited space in the
polymer matrix resulting in decrease of thermal stability [52].

Biodegradation increase with addition of clay, with the research by Ray et. al.
(2002) found that the PLA/oligomeric polycaprolactone (O-PCL) blended with clay
mineralised completely within 60 days in industrial compost. They suggested that this is
due to the presence of terminal hydroxylated edge group of the silicate layers.

2.5.2 PLA/GRAPHENE

In general, graphene can enhance mechanical and thermal properties of PLA. It
had been reported that the mechanical and thermal stability of polymer substantially
increases with only 0.2 mass% incorporation of lyophilized graphene nanosheets (GNs)
into PLA [53]. In another research by Pinto et. al. (2013), in comparison to pristine
graphene, higher yield strength, Young’s modulus and impermeability of PLA be
obtained by incorporating even small amounts (0.2 to 1 mass%) of GO and graphene
nanosheets [54]. In PLA or plasticized PLA, the thermal stability and tensile strength is
substantially enhanced by the adding reduced GO and graphene nanosheets without
decreasing its elasticity was recently concluded by many researchers. However, they
stated that graphene nanosheets have the tendency to agglomerate, resulting in poor
dispersion in the polymer matrices in melt intercalation [55]. This may restrict the
development of graphene as nanofiller in polymer nanocomposite

Kim & Jeong (2010) investigated the morphology, structure, thermal stability,
mechanical, and electrical properties of PLA/exfoliated graphite nanocomposites in
comparison to PLA/micron-sized natural graphite (NG) composites. SEM images and
XRD patterns performed following melt-compounding with PLA matrix, verified that
exfoliated graphite, having thickness of 15 nm, were dispersed homogeneously in the
PLA matrix. This finding disagrees with the agglomeration seen in the case of NG. With
graphene content up to 3wt%, the thermal degradation and Young’s moduli of
PLA/exfoliated graphite improved considerably. On the other hand, no significant
changes observed with the PLA/NG regardless of the micron-sized graphite content [56].

In terms of tensile strength, Mat Desa et. al. (2014) found that the tensile strength
of PLA nanocomposite increase slightly with addition of 3 phr of CNT and later increase
significantly at 5 phr. However, the value decreases at 7 phr due to inevitable aggregation.
The Young modulus was also found to inhibit increasing strength with increasing loading
with 180% increment at 7 phr in comparison to pristine PLA. However, it was found that
the toughness drops at increasing filler loading with 24.09% decrement in impact strength
at 1 phr in comparison with pristine PLA [57].

In terms of biodegradability, Paul et. al. (2005) found that the addition of
nanoclays into PLA has also shown higher biodegradability in compost. They claimed
that this is due to increase in water permeability attributed by the high relative
hydrophilicity of the clay, leading to easier permeability of water to activate the
hydrolytic degradation process.
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2.5.3 PLA/GRAPHENE/NANOCLAY

In terms of rheology, a research by Bouakaz et. al. (2015) studied the synergy between
graphene/clay nanofiller in PLA using two combination of graphene functionalized epoxy with
Cloisite 15A (C15A) and Cloisite 30B (C30B) and found that the filler-polymer and filler-filler
interactions result in improved complex viscosity. The better the dispersion of the nanofillers,
the larger the interfacial area, thus, yielding a higher fraction of polymer chains that could
interact with the filler particles. This in turn increases the dynamic volume. The storage
modulus of the system also significantly enhanced signifying a three-dimensional (3D)
network formation and decent state of dispersion of the filler mixtures. The reinforcing factors
were also significantly improved due to higher dispersion of nanofillers, with the non-polar
OMt (C15A) showing better performance than the polar filler. Another research, Boakaz et.
al. (2017) studied the effect of combination of graphene functionalized epoxy with Cloisite
15A and 30B in PLA/PCL blend and found a similar result with C15A being better at dispersion
than C30B. They stated that this finding were similar with other non-polar OMt’s like C20A
in the experiment by Li et. al. (2011).

CHAPTER 3

METHODOLOGY

3.1 Materials

Materials required to run these experiments are PLA, ABS, graphene platelets (GnP)
and Cloisite 20A (C20A). PLA 3251D acquired form NatureWorks have a density of
1.24g/cm3. The melting temperature (Tm) is between 1550C to 1700C with glass transition
temperature (Tg) of 550C to 600C. ABS TOYOLAC 700 314 acquired from TORAY Plastic
Malaysia have a glass transition temperature of 1030C with no true melting temperature due to
amorphous nature. The C20A was received from Southern Clay Products, Inc. For the melt
intercalation blending of the nanocomposites, a twin-screw extruder was used. A film block
mould was also attached at the end zone for moulding.

3.2 Blend Composition
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For the blank, the composition of the blend will be fixed at 90g:10g of PLA/ABS while
for the tested specimens. Then, the filler, GnP:C20A is added at 2w% of the composition at
ratio of 1:1.

Polymer blend formulation will be compounded by adding PLA/ABS/GnP/C20A
blends that has been physically mixed prior to feeding into the twin-screw extruder. The
temperature of each zone inside the extruder is set as follows:

Table 0-1 Temperature Profile for PLA:ABS composites

Twin Screw Extruder Zone 2 3 4 5 6 Die

Low Temperature Profile (LT) (°C) 190 180 180 175 165 160
Medium Temperature Profile (MT) (°C) 200 190 190 180 170 160

High Temperature Profile (HT) (°C) 210 200 200 185 170 160

Table 0-2 Temperature Profile for PLA:ABS:GnP:C20 nanocomposites
Twin Screw Extruder Zone 2 3 4 5 6 Die

Low Temperature Profile (LT) (°C) 190 180 180 175 172 168
Medium Temperature Profile (MT) (°C) 2000 190 190 180 175 168

High Temperature Profile (HT) (°C) 210 200 200 190 180 168

The screw rotation speed was maintained at 50 rpm. After blending, produced
nanocomposite exiting the extruder will directly moulded into a homogenous film measuring
about 20 mm wide with average thickness between 0.3 mm to 0.5 mm via the moulder attached
at the end of the extruder.

3.3 Characterization

3.3.1 Fourier Transforms Infrared Spectroscopy (FTIR)

The chemical changes after blending were monitored by FTIR spectroscopy. The IR spectra
were recorded using a PerkinElmer Spectrum 400 FT-IR spectrometer with 4 cm™ resolution
and 10 scans. All spectra were recorded in the transmittance mode in the 4000-600 cm™! region.

3.3.2 Mechanical Testing
All compositions of the blend were tested and compared in terms of their mechanical

properties. The tensile test was carried out according to ASTM D638 using a Testometric
M350-10CT tensile machine (Testometric Company, Ltd. UK.) under ambient conditions with
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crosshead speeds of 50 mm min't. The stress-strain properties values are taken from an average
of five specimens.
3.3.3 Fracture Morphology

Scanning electron microscope (SEM) observation was performed on tensile fracture surface
using a LEO 1450 VP SEM. Prior to the microscopy observation, the fractured surfaces were
sputter coated with a thin layer of gold.

In the case of transmission electron microscope (TEM), the tensile fracture specimen was
trimmed into a trapezoidal shape and sectioned using Ultramicrotome (Leica EM UCY7) at -
100°C. The specimen was deposited onto the copper grid and observed by TEM (Tecnai G2-
20) at an acceleration voltage of 40 to 200kV.

3.3.4 Thermal Analysis
3.3.4.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetric (DSC) measurements were performed under a nitrogen
atmosphere on samples of 5-8 mg using a Mettler Toledo DSC 822 (Mettler Toledo (M) Sdn.
Bhd.) apparatus. The sample was heated at 25°C to 200 °C at a scan rate 10°C /min. The glass
transition (Tg), crystallization temperature (Tc) and melting temperatures (Tm) were
determined. Polymer crystallinity was determined with DSC by quantifying the heat of fusion
of the polymer. The degree of crystallinity (Xc) of blend was calculated from the following
equation:

m

X. =
°  AHY

X 100%

where AHn is the melting enthalpy of PLA and LLDPE homopolymer appear in a heating
cycle. AH3, =93]/g and AH), = 140.6]/g is the melting enthalpy of 100% crystalline
PLA and LLDPE respectively [i,ii].

The partial crystallinity of blend components (PLA and LLDPE) in the blend is also calculated
theoretically by using the following relation [iii].

Theoretical Crystallinity (Crn) (%) =Percent crystallinity of pure component x W (weight
fraction of component)

3.3.4.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique that measures the mass and the change of
mass of the sample during heating as a function of time and temperature. The evaluation of
thermal stability of PLA and blends was carried out with a Mettler Toledo TGA/SDTA 851
apparatus (from Mettler Toledo (M) Sdn. Bhd). Samples were heated from 35 °C to 600 °C at
a scanning rate of 10°C min under a nitrogen atmosphere.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Mechanical Properties

Table 4.1 summarises the mechanical properties of the PLA, ABS, PLA/ABS and
PLA/ABS/GnP/C20A nanocomposites. The temperature was denoted by the abbreviation LT,
MT and HT for low temperature, medium temperature and high temperature respectively. The
properties of PLA and ABS were obtained from literature while the nanocomposites were
obtained from mechanical testing. Note that there is no data available for PLA/ABS LT due to
inferior mechanical properties and thus specimen could not be prepared. The reduction in
mechanical properties of the nanocomposites in comparison with the neat polymers is expected
as the polymer is of physical blends. In terms of mechanical properties across the different
nanocomposites, it was expected that the tensile strength, elongation at break and Young’s
modulus should increase with increase of temperature. From Figure 4.1-4.2, this is evident with
PLA/ABS/GnP/C20A HT showing the highest value in the stress-strain curves.

From the Figure 4.1, the tensile strength, as represented by the stress at peak, shows
that the PLAJABS/GnP/C20A has better performance in comparison with the PLA/ABS
nanocomposites with the exception of PLA/ABS/GnP/C20A LT. There is increase of 20% and
16% observed when comparing the PLA/ABS and PLA/ABS/GnP/C20A at MT and HT profile
respectively. The addition of nanofillers had been demonstrated in other literature such as
findings by Fukushima et. al. and Boakaz et. al. [58,29]. In addition, the tensile strength was
also observed to be increased with increasing temperature. This is because increase in
temperature increases the kinetic energy required to overcome the immense Van der Waals
forces between the GnP structure allowing a better dispersion in the polymer matrix. The drop
in tensile strength in PLA/ABS/GnP/C20A LT lower than the PLA/ABS nanocomposites could
be due the agglomeration of the nanofillers as discussed in MMT/GNP dispersion and
morphology section.
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Figure 4.1 (a) Stress-strain curves of PLA/ABS and PLA/ABS/GnP/C20A across
temperature profile and (b) Tensile strength and elongation at break curve as function of
nanocomposites.

The same observation was illustrated in Figure 4.1 (b), where the elongation at break
was enhanced with the addition of the fillers. There is elongation at break increment from 2.1%
in both temperature profiles of PLA/ABS to 2.2% and 2.4% for PLA/ABS/GnP/C20A MT and
PLA/ABS/GnP/C20A HT respectively. However, while prior researches like in Jollands and
Gupta’s (2010) and Gamez-Perez et. al. (2011) had found that nanoclay enhances the
elongation at break attributed to the nanoparticles alignment, this increment was not as
significant [60,61]. The reason may be attributed to the GnP brittle properties. The same
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abnormal behaviour of PLA/ABS/GnP/C20A LT was also observed. Again, like in the tensile
strength, the agglomeration of GnP is attributed to this behaviour.

On the other hand, the trend of Young’s modulus as depicted in Figure 4.2 (c) shows
an increment in value without the PLA/ABS/GnP/C20A abnormal behaviour. The Young’s
modulus increases both when the hybrid nanofiller was introduced and when the temperature
profile increases. At MT and HT profile, the Young’s Modulus increase by 23% and 18%
respectively. Again, this finding is attributed to the dispersion of the GnP/C20A hybrid

nanofiller in the PLA matrix. The higher aspect ratio and the large surface area of both the GnP
and C20A results in this enhancement of Young’s modulus.
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PLA/ABS/GnP/C20A nanocomposites as function of temperature profile.

The correlation of mechanical properties of stress at break, elongation at break and
Young's modulus for PLA, ABS, PLA/ABS and PLA/ABS/GnP/MMT nanocomposites with
different temperature condition are shown in Table 3. Note that there is no data for PLA/ABS
at low temperature due to insufficient sample after few trials to get reliable data. From the
previous studies, by the addition of the nanofillers in the polymer matrix will expect the
increase of the mechanical properties of the nanocomposites. From this experiment, it was
observed the significant change from PLA/ABS without nanofillers to with the nanofillers, as
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shown in Figure 4.2. The stress at peak showed the highest value at low temperature that is
50.67 MPa compared to the other temperature condition. However, it was also noted that the
value of stress at peak for medium and high temperature found to be the not much significant
difference with the low temperature. Table 4.1 shows a value of the stress at peak for the
nanocomposites.

The elongation at break for nanocomposites blends with different temperature condition
is shown in Table 3. It is observed that the addition of nanofillers increased the elongation at
break of 2.1%, 2.7%, 2.9% and 2.7% for unfilled, low, medium and high temperature with
nanofillers loading, respectively as per shown in Figure 4.2 (a-c). It is also observed that for
PLA/ABS/GnP/MMT nanocomposites, the medium temperature condition setting gave high
elongation at break of 2.9% compared to the low and high temperature of 2.7%. Both stress at
peak and elongation at break is also observed to have significant increase changes from
PLA/ABS to PLA/ABS/GnNP/MMT as shown in Figure 4.2 (a-b). While Figure 4.2 (c) showed
Young’s Modulus trend for all nanocomposites which observed to have an increasing trend
from PLA/ABS to PLA/ABS/GnP/MMT. This is probably by adding the nanoclay and
graphene into the polymer matrix, the brittleness characteristic of PLA which has very high
modulus (3800MPa) has been improved. The incorporation of nanoclay also improves Young's
modulus result of PLA/ABS/GnP compared to PLA/ABS which due to hydrogen bond in the
functional group on the surface of nanoclay with carbonyl groups of the PLA and the dispersion
of nanoclay in the polymer matrix.

Similar findings were reported by Cao et al. where they found that a small percentage

of graphene contributed to the 26% increase in tensile strength and a 18% raise in Young’s
modulus [62].

Table 4.1. Mechanical properties of the PLA, ABS, PLA/ABS and PLA/ABS/GnP/C20A
nanocomposites

Composition Young’s Modulus Stress at Peak Elongation  at
[MPa] [MPa] Break [%0]
PLA/ABS LT 1715 32.9 1.5
PLA/ABS MT 1999 34.9 2.1
PLA/ABS HT 2152 37.6 2.1
PLA/ABS/GnP/C20A LT 2335 34.4 1.8
PLA/ABS/GnP/C20A MT 2506 41.9 2.2
PLA/ABS/GnP/C20A HT 2533 43.6 2.4

4.2  MMT/GNP dispersion and Morphology

It is known that reinforcing filler will increase tensile and modulus and heat deflection
temperaures and it is governed by size and shape of the filler particles. Figures 3 to 5 depicted
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the SEM micrograph obtained from the surface of the tensile test fractured site of the both
PLA/ABS and PLA/ABS/GnP/C20A at all three temperature profiles. From the micrograph it
can be seen that all the nanocomposites exhibit voids. The void formation indicates that the
immiscibility and low interfacial adhesion of the polymer as commented by Boakaz et. al. [63].

From the micrograph, in PLA/ABS (Figure 4.3 a), only the void sizes in the LT profile
(average of void of 1.451 um) is obviously bigger in size and are much more uneven in
comparison to the other temperature. This suggests that the fracture occurred at the interface
between the 4 phases of the polymer (ABS consist of three polymers in blends). On the other
hand, a more uniform dispersion of PLA was observed in the MT and HT profile of the
PLA/ABS. In addition, the void size only varies slightly (average size of void of MT and HT
are 0.533 pm and 0.726 um respectively). These findings agree with the tensile results in which
the difference was quite small but increases with the decrease in size of the void.

On the other hand, in the micrograph of the PLA/ABS/GnP/C20A (Figure 4.3 b), while
the void sizes are similar (average size of void of LT, MT and HT are approximately 0.949 um,
0.711 um and 0.976 pum respectively) in all the temperature profiles, the dispersion of the GnP
varies. The dispersion of graphene can be denoted by the graphitic layer structure seen in the
micrograph (Gao et. al., 2017). The more the morphology is layered, the higher the extent of
agglomeration of the GnP. The agglomeration of the GnP are clearly indicated in the LT profile
by the highly layered and flaky surface seen in the micrograph. The agglomeration was quite
severe explaining the dramatic decrease of the stress and the elongation at break when the
fillers are introduced in the LT profile processing in comparison to the neat PLA/ABS
nanocomposite. However, as the processing temperature was increased, the dispersion
improved. This could be attributed to the high Van der Waal forces between the GnP sheets.
Increasing the temperature increases the kinetic energy requires to break these forces and thus
allows for better intercalation in the polymer matrices.

a) PLA/ABS b) PLA/ABS/GnP/C20A

M 0.944 um
=

Figr. SEM maph taken from the sufe of tensile fraur site at x10000
magnification for LT profile.
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a) PLA/ABS b) PLA/ABS/GnP/C20A
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0.621 um

Figure 4.4 SEM micrograph taken from the surface of tensile fracture site at x10000
magnification for MT profile.

a) PLA/ABS

0.728 um

Fig4. M mirogrph tak frm the surface of tensile fractue site at x10000
magnification for HT profile
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Figure 4.6 TEM images for (a) PLA/ABS/GnP/C20A LT profile (b) PLA/ABS MT profile (c)
PLA/ABS/GnP/C20A MT profile and (d) PLA/ABS/GnP/C20A HT profile at 50 nm
magnification

4.3 Fourier Transform Infrared (FTIR)

Fourier transform infrared spectra for PLA, ABS, PLA/ABS and PLA/ABS/GnP/C20A
at LT/MT/HT temperature profiles are displayed in the Figure 4.7. The functional group
interactions of the PLA with ABS, GnP and C20A through the shift of the absorption peak in
specific regions was monitored. The characteristic peaks of PLA were at 1746, 2995, 2946 and
1080 cm which are the frequency of C=0, -CHs asymmetric, -CH3 symmetric, and C-O
functional groups respectively (Chieng et. al., 2014c). As for ABS, the characteristic frequency
were at 2924 cm* for the asymmetric and symmetric CH2 stretch, 2237 cm™ for C=N stretch,
as well as 966 cm™ and 912 cm™ for out-of-plane C-H stretch of butadiene [64].

Figures 4.7(a-d) depicted the FTIR spectrum of neat PLA, neat ABS, PLA/ABS LT and
PLA/ABS/GnP/C20A LT. The nanocomposites exhibits the similar peaks that a
nanocomposite of PLA and ABS should have without any other new peaks observed. This
suggest that no chemical reaction occurs between any of the functional group which means the
nanocomposites are purely of physical blends and thus are immiscible.

However, it was also noted from Figure 4.7 (c) and (d) that increasing the processing
temperature profile increases the intensity of the peaks. According to the Beer-Lambert’s Law
[65], the intensity of the peak is related to either the concentration of the functional group or
the thickness of the sample (thickness relates to the light path). Since the samples has similar
thickness this could mean that the higher the processing temperature, the higher the
concentration of the functional group in the sample. This could be due to the void formation
that occurs during the sample moulding. On the other hand, the intensity difference when filler
was introduced could be attributed to the filler agglomeration.
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Figure 4.7 FTIR comparison (a) Neat PLA, Neat ABS, PLA/ABS at Low Temperature
Profile and PLA/ABS/GnP/C20A at low Temperature Profile; (b) PLA/ABS across
temperature profile; (¢) PLA/ABS/GnP/C20A across temperature profile and (d) PLA/ABS

and PLA/ABS/GnP/C20A across temperature profile
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4.4 Thermal Analysis

Table 4.2 summarizes the thermal properties; the glass transitioning temperature,
melting temperature and cold crystallization, of the neat PLA, neat ABS, PLA/ABS and
PLA/ABS/GnP/C20A nanocomposites obtained from DSC. Note that Tq: was not available for
most of the polymers since the peak, belonging to butadiene component in the ABS, was too
close to the starting temperature. It was found that the nanocomposites possess multiple Tgs.
This again indicates the immiscibility of the nanocomposite which is agreed by Fayt et. al. [66]
who stated that immiscible polymer blends have multiple Tgs due to the phase separation of
the polymers, resulting in low cohesive energy.

It was also noted that the melting temperature of the polymer blends are lower in
comparison to the neat PLA and neat ABS. This could be due to drop in the degree of
crystallinity as a result of the amorphous nature of ABS. The degree of crystallinity affects the
melting point of polymer which agrees with findings by Wacharawichanant et. al. who found
the melting point of PLA drops with addition of propylene-ethylene copolymer (PEC)[67]. He
stated that this drop in melting point is due to the drop in the degree of crystallinity as result of
the amorphous nature of PEC. However, this could not be concluded with the lack of
crystallinity data.

In fact, if the blend components were immiscible, the Tg values of individual polymers
would remain essentially unaffected. On the other hand, a completely miscible mixture would
display a single Tg. It can, therefore, be concluded that the examined ABS/PC system shows a
wide range of miscibility of its components, up to at least a concentration of ABS of 50%.

As shown in Table 4.2, the cold crystallization temperature of PLA/ABS blends at the
medium temperature is about 95.0°C and shift to around 92.5°C after incorporation of the GnP.
The combination effects of nucleation and diffusion-controlled growth processes resulted in
the change of cold crystallization behavior in the PLA/ABS/GnP/MMT nanocomposites.
Based on the study by Chieng et al., a slight change of PLA crystallinity after addition of GnP
could not induce significant impact on the mechanical properties of the nanocomposites
(30).0n the other hand, the homogeneous dispersion of GnP in the polymer matrix and strong
interactions between both components can influence the significant changes of the strength and
modulus of PLA/ABS nanocomposites.

Organoclay addition of 2 phr to ABS does not have any obvious effect on the Tq of
SAN phase, whereas a decrease was recorded in the case of all the examined ABS/PC blends.
Tiwari and Natarajan [68] observed that Tg of ABS hybrids remain unaffected by the
incorporation of unmodified or organically modified montmorillonite (Cloisite 6A, 10A, 20A,
and 25A) or laponite at 4% loading, independently on the particle and platelet size. On the
other hand, Yeh et al. [69] found that the incorporation of organoclay results in an increase of
Tg with respect to that of neat ABS and interpreted this effect by the confinement of intercalated
polymer chains within the organoclay galleries, which prevents the segmental motions of
polymer chains [69].

Table 4.2 DSC data on the neat PLA, neat ABS, PLA/ABS and PLA/ABS/GnP/C20A
nanocomposites

Composition To1, Toz, Tgs [°C] Tc [°C] Tm [°C]
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PLA 60 - 170.2

ABS -90.3,67.5,140 - 169.3
PLA/ABS LT -, 62.5,150.0 92.5 166.0
PLA/ABS MT -, 62.5, 150.0 95.0 165.8
PLA/ABS HT -, 60.0, 150.0 90.0 165.1
PLA/ABS/GnP/C20A LT -,62.5,150.0 95.0 166.1
PLA/ABS/GnP/C20A MT -, 60.0,150.0 925 165.7
PLA/ABS/GnP/C20A HT -, 62.5,150.0 92.5 165.9

Table 4.3 TGA data on the neat PLA, neat ABS, PLA/ABS and PLA/ABS/GnP/C20A
nanocomposites

Onset Peak End
Composition Temperature Temperature Temperature (°C)

(°C) (°C)
PLA 330.5 352.9 368.6
ABS 388.5 410.6 464.3
PLA/ABS LT 317.0, 379.6 334.8, 400.7 476.5
PLA/ABS MT 316.5, 376.7 333.3,400.3 491.5
PLA/ABS HT 315.4, 377.2 333.2,402.6 486.6
PLA/ABS/GnP/C20A LT 334.3,387.2 350.6, 404.9 483.9
PLA/ABS/GnP/C20A MT  336.0, 390.0 351.6, 404.8 482.6
PLA/ABS/GnP/C20A HT  337.9, 389.5 352.4,407.4 482.5

The degradation behaviour of PLA, ABS, PLA/ABS and PLA/ABS/GnP/C20A
nanocomposites are given in the Figure 4.8 and Table 4.3. The onset temperature is represented
by the start of weight loss while the end temperature is the temperature at the end of
degradation. Since this is a blend of two polymers, the polymer blends results having two
degradation onset temperature and peak temperature. However, since the onset of the ABS
occurs before PLA fully degraded, the end temperature recorded are for full degradation of the
polymer blends. In general, it was found that the degradation temperature of both PLA and
ABS decreases when the polymer is blended which is expected of a polymer blend. There are
no significant findings observed when comparing the temperature profile of the polymers.
However, the addition of the fillers increases the thermal stability of the PLA/ABS
nanocomposites as depicted by the increase in onset temperature and the peak temperature.
This could be due to the nanoparticles reinforcement of the nanofillers which both possessing
higher decomposition temperature. This finding is in agreement with studies by Fukushima et.
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al. when they prepared PLA based nanocomposites by using two different nanofillers:
expanded graphite and organically modified montmorillonite. There are also no significant
findings observed on the end temperature of the polymers as all the nanocomposites shows
similar or small difference in end temperature.

It can be seen that the decomposition of PLA started at 330.5°C and completed at 368.6°C
while PLA/ABS blends at medium temperature condition started to decompose at 316.5°C and
376.7 °C and completed at 476.5°C and PLA/ABS/GnP/MMT blends at medium temperature
started to decompose at 325.7°C and 390.2°C and completed at 487.3°C and 499.8°C. From the
result, the onset of degradation of PLA/ABS and PLA/ABS/GnP/MMT started slower than
PLA. Thermograms of PLA/ABS/GNP/MMT shows high thermal stability than PLA/ABS
blends. This is probably due to dispersion state of MMT layers in the polymer matrix. The
graphene improved the thermal stability of PLA/ABS matrix due to the intrinsic characteristic
of the graphene leads to great enhancement of the thermal stability of the polymer matrix.
Graphene sheets take a role of thermal barriers and improve the thermal stability of polymer
matrix [71,72]. With the incorporation of GnP into polymer matrix will enhance the overall
material’s thermal stability. The layer structure gives a greater barrier effect to inhibit the
evaporation of the volatile degradation products generated in thermal decomposition of the
nanocomposite [70]. The phenomena was responsible to contribute to the enhancement of
thermal stability for PLA/ABS/GnP/MMT [73]. It is worth noting that the compatibilizing
action of C20A contributed to the decrease in the interfacial tension and hence leads to a
remarkable in mechanical and thermal properties of the PLA/ABS/GnP/C20A nanocomposites.
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Figure 4.8. TGA curves on (a) neat PLA, neat ABS, PLA/ABS and PLA/ABS/GnP/C20A
nanocomposite; (b) LT profile; (¢c) MT profile and (d) HT profile

4.5. Conclusion

The PLA/ABS/GnP/C20A nanocomposites had been successfully prepared and the
effect of processing temperature profile on the mechanical, morphological and thermal
properties of PLA/ABS and PLA/ABS/GnP/C20A nanocomposites were investigated. The
studies also found that increasing the temperature profile enhances the mechanical properties
in PLA/ABS/GnP/C20A while no significant findings were observed in PLA/ABS. Tensile
strength was observed to increase by 20% and 16% in MT and HT profile respectively while
the young modulus was increase by 23% and 18% in MT and HT profile respectively. The
enhancement of the properties was contributed to the dispersion of the filler. Increasing
temperature results in better dispersion of the fillers as can be seen from the morphological
characterisation by SEM and TEM. However, while the elongation at break also increases with
increasing temperature, the enhancement was insignificant maybe due to the brittle nature of
graphene. However, from the FTIR result exhibits not many significant changes and no
chemical reaction happens in any functional group and DSC analysis also exhibits not many
significant changes via different temperature condition.

On the other hand, in terms of thermal analysis, there is no significant finding was
observed on the effect of the temperature profile although it was noted that the melting point
was slightly increased when fillers was introduced. The same occurs in the thermal stability, in
which the incorporation of filler increases the thermal stability of the nanocomposites but no
significant observation made across temperature profile.
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