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ABSTRACT

POLY(LACTIC ACID) BASED NANOCOMPOSITES: MECHANICAL,
THERMAL AND RHEOLOGICAL PROPERTIES AND MORPHOLOGY

Açık, Eda
Ph.D., Department of Chemical Engineering
Supervisor: Prof. Dr. Ülkü Yılmazer

July 2014, 261 pages

The aim of this study was to increase the potential applications of poly(lactic acid)
(PLA) by incorporating reactive functionalities with different nano-scale fillers. To
investigate the effects of nanoclay types, five different organically modified
nanoclays (Cloisites®15A, 25A and 30B and Nanofils®5 and 8) were used. Two
elastomeric compatibilizers, ethylene-glycidyl methacrylate (E-GMA) and ethylenebutyl acrylate-maleic anhydride (E-BA-MAH), were added to the nanocomposites
produced via melt compounding. The degree of clay dispersion was determined by
the chemical compatibility between the polymer matrix and the modifier.
Compatibility between C25A, C30B and E-GMA resulted in better dispersion and
thus, enhanced tensile modulus and toughness. The network structure formed owing
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to the high reactivity of the epoxide group of GMA towards the PLA end groups
resulted in high impact toughness and solid-like behavior in the melt state.
Effects of filler loadings with different production methods (melt compounding and
solution mixing) were investigated with expanded graphite (EG) as the filler. Filler
loading was kept below 2 wt. % to minimize the dispersion problem and solvent
usage. No significant changes were observed in filler dispersion in both methods.
However, when E-GMA was added, melt compounded blends had phase separated
matrix morphology and solution mixed blends had continuous matrix morphology.
Significant decreases in ultimate tensile strength and elastic modulus, but increased
strain at failure were observed for samples prepared by solution mixing.
Enhancements in elastic behavior and complex viscosity of composites in the melt
state are other remarkable outcomes of addition of E-GMA by the solution mixing
method.

Keywords: poly(lactic acid), organoclay, expanded graphite, compatibilizer,
nanocomposite
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ÖZ

POLİ(LAKTİK ASİT) BAZLI NANOKOMPOZİTLER: MEKANİK,
ISISAL VE REOLOJİK ÖZELLİKLERİ VE MORFOLOJİSİ

Açık, Eda
Doktora, Kimya Mühendisliği Bölümü
Tez Yöneticisi : Prof. Dr. Ülkü Yılmazer

Temmuz 2014, 261 sayfa

Bu çalışmanın amacı poli(laktik asit)’in, (PLA), muhtemel kullanım alanlarının
reaktif fonksiyonel gruplar ile çeşitli nano-boyutlu dolgu malzemeleri kullanılarak
arttırılmasıdır. Farklı kil tiplerinin malzeme özelliklerine etkisinin incelenmesi
amacıyla organik olarak modifiye edilmiş beş farklı kil (Cloisitler ® 15A, 25A ve
30B, ve Nanofiller ® 5 ve 8) kullanılmıştır. Elastomerik yapıdaki iki farklı
uyumlaştırıcı, etilen-glisidil metakrilat (E-GMA) ve etilen-bütil akrilat-maleik
anhidrit (E-BA-MAH), eriyik karıştırma yöntemi ile üretilen nanokompozitlere
eklenmiştir. Kil dağılımını belirleyen unsur polimer matrisi ile kil modifikasyonunun
kimyasal uyumudur. C25A ve C30B ile E-GMA arasındaki polarite eşleşmesi bu
killerin matris içinde daha iyi dağılması ve bunun sonucunda gerilim modülü ve
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tokluğunun artması ile sonuçlanmıştır. GMA içindeki epoksi grubunun polimer
matrisinin fonksiyonel gruplarına olan yüksek reaktivitesi nedeniyle oluşan ağsı
yapı, darbe dayanımı ve eriyik haldeki katı-benzeri davranışta artış ile
sonuçlanmıştır.
Dolgu malzemesi olarak tabaka aralıkları genişletilmiş grafit (EG) kullanımında
nanokompozit üretim yöntemlerinin (eriyik karıştırma ve çözelti içinde karıştırma)
etkileri araştırılmıştır. Malzeme içinde dağılım ve solvent kullanımı problemlerini en
aza indirgemek için dolgu malzemesi yüklemesi ağırlıkça % 2’nin altında
tutulmuştur. İki yöntem arasında dolgu malzemesi dağılımı açısından büyük
değişiklik olmamıştır. Ancak, E-GMA eklendiğinde eriyik harmanlama yöntemi ile
üretilen karışım ve nanokompozitlerde faz ayrışımlı morfoloji, çözelti içinde
karıştırma ile hazırlananlarda ise kesiksiz (sürekli) morfoloji elde edilmiştir. Çözelti
içinde karıştırma yöntemi ile hazırlanan numunelerin gerilme dayanımı ve
modülünde önemli düşüş olmuş, ancak kopmadaki uzamada artış görülmüştür.
Çözelti içinde karıştırma yöntemi ile hazırlanan kompozitlerin eriyik hallerinde
elastik davranış ve viskozitede oluşan önemli artışlar göze çarpan bir diğer sonuçtur.
Anahtar Sözcükler: poly(laktik asit), organokil, grafit, uyumlaştırıcı, nanokompozit
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CHAPTER 1

1. INTRODUCTION
INTRODUCTION

Throughout the history of polymeric materials, almost all of the attempts were made
to develop stable and durable polymeric structures that can withstand natural
destructive forces such as sunlight, oxygen, water and heat. Conventional petroleum
based plastics such as polyethylene (PE), polypropylene (PP), polyethylene
terephthalate (PET) and polyvinyl chloride (PVC) are strong, relatively cheap, easily
processible and durable. However, durability causes difficulties when these materials
are sent to waste stream. Since these materials end up with non-degradable wastes
both industry and academia share similar concerns about the environmental issues
[1].
Today, two approaches are applied to eliminate the undegradable plastic wastes from
the environment. The first one is the storage of wastes at landfill sites, however,
landfill sites are limited, and they become insufficient day by day compared to the
very fast development of society. The second approach can be considered in two
stages: incineration and recycling. The first step usually produces large amounts of
carbon dioxide and sometimes toxic gases which have adverse effects on global
warming and pollution. The second step, recycling is rather benign, but requires
substantial cost of labor and energy for removal of the wastes, separation according
to their types and other processed to obtain a final product [2].
Biodegradable polymers have the potential to be a solution to the solid waste
problem associated with the decreasing availability of landfills, global warming
caused by increasing amounts of carbon dioxide in the atmosphere and the attempts
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to find sustainable or renewable raw material sources [3]. Among a number of
commercially available bio-based thermoplastic polymers, poly(lactic acid) (PLA) is
one of the mostly investigated alternatives. Decreased production cost of this
promising polymer with the recent advances in polymerization technologies makes it
economically competitive with petroleum based commercial polymers. Thus, it
becomes attractive for several industrial applications such as packaging, textile, and
automotive industries [4]. Even though it has numerous advantages in terms of being
eco-friendly, having comparable cost with petroleum based polymers, having high
strength and modulus, its intrinsic brittleness restricts its utilization in pristine form.
Similar to the conventional plastics, blending or making composites using inorganic
or natural filler materials are the potential methods to improve the properties of
biodegradable polymers according to the desired area of usage. Reinforcement of
biodegradable polymers through the addition of nano-scale reinforcements can be a
useful method in production of eco-friendly nanocomposites for various applications
[2].
Nanocomposites are a particular class of polymer matrix composites. They contain
fillers whose one dimension is at least in the nanometer (10-9) scale [5]. These
materials are popular because of the enhanced properties obtained by effective
dispersion of the nano-sized fillers [6]. Various types of nano-sized fillers such as
layered silicates, graphite nanosheets, carbon nanotubes (CNTs), nanofibers, metal
oxide nanoparticles and layered titanate have been used to prepare variety of
polymer nanocomposites for many industrial applications [7]. Certainly, layered
silicates are the most popular ones among these other alternatives owing to their easy
accessibility, low price and being environmentally friendly [2].
The pioneering study in the field of nanocomposites is performed by Kojimo et al. of
Toyota in which the tensile modulus and strength of nylon was doubled with the
incorporation of 2 % clay [8]. Continued progress in production and utilization of
nanosized fillers with polymeric materials improved understanding of the
physicochemical phenomena at the nanometer scale and thus led to the rapid
development of new polymer-layered silicate nanocomposites. The first effort to
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prepare PLA nanocomposites using an organically modified layered silicate was
performed by Ogata and coworkers [9]. The results were not promising in terms of
mechanical properties, but after that many successful studies reporting well
dispersion of layered silicates in PLA matrix have been published until today, some
focusing on thermal and mechanical properties, some on morphology and rheology
and some on biodegradability.
In recent literature, graphite is shown to be promising alternative to nanoclays to
produce nanocomposites. This material has low mass density compared to the
conventional fillers. Additionally, they are highly electrically and thermally
conductive [10]. The main advantage of utilizing thermally and electrically
conductive nano-scale filler materials with polymeric matrices is that the final
product is usually light in weight with relatively low cost and easy processibility.
Such multifunctional composites can be used in a wide range of applications
including energy harvesting, flexible electronics, thermal interphase materials and
structural components for automotive and aerospace vehicles [11].
Among the possible graphitic structures so called expanded graphite (EG) has
different names reported in the literature such as graphite nanosheets (GN), graphite
nanoflakes (GNF), graphite nanoplatelets (GNPs), or simply exfoliated graphite. It is
a type of two-dimensional nanofiller containing many graphene layers one on the top
of the other. These layers are interacting by Van der Waals forces and the interlayer
distance between the layers is constant (0.34 nm) [10]. Additionally, the production
of expanded graphite does not require expensive and complicated equipment like
other carbonaceous nanofillers such as carbon nanotubes and/or carbon nanofibers.
Furthermore, these fillers can be produced from abundant resources of natural
graphite by fairly convenient methods [10, 12].
Several studies published in the literature can be found on the possibility of
increasing mechanical and the electrical properties of various polymer matrices via
addition of carbon based nanofillers. There are also some studies on effective
distribution of these graphitic fillers in various polymer matrices. However,
information on the effects of the manufacturing process on the multifunctional
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properties of the prepared composites is relatively limited [11]. Comparisons are
mainly based on the previously reported results. Furthermore, EG was usually
studied to produce hybrid nanocomposites to improve various properties of the final
composite material to obtain multifunctional structures.
Polymer nanocomposites with very low filler contents have been shown to possess
various property enhancements mainly including increased tensile strength, modulus,
hardness and fracture toughness, decreased gas permeability and flammability,
improved thermal stability, and electrical properties. These property improvements
highly depend on effective polymer particle interactions and effective dispersion of
the filler in the matrix. The degree of dispersion is sensitive to the forces acting
between the dispersed particles [7]. This phenomenon is valid for both layered
silicates and graphitic fillers like expanded graphite. In order to investigate and
improve dispersion and distribution of nanofillers several approaches can be
followed such as incorporation of low molecular weight compatibilizers and
modification of the filler surface with organophilic moieties. The synthesis of
nanocomposites is also an important factor to achieve desired dispersion and
properties. The most commonly used nanocomposite production methods are melt
compounding, in situ synthesis, solution mixing, gas phase processing, living
polymerization, etc. All methods employed to modify the filler surface as well as to
synthesize nanocomposites should be supported by characterizations of the final
product in order to have deeper information on the microstructure and properties.
Under the light of these discussions, this study is mainly aimed to investigate the
properties of PLA nanocomposites produced with various additives. Two different
road maps were followed to achieve this aim. In the first one, it was aimed to
increase PLA processibility by incorporating epoxy and maleic anhydride
functionalities together with nanoclays to improve toughness. The main idea was to
pursue the changes in material properties with the changes in types of nanoclays at
relatively low clay loadings with the idea that the structure of modifier is the key
parameter in nanocomposites. Five different organically modified commercial
nanoclays were used as nanofillers. In addition to that, presence of an elastomeric
phase which is supposed to act as a compatibilizer was investigated. For this purpose
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two different commercial elastomers with different functional groups (ethyleneglycidyl methacrylate and ethylene-butyl acrylate-maleic anhydride) were selected as
compatibilizers. Both the clay and the compatibilizer contents were kept constant in
order to pursue the changes in some properties of the nanocomposites with changes
in structures of additives. Conventional twin-screw extrusion was used as the
production method for nanocomposites and the articles for testing were prepared by
injection and compression molding techniques. In order to see the dispersion of clay
particles in the polymer matrix X-ray diffraction (XRD), scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) analyses were
performed. Mechanical properties of the specimens were evaluated by tensile and
impact tests. The thermal behaviors of the samples were investigated using
differential scanning calorimetry analysis, and rheological behaviors were
determined with by dynamic oscillatory rheometry. Finally, the interactions between
the polymer matrix and the elastomeric additives were investigated via Fourier
Transform Infrared Spectroscopy (FTIR).
Concurrently, graphite was used as an alternative to the conventional layered fillers.
To see the effects of different production methods on the dispersion problem of the
expanded graphite (EG) structure used in this study, extrusion and solution mixing
techniques were compared. Loading of the filler was kept below 2 wt. % in order to
minimize the dispersion problem and to minimize the solvent usage. High amounts
of organic solvents are necessary to dissolve each constituent in the final product. In
this respect, influence of EG contents (below 2 wt. %) in the composites and addition
of E-GMA as impact modifier were investigated for both production methods. To the
best of our knowledge, addition of a ternary elastomeric polymer was tried,
especially in the solution mixing method, for the first time in this study.
The expanded graphite used (Timrex® C-Therm 001) in this study was provided
from the manufacturer as a confidential product, there are limited technical data
about this filler. Hence, EG itself was characterized first via energy dispersive X-Ray
spectroscopy (EDX), Brunauer–Emmett–Teller (BET) surface area analyses and
XRD. After production of nanocomposites at different concentrations with different
production methods, the dispersion of EG in the polymer matrix was investigated via
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XRD, SEM and TEM. Potential reactive interactions between PLA and the rubber
were investigated via FTIR. Mechanical properties of the specimens were
determined by tensile and impact tests. The thermal behaviors of the samples were
investigated by using differential scanning calorimetry analysis, and rheological
behaviors were determined using dynamic oscillatory rheometry.
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CHAPTER 2
2. BACKGROUND INFORMATION
BACKGROUND INFORMATION

2.1. Composite Materials
A composite material can be defined as a combination of two or more materials
which results in better material properties than those of the individual components.
In composite materials, each constituent retains its separate chemical, physical and
mechanical properties [13]. In other words, these constituents do not dissolve or
merge completely in each other; they can be physically identified; however, they act
together [14]. The main advantages of composite materials are their high strength
and stiffness, combined with low density, when compared with bulk materials [13].
The two constituents in a composite material are the reinforcement and matrix. The
reinforcing phase might be in shape like fiber, flake or particles. In most cases, the
reinforcement is harder, stronger, and stiffer than the matrix. The matrix or
continuous phase can be polymer, metal, or ceramic [13]. The matrix acts as binder
holding the components together, and transmitting and distributing the stresses;
therefore it determines the mechanical properties of the materials. Composite
materials are not only man-made, but also naturally exist. For example, wood is
composed of lignin as matrix reinforced with cellulose fibers. Bones are also
composite materials in which the bone-salt plates made of calcium and phosphate
ions reinforce soft collagen [15].
In addition to the type and quantity of the reinforcement, the most important factor
determining the properties of composite material is the interface interactions.
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Interface is defined as the region through which material parameters, such as
concentrations of components, crystallinity, physical and mechanical properties can
change from one side to another [16]. In most cases, there are multiple bonding types
on the interface. These are mechanical, chemical, and physical bondings. Mechanical
bonding is effective in load transfer when the force is applied parallel to the
interface. Chemical bonding, which includes bonding by direct reactions, coupling
agents, molecular chain entanglements, is stronger than mechanical bonding.
Physical bonding, on the other hand, involves relatively weak secondary interactions
such as van der Waals forces, dipolar interactions and hydrogen bonding. As in
mechanical bonding, physical bonding is not enough for most of the cases, since it is
effective only over small distances [15, 16].
Composites can be classified from two different perspectives: according to the type
of reinforcement or according to the type of matrix material. Reinforcements can be
in particulate, flake or fiber form. Particulate composites are composed of particles
immersed in alloys and ceramics as matrix, such as aluminum particles in rubber or
sand in concrete. Flake materials are flat in shape, such as glass and mica resulting in
higher strength with low cost. However, flakes cannot be oriented easily and there
are limitations of alternative reinforcements. Fiber reinforcements can either be
continuous (long) or discontinuous (short) and are generally anisotropic having
different properties in different directions. Most common fiber reinforcements are
carbon fibers and glass fibers. From the point of matrix materials, four major classes
can be mentioned: polymer, metal, ceramic or carbon matrix composites. In metal
matrix composites, reinforcement improves strength and stiffness together with
abrasion and creep resistances. Additionally, it can enhance thermal conductivity.
For ceramic matrix composites, the incorporation of fibers enables high processing
temperatures and resilience to oxidation and deterioration [15]. Carbon matrix
composites usually consist of carbon fiber reinforcements in a carbonaceous matrix.
These materials are usually used where resistance to very high temperatures are
required [17]. In this study, the main focus is on polymer matrices. Below
fundamental information can be found by narrowing down from the polymer matrix
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composites to specific properties of polymer and reinforcement materials used in this
study.

2.1.1

Polymer Matrix Composites

Polymer matrix composites (PMCs) are the most common type of composite
materials consisting of a polymeric matrix such as epoxy, polyester or urethane,
reinforced by several different types of fillers. Among the other possible matrices,
polymers have many advantages, since processing does not require high pressure and
high temperatures, and the processing cost is low [18]. Additionally, since diverse
alternatives are available, they can satisfy required mechanical characteristics, such
as tensile strength, modulus, elongation and impact strength. In some cases, high
thermal and moisture expansion coefficients and low elastic properties in certain
directions for some polymeric materials could be considered as drawbacks
depending on the particular application [15].
Polymeric materials can be classified as thermoplastics and thermosets.
Thermoplastics would soften upon heating and can be made to flow when a stress is
applied. When they are cooled, they reversibly regain their solid or rubbery nature.
Thermosets, on the other hand, might be heated to a point where they would soften
and could be made to flow under stress once, but this process is not reversible. In
fact, heating causes them to undergo a curing reaction in which cross-linking of
polymer chains results in toughening or hardening of the material. Further heating of
this type of polymers leads to degradation [19].

2.2. Nanocomposites
Conventional composite materials consist of fillers on the microscale (10–6 m).
Nanocomposites, on the other hand, consist of materials that are on the scale of
nanometers (10–9 m). In order to be accepted as a nanocomposite, one of the
constituents should be at least 100 nm. At this scale, the properties of materials are

9

different from those of the bulk material. Most of the properties of the
nanocomposites are better than the ones at the microscale [15].
Nanocomposites can be classified into three main groups depending on the number
of dimensions at the nanoscale.


Isodimensional nanoparticles: Three dimensions of the filler are in the order of
nanometers. Spherical silica nanoparticles obtained by in situ sol–gel methods or
by polymerization promoted directly from their surface can be given as
examples [20, 21, 22].



Two–dimensional nanoparticles: When two dimensions are in the nanometer
scale and the third is larger, it forms an elongated structure, such as nanotubes or
whiskers. For example, carbon nanotubes or cellulose whiskers, which are
extensively studied as reinforcing nanofillers are two-dimensional nanoparticles
[23, 24].



One–dimensional nanoparticles: This third type is characterized by only one
dimension in the nanometer range. In this case, the filler is present in the form of
sheets of one to a few nanometers thick, to hundreds to thousands nanometers
long [5]. Layered silicates can be given as an example to this group.

2.2.1 Polymer – Layered Silicate Nanocomposites
For improving mechanical properties of conventional petroleum based polymers,
forming nanocomposites has been used extensively, since the researchers at the
Toyota research center in Japan showed that the tensile modulus and strength were
doubled for nylon-layered silicate nanocomposites containing 2 vol.% clay. They
also showed that the heat distortion temperature of the nanocomposites increased by
87%, extending the use of this polymer to under-the-hood structural parts in the
engine compartment [8].
The use of layered silicates as a reinforcing phase is one of the most successful ways
of designing polymer nanocomposites with a broad range of markedly modified
properties in comparison to classical micrometer scale particulate filled materials
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[25]. Layered silicates are lighter in weight compared to conventional composites
and they exhibit exceptional barrier properties. Also, the mechanical properties are
usually remarkably higher compared to those of polymers reinforced with
unidirectional fibers. The main reason is that reinforcement from the inorganic layers
will occur in two dimensions rather than in one dimension [6]. Furthermore,
fabrication techniques of polymer-layered silicate are much easier and cheaper than
the fabrication of conventional composites, since they can attain the composite
properties with low volume fraction of reinforcement.

2.2.1.1 Structure of Layered Silicates
Clay minerals are called as layered silicates because of the stacked structure of
almost 1 nm thick silicate layers with variable interlayer distances [26]. They are
widely used for improving properties of polymeric materials due to two
distinguishing properties: 1- formation of fine particles yielding large surface areas;
2- possibility to alter the chemistry of their surface via some the exchange reactions
with organic or inorganic cations [27].
The most frequently used layered silicates in the polymer matrix nanocomposites are
members of phyllosilicates group. The structure, which is designated as 2:1 layered
family, is composed of two-dimensional layers where a central octahedral sheet of
alumina or magnesia is fused to two external silica tetrahedron by the tip so that the
oxygen ions of the octahedral sheet are also shared by the tetrahedral sheets. The
lateral dimensions range from 300 Å to several microns or even larger due to
particular silicate type, and the layer thickness is about 1 nm (Figure 2.1). These
layers form stacks with a regular Van der Waals gaps in between. These gaps are
named as interlayer galleries or basal spacing.
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Figure 2.1 The structure of 2:1 layered silicates [6]

The phyllosilicate 2:1 layered clays include mica, smectite, vermiculite, and chlorite.
Smectite group can be further divided into montmorillonite (MMT), saponite and
hectorite species, and these are the most commonly used layered silicates [6, 28].
Details about the structures and surface chemistry of these layered silicates can be
seen in Table 2.1.

Table 2.1 Structure and chemistry of mica-type layered silicates [6]

Location of
isomorphous
substitution
Octahedral

Mx[Al4-xMgx](Si8)O20(OH)4

Hectorite

Octahedral

Mx[Mg6-xLix](Si8)O20(OH)4

Saponite

Tetrahedral

Mx[Mg6](Si8-xAlx)O20(OH)4

Silicate
Montmorillonite
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Formula

2.2.1.2 Organic Modification of Silicate Layers
Pristine layered silicates usually contain hydrated Na+ or K+ ions and they are only
miscible with hydrophilic polymers. Layered silicates are made miscible with many
other polymer matrices by converting hydrophilic silicate surface to organophilic
structures by ion-exchange reactions with cationic surfactants including primary,
secondary, tertiary and quaternary alkylammonium or alkylphosphonium cations
(Figure 2.2).

Figure 2.2 Schematic representation of a cation-exchange reaction between the
silicate and alkylammonium salt [29]

Organic modification of layered silicates makes intercalation of polymers possible
via lowering the surface energy of the inorganic filler and improving the wetting
features of the polymer. Furthermore, the alkyl ammonium cations provide moeties
that can react with the polymer or initiate polymerization reactions. Therefore, they
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enhance the interface interactions between the inorganic filler and the polymer
matrix [30]. This replacement of exchange cations by organic onium ions on the
gallery surfaces also expands the clay galleries. This facilitates the penetration of
polymer chains to the gallery space. Various arrangements of the ions are possible
depending on the charge density of clay and the onium ion surfactant. These
arrangements are shown in Figure 2.3.

Figure 2.3 Orientations of alkylammonium ions in the layered silicates galleries [31]

2.2.1.3 Polymer Layered Silicate Nanocomposite Types
Depending on the arrangement of clay nanoplatelets in the polymer matrix,
composite materials can be classified under three essential titles; phase separated
composites,

intercalated

nanocomposites,

and

exfoliated

(delaminated)

nanocomposites where the third group can also be categorized as ordered and
disordered (Figure 2.4).
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Figure 2.4 Schematic illustrations of A: conventional; B: intercalated; C: ordered
exfoliated; and D: disordered exfoliated polymer–clay nanocomposites [31]

Formation of these structures depends on the nature of the polymer and the layered
silicate, nanocomposite synthesizing methods, interfacial interactions and the filler
loading. Conventional composite structure occurs if the polymer matrix and
organoclay are incompatible so that the clay layers remain as big stacks with no
polymer chain diffused through the layers. This structure can said to be a phaseseparated microcomposite. In the intercalated structure, on the other hand, clay
platelets remain as well ordered stacks, although some polymer chains diffuse into
the layers. The purpose of many nanocomposite applications is to achieve exfoliated
structure due to the highest property improvements such as barrier characteristics,
chemical resistance, reduced solvent uptake and flame retardancy [31]. This structure
is obtained when both the clay surfaces and the polymer matrix have polar groups
that have favorable interaction [32].

2.2.1.4 Thermodynamics of Nanocomposite Formation
Nanocomposite formation and its equilibrium state for polymer-layered silicate
nanocomposites are highly dependent on the polymer structure, the charge carrying
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capacity of the layered silicate, chain length and structure of the organic modifier
[33]. In fact, the factors determining the polymer intercalation are ethalpic and
entropic. Impoundment of the polymer chains in the silicate layers results in a
reduction in the overall entropy of the polymer chains. However, polymer
confinement in the silicate layers is accompanied with enhanced conformational
freedom of surfactant chains in a less confined environment. As for small rises in the
interlayer spacing the total entropy change is small, moderate changes in the total
enthalpy will regulate whether intercalation is thermodynamically possible or not.
The enthalpy of mixing could be categorized into two subtitles: apolar and polar
Polar enthalpy of mixing is considered more favorable for intercalation. Hence,
number of favorable polymer-surface interactions should be maximized while
minimizing the magnitude and number of unfavorable apolar interactions between
the polymer and the functionalizing aliphatic chains. A schematic representation of
polymer-modifier interactions during nanocomposite preparation can be seen in
Figure 2.5.

Figure 2.5 Schematic representation of the system components before and after
intercalation takes place [30]
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2.2.2

Preparation of Polymer-Layered Silicate Nanocomposites

There are three conventional methods to produce polymer matrix composites in
which layered silicates are used as fillers. These are in situ intercalative
polymerization, solution intercalation and melt intercalation methods. Each of these
methods can be used for other nano-fillers with some minor modifications in
application details.

2.2.2.1 Solution Intercalation
Solution intercalation method is based on a polymer-solvent system in which the
polymer or pre-polymer is soluble and the silicate layers are swellable. First, the
layered silicate is swollen in the solvent (i.e., water, chloroform, or toluene). As the
polymer chains and the filler are mixed in the solvent, the polymer chains intercalate
within the interlayer of the silicate. Then the remaining structure is solution
intercalated upon removal of the solvent from the environment [34]. A schematic
representation of this process can be seen in Figure 2.6. The solution intercalation
method is not preferably used in industrial applications due the high amounts of
solvent used which makes it environmentally detrimental and economically
unfavorable.

Figure 2.6 Solution intercalation method for polymer-layered silicate nanocomposite
preparation [35]
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2.2.2.2 In Situ Polymerization Method
In this method, polymerization reaction takes place within the silicate layers. First
the layered silicate is swollen within the liquid monomer or a monomer solution.
Then the reaction can be initiated by various different methods: by heat or radiation,
by the diffusion of a suitable initiator, by an organic initiator or catalyst fixed
through cation exchange inside the interlayer before the swelling step [34]. A
schematic representation of this process can be seen in Figure 2.7.

Figure 2.7 In situ polymerization method for polymer-layered silicate
nanocomposite preparation [35]

Nanocomposites prepared with via in situ polymerization can possess remarkably
improved properties, however the amount of final product is usually limited to small
size reactors. Furthermore, the presence of additives in the system results in
complexities in both process control and the contaminations in the final product.
Thus, bulk production of the nanocomposites by this method is very unlikely in
industry.

2.2.2.3 Melt Intercalation
Melt intercalation method basically involves annealing of a polymer and organically
modified layered silicate mixture under shear above the softening point of the
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polymer [34]. The main difference between melt processing and other preparation
methods is that high shear forces on the system enhances the clay dispersion. Other
parameters that affect degree of the dispersion are matrix viscosity and the mean
residence time [36]. A simple schematic representation of the melt intercalation
process can be seen in Figure 2.8.

Figure 2.8 Melt intercalation method for polymer-layered silicate nanocomposite
preparation [35]

This method has great advantages over the other two conventional methods. First of
all, it is environmentally benign due to the absence of organic solvents. Additionally,
it is compatible with current industrial process, such as extrusion and injection
molding. Finally, the melt intercalation method allows the use of polymers which are
not suitable for in situ polymerization or solution intercalation methods [34].

2.2.3

Polymer – Graphite Nanocomposites

In the literature, graphite is shown to be promising alternative to nanoclays to
produce nanocomposites, due to its low mass density compared to that of
conventional fillers, and its highly electrical and thermal conductivity. The graphene
is also reported possesses superior mechanical properties compared to many other
filler materials [10].
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2.2.3.1 Structure of Graphite
The origin of the word “graphite” is the Greek word “graphein” which means “to
write”. Actually, graphite has been used for writing and drawing purposes since the
ancient times and the first pencils were manufactured in England in the 15th century.
In the 18th century, it was demonstrated that graphite actually is an allotrope of
carbon [37].
Carbon is polymorphic. It exists in three forms, namely diamond, graphite and
fullerenes. The main difference between diamond and graphite is that the carbon
bonding involves sp3 (tetrahedral) hybridization in diamond and sp2 (trigonal)
hybridization in graphite. As a result, diamond has a three-dimensional crystal
structure or covalent network solid. Graphite, on the other hand, consists of carbon
layers (with covalent and metallic bonding within each layer) which are stacked in
an AB sequence and linked by a weak Van der Walls force (Figure 2.9) [38].

Structure of Diamond

Structure of Graphite

Figure 2.9 Structures of diamond and graphite [39]
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The carbon layers in graphite are known as graphene layers in which the atoms are
arranged in a hexagonal pattern within each layer and the layers are stacked in the
AB sequence (Figure 2.10) [38]. Within each layer plane, the carbon atom is bonded
to three others, forming a series of continuous hexagons in what can be considered as
an essentially infinite two-dimensional molecule. The hybridized fourth valence
electron is paired with another delocalized electron of the adjacent plane by a much
weaker Van der Waals bond (a secondary bond arising from structural polarization).
Carbon is the only element to have this particular layered hexagonal structure [37].

Figure 2.10 Crystal structure of graphite showing ABAB stacking sequence and unit
cell [37]
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2.2.3.2 Production of Different Graphite Structures
Graphite structures utilized in scientific research and industrial applications can be
referred as graphite nanoplatelets (GNPs) or exfoliated or expanded graphite (EG)
[10]. Some of these terms are used interchangeably but some of them refer to
different structures. Therefore in order to differentiate those structures, production
procedures should be known.
Two main fabrication approaches for the preparation of GNPs are mechanical
milling and graphite intercalation. The first one starts with breaking up the bulk
graphite by breaking the Van der Waals forces between the graphene layers.
Resulting large particle sizes with broad size distribution are the two main
drawbacks of mechanical milling. Graphite-intercalation approach is shown to be a
candidate to solve these problems. In the beginning, the graphite is intercalated to
obtain graphite intercalate compound (GIC). The principle of intercalation is to put
some chemicals within the graphite layers. These chemicals can to react and produce
a large volume of gas or heat to separate the graphene layers. The most frequently
employed method is acid intercalation (Figure 2.11).

Figure 2.11 Schematic representation of acid intercalation of graphite sheets

The acids involved in forming GICs include nitric acid, sulfuric acid, perchloric acid
and selenic acid together with some oxidizers such as HNO3, KMnO4, H2O2, O3, etc.
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[10, 40]. A rapid heating of GIC to relatively high temperatures cause an expansion
of intercalated layers resulting in the structure named as expanded graphite. It is
claimed that microwave can also produce enough energy to promote expansion of
GICs [10].
Using alkali compounds is another alternative to prepare the GICs. Usually, KC8
obtained by heating the graphite powder and potassium (K) seems as shown in
Figure 2.12. Then, the expansion of GIC can be achieved in exfoliating agents in
aqueous phase like water and alcohol. Hydrogen gas produced by the reaction can
break the weak Van der Waals bonds between the graphite sheets and lead to further
separation of the graphene sheets [10].

Figure 2.12 Schematic representation of graphite intercalation using alkali metals
[40]
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The structure obtained after the expansion of graphite sheets in GICs is named as
expanded graphite and it has a worm-like morphology (Figure 2.13). EG is
composed of stacks of nanosheets that may vary from 100 to 400 nm [41].

Figure 2.13 SEM image of expanded graphite [41]

Going one step further and separating the single carbon layers results in graphene
that is one atom thick and therefore acquiring importance in materials sciences [42].
There are five ways to produce graphene sheets, only two of which are suitable for
bulk quantity production. The first route involves chemical vapor deposition (CVD)
of monolayer of graphite on transition metal surfaces. Micromechanical exfoliation
of graphite is the second alternative and involves peeling of the graphene from
graphite using “Scotch” tape. The third route involves the epitaxial growth of
graphene on electrically insulating substrates like silicon carbide. Preparation of bulk
quantities of graphene for the time being is possible from graphite oxide (GO) and
GICs. As a fourth method, hydroxyl and epoxide groups on the on the edges of GO
layers make it water dispersible which results in colloidal suspensions of single
graphene oxide layers upon ultrasonication. In the final method bulk quantities of
graphene can be prepared is by thermal reduction of GO [40].
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2.2.4
Similar

Preparation of Polymer-Graphite Nanocomposites
to

all

other

nanofillers,

the

main

difficulty

in

manufacturing

polymer/graphite nanocomposites is the dispersion and distribution of the fillers in
the polymer matrix. Three conventional techniques are mainly employed to provide
good dispersion and distribution. These are in situ polymerization, solution
compounding and melt blending. Details of these methods are virtually the same
with the methods used for preparation of polymer-layered silicate nanocomposites
explained in Section 2.2.2. When the filler is graphite, in situ polymerization and
solution mixing methods are employed together with ultrasonication for better
dispersion of the filler in the polymer matrix. However, these two methods have
some serious problems. First, hazardous chemicals such as monomers for
polymerization or organic solvents as processing medium are involved; second, they
are not ideal for industrial production, due to the low yield and high production cost
[10]. These two important hitches reveal the fact that there is a big demand for
production methods based on melt mixing. Generally, melt mixing is not adequate to
obtain good dispersion and properties of final graphitic composites [10, 40]. As a
result, different modified melt compounding techniques have been developed. These
modified procedures generally involve two steps, first of which can said to be the
premixing step followed by the melt mixing. The premixing step can be performed in
liquid, melt, and solid phases. Premixing in solution can be achieved by preparing
high filler content masterbathces or by first powdering the polymer matrix and
dispersing the graphite on the polymer powder. In the latter method, removal of the
solvent from the environment results in filler-coated polymer powder which can be
further melt extruded [43]. Premixing in melt state can also be performed via master
batch filling technique. Mechanical mixing is another premixing step which is
performed in solid state. In fact, this technique is named as solid-state shear
pulverization (SSSP) [44]. In this method, the polymer matrix and filler are copulverized in a continuously cooled pulverizer with a very similar configuration to
twin-screw extruder. However, specially designed screws are used to yield
moderately harsh shear/compression conditions. The resulting powder is a
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homogeneous mixture of the polymer and the filler which can be further melt
processed.

2.3. Biodegradable Polymers
It is difficult to find an exact definition for the biodegradability term, since it is not
used consistently. For instance, it has been used to indicate hydrolysis in the medical
field for sutures, bone reconstruction and drug delivery; however, it is used to
indicate fragmentation, loss of mechanical properties, or sometimes degradation
through the action of living organisms for environmentally degradable plastics.
Jamshidian et al. [45] summarized biodegradation as changes in chemical structure,
loss of mechanical and structural properties, and finally, changing into other
compounds such as water, carbon dioxide, minerals, and intermediate products like
biomass and humic materials under the action of naturally occurring microorganisms
such as bacteria, fungi, and algae. However, a world-wide valid definition for
biodegradable polymers has not yet been declared, and all the present definitions
correlate the degradability of a material to a specific disposal environment and to
specific test methods which simulate the alternative disposal environments [46].
Biopolymers, whose biodegradation takes place in the nature, can be classified under
four main types [45]:


Biopolymers extracted directly from natural raw materials, such as
polysaccharides like starch and cellulose; proteins like gelatin, casein, and silk;
and marine prokaryotes;



Biopolymers produced by chemical synthesis from bio-derived monomers such
as poly(lactic acid) (PLA);



Biopolymers
such

as

produced by microorganisms or genetically modified bacteria

polyhydroxyalkanoates

(PHA),

polyhydroxybutyrate

(PHB),

polyhydroxyl-valerate (PHV), bacterial cellulose, xanthan, and pullan;


Biopolymers produced from crude oil like aliphatic and aromatic polyesters,
polyvinyl alcohol, and modified polyolefins.
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The best known petroleum source-derived biodegradable polymers are aliphatic
polyesters such as polycaprolactone (PCL), polybutylene succinate (PBS) and their
copolymers or aliphatic-aromatic copolyesters such as poly(butylene adipate-coterephtalate) (PBAT) [2, 47]. However, biodegradable polymers produced from
totally renewable sources are attracting attention due to their more environmentally
friendly origin contrary to the petroleum-based polymers.

2.3.1

Poly(lactic acid): Structure and Synthesis

Poly(lactic acid) is a biodegradable, linear, aliphatic polyester. In its monomer, lactic
acid, there are four unique groups attached to the central carbon atom, therefore it is
a chiral molecule (Figure 2.14). Chiral molecules exist as ‘mirror images’ or
stereoisomers. The optically active forms are “L” and “D” forms and by convention
D=R=right handed and L=S=left handed. Chemically synthesized lactic acid gives
the racemic mixture of approximately 50% L- and 50% D-isomers where lactic acid
produced by fermentation typically consists of 99.5% of the L-isomer and the rest is
D-isomer. Production of the cyclic lactide dimer might result in three different forms
such as D, D-lactide (called D-lactide), L, L-lactide (called L-lactide) and L, D or D,
L lactide called meso lactide. D and L forms of cyclic lactide are optically active
whereas meso-form is not [48].
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Figure 2.14 Lactic acid optical monomers [49]

Polymerization of lactic acid monomer can be performed using two different
methods: in direct condensation process which involves solvents under high vacuum
or in a solvent-free process, a cyclic dimer intermediate called lactide is formed
followed by catalytic ring opening polymerization of the cyclic lactide [1]. The
direct condensation route is an equilibrium reaction, and there are difficulties of
removing water and impurities. Hence, the final product usually has low molecular
weights (Mw~2-10 kDa) [1, 50]. Because of the problems faced in direct
condensation method, the commercial production processes are based upon lactide
ring-opening polymerization. Both methods are shown in Figure 2.15.
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Figure 2.15 Synthesis routes of PLA [4]

2.3.2

Material Properties of PLA

Material properties of PLA such as density, heat capacity, and mechanical and
rheological behaviors depend strongly on its transition temperatures. PLA structures
with high L-lactide contents can be used to produce crystalline polymers while the
higher-D-lactide PLAs are more amorphous. For amorphous PLAs, the glass
transition (Tg); for semi-crystalline PLAs both the Tg and melting point (Tm),
determine the temperature limitations for commercial uses [51]. In addition to the
optical composition, these transition temperatures depend also on primary structure,
thermal history, and molecular weight.
PLA is a clear, colorless thermoplastic when quenched from the melt, and it is
similar in many respects to polystyrene. It can be processed like most thermoplastic
polymers into fiber and film.

However, regardless of optical content, both
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amorphous and crystalline PLA show brittle behavior at room and body temperatures
[49, 52].
Physical, mechanical and thermal properties of commercial PLA grades also differ
significantly. Properties of two commercial PLA grades summarized by Nampoothiri
et al. [49] are shown in Table 2.2.

Table 2.2 Material properties of two commercial PLAs [49]
Nature Works

Biomer

4.3-2.4

3.6

Density (g/cm )

1.25

1.25

Haze

2.2

Physical Properties
Melt flow rate (g/10 min)
3

Yellowness index

20-60

Mechanical Properties
Tensile strength at yield (MPa)

53

70

Elongation at Yield (%)

10-100

2.4

Flexural Modulus (MPa)

350-450

3600

Thermal Properties
Heat deflection temperature (°C)

40-45, 135

VICAT softening point (°C)
Tg(°C)
Melting point (°C)

2.3.3

56
55-56

55

120-170

Advantages and Limitations of PLA

Biodegradable polymers can be a solution to the solid waste problem associated with
the decreasing availability of landfills, global warming caused by increasing amounts
of carbon dioxide in the atmosphere and the attempts to find sustainable or
renewable raw material sources [3]. Among the available biodegradable polymers in
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the market, PLA has the following advantages and limitations summarized by Rasal
et al. [1]:
Advantages


Eco-friendliness: Being biodegradable, recyclable, and compostable makes PLA
eco-friendly. Fixation of significant quantities of carbon dioxide via corn
production also makes it valuable against global warming [45, 53]. Moreover,
when burned, it produces no nitrogen oxide (NOx) gases.



Biocompatibility: It is an important material for biomedical applications. PLA
hydrolyzes to its constituent α-hydroxy acid, which is assimilated in the
tricarboxylic acid cycle (TCA) and expelled from the body. α-hydroxy acid is
naturally produced by eukaryotic organisms and it is non-toxic at low
concentrations. Thus, PLA is a suitable choice for applications of polymeric
materials in biomedical field.



Processibility: It has good thermal processibility compared to many
commercially available bio-based polymers such as PHAs, poly(ethylene glycol)
(PEG), poly(ε-caprolactone) (PCL), etc. PLA can be processed by almost all
industrially available techniques.



Energy savings: In the past, production procedures of biopolymers were costly.
However, together with the new production techniques patented by Cargill Dow
LLC, PLA requires 25–55% less energy to produce compared to many
petroleum-based polymers. It is foreseen that production cost can be further
reduced in the future [48].

Limitations


Toughness: PLA is inherently brittle with elongation at break value less than
10%. Its poor toughness is an important limitation for applications that
necessitate plastic deformation at high stresses.



Degradation rate: Degradation of PLA occurs through the hydrolysis of ester
groups. The rate of degradation depends on the global crystallinity, molecular
weight, morphology of the sample, rate of water diffusion, and the
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stereoisomeric content [54]. Slow degradation might be a problem for medical
applications.


Hydrophobicity: PLA is relatively hydrophobic, with a static water contact angle
of approximately 80° which results in low cell affinity. This might cause
inflammatory response of the living host upon direct contact with biological
fluids [1].



Reactive side-chain groups: Applications of PLA is also limited due to its
chemical structure involving no chemically modifiable side-chain groups.

2.4. Polymer Processing Methods
Polymer matrix blends and composites can be produced by various polymer
processing methods. The methods for thermoplastic polymers can be classified under
two extensive subtitles. In the first step, the neat polymer is the converted into a
blend and/or composite. The second one describes the process of converting
polymeric materials into desired shapes for necessary characterizations or
applications. Two different polymer composite preparation methods and two
different

specimen

preparation

methods

were

used

in

this

dissertation.

PLA/organically modified clay nanocomposites were prepared by twin screw
extrusion. PLA/expanded graphite nanocomposites were prepared both by extrusion
and solvent assisted ultrasonication. Specimens for characterizations were prepared
using injection and compression molding methods.

2.4.1

Extrusion

Extrusion is a polymer processing technique in which thermoplastic materials are
converted to a continuous uniform melt from powdered or granular form and then
shaped into items of uniform cross-sectional area by forcing it through a die [55].
Auxiliary equipment for cooling, stretching and cutting can be added to the whole
extrusion system as shown in Figure 2.16.
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Figure 2.16 Schematic representation of an extrusion line [55]

Major parts of an extruder can be seen in Figure 2.17. There is a barrel through
which the polymer is fed from the feeder to the die. The screw placed inside the
barrel is the moving part of the extruder and it is designed to pick up, mix, compress,
and carry the polymer from the hopper to the die as it changes from solid particles to
a viscous melt. The screw turns in the barrel with power supplied by a motor
operating through a gear reducer [55].

Figure 2.17 Parts of an extruder [55]
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The regions in the barrel can be named as follows: feeding, compression (transition)
and metering (Figure 2.18). The feed material is carried from the feed section to the
transition section by the rotation of the screw. The electric heaters on to the barrel
enable melting of the feed material. The polymer is totally melted as it reaches to the
metering section and the shear applied by the screw forces the polymer melt to come
out of the die. The melt material is given the desired by the die and cooled properly
[56].

Figure 2.18 Parts of an extruder screw [55]

The most commonly used extruder type is the single screw extruder. A number of
modifications of the single screw designs are available. Currently, multi-screw
extruders are in use for particular applications where the single screw configurations
are ineffective. The motion of the screw in a twin-screw extruder may be either corotating or counter-rotating. This type of extruders is appropriate for processing
materials which are hard to supply owing to its positive displacement features in the
intermeshing section. The maximum positive displacement is applied by counterrotating twin-screw extruders. This feature makes them the principal choice for many
extrusion applications. On the other hand, co-rotating twin-screw extruders are
employed for applications such as compounding, mixing, devolatization and
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chemical reaction because of the complex flow in the intermeshing region [57].
Possible screw configurations for twin-screw extruders can be seen in Figure 2.19.

Figure 2.19 Screw configurations for twin screw extrusion [58]

2.4.2

Solvent Assisted Ultrasonication

Solution mixing has been widely used in order to produce composites of graphite
derivatives and graphene. However, as in the case of carbon nanotubes, graphite
derivatives are very cohesive materials due to the Van der Waals bonds between the
carbon atoms. Achieving desired dispersion of these carbonaceous materials is not
easy in the liquids owing to their strong tendency for agglomeration [59].
Agglomeration of these carbonaceous materials can be reduced by ultrasonication.
Therefore, polymer/expanded graphite composites are prepared by solvent assisted
ultrasonication method which involves mainly three steps. First, the polymer matrix
and the filler are dissolved in solvent where, at this step only, the filler solution is
exposed to ultrasonication. After that, these two solutions are mixed together and
high energy ultrasonication is applied together with mechanical mixing until it
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becomes a homogenous mixture. As the final step, the solvent is evaporated from the
suspension [10, 59].

2.4.3

Injection Molding

Injection molding is the most common means of fabricating thermoplastic articles.
The compound to be molded, usually in the form of pellets, is fed with the help of a
hopper into an electrically heated barrel in which the material is melted [19]. This
melt material is send into the mold with high pressure and cooled under pressure
until it solidifies. Then by opening the mold product is obtained. The parameters that
affect the quality of injection molded articles are injection and back pressures, melt
and temperatures, and the sample size. Injection molding equipment has injection
and clamp units in order to do the cyclical steps during the process (Figure 2.20) [55,
59]. A typical mold for preparing dog-bone shaped specimens used in this study and
its sections can also be seen in Figure 2.21.

Figure 2.20 Schematic representation of thermoplastic injection molding machine
[60]
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Figure 2.21 Parts of a mold used for injection molding [60]

The molding cycle is composed of three basic steps: filling, packing and cooling.
The pressure rise is slow in the first cycle. The shrinkage is balanced by the high
pressure applied at the packing stage. In order to have minimum shrinkage, the
pressure on the cavity is very high during the cooling stage. Then the pressure is
decreased gradually. The main step affecting the overall processing time is the
cooling step and the thickness of the molded piece is the most important parameter.
Poorly conductive polymers constitute the resistance to cooling, therefore prolong
the total processing time [61]. The change in pressure during the injection molding
process can be illustrated as in Figure 2.22.

Figure 2.22 Pressure change during the injection molding cycle [62]
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2.4.4

Compression Molding

In compression molding process, a predetermined amount of material is loaded into
the lower half of a heated mold or cavity. Then, the top half of the mold is placed
over the bottom half. The force plug is lowered into the cavity, and pressure, which
can range from 20 to 1000 tons, is applied to the powdered or granular polymer.
Under heat and pressure, the material melts and fills the mold cavity. After a
suitable time period, the mold is opened, and the part is ejected while it is still hot.
The sample is allowed to cool outside the mold [55]. In some cases, the gases
produced upon heating and moisture trapped in the material cause bubbles in the
molded sample. This can be eliminated by repeated compression/decompression
cycles. A schematic representation of the compression molding process can be seen
in Figure 2.23.

Figure 2.23 Schematic representation of compression molding process [55]

2.5. Experimental Techniques for Material Characterization
Mechanical, thermal, morphological, spectroscopic and rheological characterization
methods were applied to the nanocomposites prepared in this dissertation.
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2.5.1

Mechanical Properties

Mechanical testing plays an important role in evaluating fundamental properties of
engineering materials as well as in developing new materials and controlling the
quality of materials for use in design and construction. If a material is to be used as a
part of an engineering structure that will be subjected to a load, it is important to
know that the material is strong and rigid enough to withstand the loads that it will
experience in service. A variety of methods can be used to determine mechanical
performance under a variety of loading conditions. These methods can be classified
under four main titles [63]:


Static (i.e., tensile and shear)



Transient (i.e., creep and stress relaxation)



Impact (Izod and Charpy)



Cyclic (Fatigue Test)

In this study, static (tensile) and impact (Charpy) tests are applied to the specimens
prepared from PLA nanocomposites. Static tests are used to measure the force
response when a sample is exposed to a strain, compression or shear at constant rate.
The response of the material is characterized in terms of modulus, strain and
elongation at break [63].

2.5.1.1 Tensile Test
Tensile test is probably the most common type of test used to measure the
mechanical properties of a material. In this test, the specimen is deformed (pulled) at
a constant rate, and the stress required for this deformation is measured
simultaneously as shown in Figure 2.24 [55].
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Figure 2.24 Schematic representation of tensile test [55]

In this test, a dog-bone shaped specimen, which is suitable for gripping into the jaws
of the testing machine, is used (Figure 2.25).

Figure 2.25 A typical dog-bone shaped tensile test specimen [64]

A stress-strain curve is obtained after the measurements. The major parameters that
describe the stress-strain curve are the ultimate tensile strength (UTS), yield strength
or yield point (σy), elastic modulus (E), and percent elongation (ΔL %). Toughness,
resilience and Poisson’s ratio can also be found using this testing technique.
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Usually, the experimental data are presented as engineering (nominal) stress (σ) vs.
engineering (nominal) strain (ε) as shown in Figure 2.26.

Figure 2.26 Engineering data from tensile tests [55]

The engineering stress ( ) is defined as:

(2.1)

where F is the force measured during testing and A0 is the initial cross-sectional area.
Engineering strain is given by:

(2.2)

In Equation (2.2), L0 is the original gauge length, ΔL is the change in gauge length
and L is the instantaneous gauge length. The elastic modulus (or Young’s modulus)
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E (MPa) is the ratio of the stress to the strain where the relationship between stress
and strain is linear and it can be defined by Hooke’s law as shown in Equation (2.3).

(2.3)
Behavior of polymeric materials under tensile stress can be categorized as shown in
Figure 2.27. The elastic modulus defines if the material is soft or hard. The ability of
the tested material to absorb energy and undergo plastic deformation without failure
is defined as toughness. It can be calculated from the area under the stress-strain
curve.

Figure 2.27 Typical stress–strain curves for polymeric materials [55]

2.5.1.2 Impact Test
The impact properties of a material signify its capacity to absorb and dissipate
energies under impact loadings [17]. A number of testing methods have been
developed for impact testing of polymeric materials. Calculation of the area under
the stress-strain curve for a rapid tensile test can be an alternative. Falling ball or dart
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test is another alternative in which the energy required to break a specimen is
measured with the help of a falling a ball of known weight released from a
predetermined height. However, the most popular methods for impact testing are
Charpy and Izod tests (Figure 2.28). In the Charpy test, a specimen of known
dimensions (either notched or unnotched) that is rigidly held from its ends is broken
by a hammer like weight. The energy required to break the specimen is obtained
from the loss in kinetic energy of the hammer. In case of Izod test, the energy to
break a notched specimen of known dimensions is measured again, but the specimen
is clamped rigidly at one end and then struck at the other end by a pendulum weight
[55].

Figure 2.28 Schematic representation of Charpy and Izod impact tests [65]
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2.5.2 Thermal Properties
Thermal analyses cover a number of methods in which changes in physical
properties of a material are measured as the temperature varies [66]. In this thesis,
differential scanning calorimetry (DSC) is used to determine the thermal properties
of the produced nanocomposites.

2.5.2.1 Differential Scanning Calorimetry
In DSC analyses, the amount of heat required to increase the temperature of a sample
and a reference pan are measured as a function time. Temperatures of the sample and
the reference are kept almost at the same temperature. The basic principle applied in
this technique is that when the sample undergoes a physical change like phase
transition, the amount of heat to provide this transition would be more (or less) than
the heat required to keep the reference at the same temperature. The transitions of a
material can be either endothermic or exothermic. Melting of a solid material, for
example, is an endothermic process requiring more heat flow to the sample.
Crystallization, on the other hand, is an exothermic process which requires less heat
to raise the temperature of the sample. By observing the difference in heat flow
between the reference pan and the sample, it is possible to measure the amount of
energy required for particular phase transitions. A sample curve obtained from DSC
analyses can be seen Figure 2.29.
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Figure 2.29 Typical DSC curve [67]

Transition temperatures that can be determined via DSC are glass transition
temperature (Tg), cold crystallization temperature (Tc) and melting temperature (Tm).
The glass transition is a reversible transition in amorphous materials or in amorphous
regions within semi-crystalline materials from a hard and relatively brittle state into a
molten or rubber-like state [68]. The temperature at which this transition occurs is
called the glass transition temperature. Tm is the melting temperature.

At this

temperature the crystals in the sample disintegrates and liquefies. Heat required for
the cold crystallization and melting of semi-crystalline materials can be used to
determine initial % crystallinity (Xc) of the polymer phase, if the heat of fusion for
the 100 % crystalline polymer is known (2.4).

(
[
(

where

)
)

(2.4)

]

(J/g) is the heat of fusion of the 100% crystal structure,

cold crystallization energy,

(J/g) is the

(J/g) is the melting energy obtained from the DSC

curve. Additionally, wpoly is the fraction of polymer phase in the composite.

45

2.5.3 Morphological Analyses
Morphology can be defined as the study of form and structure. For polymer science,
it is the study of order within the macromolecular structures. In this thesis, X-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) are used to investigate the morphologies of the nanocomposites.

2.5.3.1 X-Ray Diffraction
X-rays are very frequently used in the analyses of interatomic distances in solids,
since their wavelengths (0.5-2.5 Å) are at the same order magnitude of atomic
configurations [69]. The most basic application is the determination of crystal lattice
spacings but many other information can be derived such as crystal size and
perfection, lamellar thickness and interlamellar region of lamellar polymers, degree
of crystallization in semi-crystal polymers and, using suitable computational
methods, the conformation of chains in amorphous polymers [66].
X-rays are produced by bombarding a metal target with high energy electrons. The
target material is kept in vacuum to avoid scattering of the electrons by gas atoms.
When X-rays interact with a single particle, it scatters the incident beam in all
directions but when they interact with a solid material the scattered beams can add
together in a few directions and reinforce each other to yield diffraction. The
regularity of the material is responsible for the diffraction of the beams. The
diffraction and scattering mechanisms can be seen in Figure 2.30.
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Figure 2.30 Interaction of X-rays with materials: scattering and diffraction
mechanisms [70]

In order to describe the position of the X-ray diffraction peaks in angular space a
relationship discovered by Sir William H. Bragg and Sir W. Lawrence Bragg can be
used. This relation is known as Bragg’s Law (2.5).

(2.5)

where λ is the wavelength of the X-ray, θ is the scattering angle, n is an integer
representing the order of the diffraction peak and d is the inter-planar spacing of
atoms [71]. The Bragg’s Law is based upon the diffraction of X-rays as shown in
Figure 2.31.
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Figure 2.31 Bragg's Law reflection [72]

Depending on the scope of X-ray analyses, two different methods can be applied.
Wide angle X-ray diffraction (WAXD) involves scattering with 2θ values typically
in the range of 10-40°. If much smaller angles are involved, small angle X-ray
diffraction (SAXD) should be used. In general, WAXD detects the changes in
crystallinity and orientation by which spatial arrangement of atoms is described,
whereas SAXD detects fibrillar and lamellar structures and cavities [73].

2.5.3.2 Scanning Electron Microscopy
Electron microscopy has emerged as a powerful tool for investigation of polymer
morphology. The information obtained from this technique is in the form of
magnified images which are relatively easy to interpret. In this technique, an incident
electron beam is scanned across the sample surface, and the resulting electrons
emitted from the sample are collected to form an image of the surface. In order to get
SEM images of a surface, the first requirement is a monoenergetic beam of electrons.
For the best resolution, the electron beam must be as narrow as possible. The
electron beam is focused on the specimen with the help of a system of lenses.
Various detectors such as secondary electron detectors, backscattered electron
detectors and X-ray detectors are arranged in the instrument for the measurement of
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different signals [66]. These detectors are necessary due to the beam-specimen
interactions shown in Figure 2.32 and the layout of the SEM instrument can be seen
in Figure 2.33. Imaging is typically obtained using secondary electrons for the best
resolution of fine surface topographical features. Alternatively, imaging with
backscattered electrons gives contrast based on atomic number to resolve
microscopic composition variations, as well as, topographical information [74].

Figure 2.32 Schematic representation of beam-specimen interactions in SEM [75]

Figure 2.33 Layout of SEM instrument [76]
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Two major problems are observed in imaging of polymers with SEM. Firstly, since
the polymers are poor conductors charge build up on the polymer surface happens as
the electron beams are sent to the sample, which affects the incoming beam. In order
to eliminate this problem, a conductive coating (i.e., gold, carbon, etc.) can be
applied to the sample surface. Secondly, polymers can be damaged by the energetic
imprinting electrons, restricting the operating conditions [66].

2.5.3.3 Transmission Electron Microscopy
The transmission electron microscope (TEM) provides valuable information about
the structural information of the sample to be investigated at levels of atomic
dimensions. Under optimum conditions information within a range of 1-100 nm can
be obtained. However, the main shortcoming in TEM imaging is that very thin
samples (less than 1 μm thick) should be prepared requiring special sample
preparation techniques [66].
Operation principle of TEM is very similar to light microscope however in this
method electrons are used instead of light. In the TEM instrument, an electron source
at the top of the microscope emits monoenergetic electrons which travel in the
vacuum. Because of strong interactions of electron with matter, gas particles must be
totally evacuated from the column. The required high vacuum is maintained by a
vacuum system typically containing a rotary pump, a diffusion pump and one or
more ion getter pumps. Instead of glass lenses focusing the light in the light
microscope, TEM uses electromagnetic lenses to focus the electrons into a very thin
beam. Some of the electrons coming to the specimen are scattered depending on the
material density. The unscattered electrons reach to a fluorescent screen placed at the
bottom of the microscope. The image obtained from TEM is actually a shadow
image with its different parts displayed in varied darkness according to their density
[77, 78]. The optical electron beam diagram of TEM can be seen in Figure 2.34.
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Figure 2.34 The optical electron beam diagram of TEM [79]

2.5.4

Spectroscopic Analyses

Spectroscopic techniques are widely used to identify the structure of a completely
unknown chemical or to determine configurational states (i.e., cis-trans isomers) or
presence of a particular functional group. Interpretation of the spectroscopic data can
be performed by comparison with known standard samples. In this dissertation
Fourier Transform Infrared Spectroscopy (FTIR) was used to investigate chemical
interactions between the functional groups of polymer matrix and additives.

2.5.4.1 Fourier Transform Infrared Spectroscopy
Infrared spectroscopy is a vibrational spectroscopic technique where molecular
vibrations are analyzed. In this technique, infrared radiation (IR) is passed through a
sample. Some of it is absorbed and the rest is transmitted. The spectrum obtained
after analyses shows the molecular absorption and transmission of the IR and this
spectra is considered as the molecular fingerprint of the material [80]. In fact, all
chemical bonds vibrate at a characteristic frequency depending on their structure,
bond length and angle. Therefore, they interact with incident radiation by absorbing
the radiation at specific wavelengths. By observing the energy absorption of a
particular sample, a spectrum can be obtained through which individual absorption
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peaks can be identified based on known structures. This enables the determination of
interactions between complex systems [81].
The heart of the FTIR is a Michelson interferometer. It splits a beam of radiation into
two paths having different lengths, and then recombines them. A detector measures
the intensity variations of the exit beam as a function of path difference. A basic
representation of this method can be seen in Figure 2.35.

Figure 2.35 Schematic representation of FTIR [82]

2.5.5

Rheological Analyses

Rheology is the science of deformation and flow of materials [63]. As opposed to the
traditional engineering practice, behavior of polymeric materials cannot be classified
as elastic solids or viscous liquids.

The behavior of polymeric materials falls

between these two extremes [55]. For describing this behavior of polymers the word
“viscoelastic” is used since they can behave like a solid or a fluid depending on the
time scale of applied shear and/or the temperature [83].
Materials of the same grade might show different flow behavior under stress only
because of the small changes in the structure. Because of the sensitivity of rheology
of the condensed phase to structure, rheology is a highly convenient method to
characterize polymers [84]. In this dissertation, dynamic oscillatory shear
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measurements were used to investigate melt rheological behavior of polymer
nanocomposites.
In oscillatory rheometer, a sinusoidal shear deformation is applied on the sample and
the resultant stress response is measured. As mentioned, the behavior is depends on
the time scale of the applied shear, which is determined by the frequency of the
oscillation (ω). For the measurements, the sample is placed between two heated
plates (Figure 2.36). As the polymer melts and the thickness is adjusted accurately,
the oscillatory shear is applied by the rotation of the bottom plate with a time
dependent strain, γ(t)=γ0.sin(ωt). When the bottom plate is moving, the top plate is
stationary and the time dependent stress, σ(t), on this stationary plate is obtained by
measuring the torque [85].

Figure 2.36 Schematic representation of a typical rheometer setup with the sample
placed between two plates [85]

The viscoelastic behavior of a polymeric sample is determined by two main material
functions: the storage modulus (G’) and the loss modulus (G”), which characterize
the solid-like and fluid-like behaviors, respectively. G’ represents the stored elastic
energy and G” represents the energy dissipated in one cycle of deformation [86]. The
stress response of the material resulting from a sinusoidal strain deformation is
expressed as:

53

( )

( )

(

)

( )

(

)

(2.6)

Usually in a dynamic oscillatory experiment, G’ and G” values are obtained as a
function of frequency. By using these properties, loss tangent, tan δ, and complex
viscosity, η*, can be determined as shown in Equations (2.7) and (2.8), respectively
[86].

(2.7)

[(

)

(

) ]
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2.6. Previous Studies
High strength and high modulus of PLA makes it very attractive among the other
bioplastics, but its intrinsic brittleness limits its industrial applications. One of the
mainstream thermoplastics used in wide range of applications, polystyrene (PS), has
comparable strength and modulus when compared to PLA. Additionally, these two
thermoplastic polymers also have similar brittleness. Historically, brittle nature of PS
led to the products modified with rubber modified and having high impact strength
values [4]. Similar attempts are common for PLA for the past few years.
In order to achieve desired mechanical properties and impact resistance using
biodegradable and non-biodegradable fillers and plasticizers or blending of PLA
with other polymers are the principal routes that have been followed. Particularly,
improving impact toughness through melt blending with flexible polymers is an
easy-to-apply and promising approach. Variation in stereochemistry, molecular
weight and crystallinity of neat PLA were also reported to have influence on
ductility and impact resistance however these effects are insufficient for industrial
purposes [4]. Additionally, synthesis of PLA copolymers to achieve desired
properties is another method but it is the less industrially preferred one.
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Toughening PLA
Plasticizers
The main objective in plasticization is to decrease the glass transition temperature
(Tg) and to increase the tensile toughness. Additionally, a good plasticizer for PLA
applications is preferred to be biodegradable, nonvolatile, nontoxic and shows
minimum migration during aging [4]. In the literature, different biodegradable and
non-biodegradable plasticizers have been used with PLA.
A monomeric plasticizer used with PLA is lactide (LA), which enhanced elongation
at break, but due to its low molecular weight showed migration towards the surface
hence caused stiffening during aging [87, 88]. In order to eliminate the migration
problem, oligomeric plasticizers were utilized such as oligomeric LA, citrate esters,
PEG, etc. Matrin and Avérous [89] reported that oligomeric LA and low molecular
weight PEG gave the best results in terms of lowering the glass transition
temperature (from 58°C to 12°C and 18°C, respectively).
Many other oligomeric and polymeric plasticizers were investigated in the literature.
Some of them are tailored according to the needs of PLA and some of them are
commercial plasticizes. Liu and Zhang [4], in their recent review on toughening of
PLA, summarized the drawbacks of plasticization. It is revealed that high amounts of
plasticizers (15-20%) are required to achieve a significant decrease in Tg. The same
situation is valid for improvements in ductility and tensile toughness. High
percentages of plasticizes bring reductions in strength and modulus, even though
elongation at break increases. Additionally, phase separation and increase in chain
mobility require careful optimization of processing parameters and material contents
in achieving the desired material properties [4].

Biodegradable Polymer Blends
Development of polymer blends of PLA with other biodegradable polymers have
been extensively studied, since obtaining the desired material properties without any
negative effect on natural degradability is a major issue for many applications.
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Polyhydroxyalkanoates (PHAs) are bacterially produced alternatives to blend with
PLA with a wide range of properties changing according to their chemical structure.
An interesting and promising study was performed with a commercial PHA
copolymer, Nodax, a copolymers having 3-hydroxybutyrate (3HB) and 3hydroxyalkanoate (3HA) units with side groups greater than or equal to three
carbons. It was reported that in PLA/NodaxH6 (10 wt. %) blend, elongation at break
was higher than 100% and tensile toughness was almost 10 times that of neat PLA.
In terms of morphology, NodaxH6 was dispersed in PLA matrix as rubbery
amorphous droplets when its concentration was less than 20 % [90].
Polycaprolactone (PLC), an aliphatic polyester, is another widely investigated
biodegradable polymer in PLA blends. Since PLA and PLC are immiscible,
compatibilizers are usually utilized. Triphenyl phosphate (TPP) [91], dicumyl
peroxide (DCP) [92], lysine diisocynate (LDI) and lysine triisocynate (LTI) [93] are
some of the compatibilizers. Due to presence of hydroxyl and carboxyl end groups in
PLA, compatibilizers containing isocyanate groups (LDI, LTI, etc.) are also used in
other polymer blends such as copolymers of poly(butylene succinate) (PBS) [94].
Biodegradable polyurethane (PU) and polyamide (PA) elastomers were also used to
toughen PLA. Since PU and PA elastomers are partially miscible with PLA without
any need of compatibilizers, blends with some improved properties could be
obtained. For instance, Li and Shimizu [95] reported that an increase in the PU
content resulted in a gradual increase in toughness. Moreover, blends with 30 wt. %
PU content showed higher elongation at break and impact strength, but lower tensile
strength.

Non-Biodegradable Polymer Blends
Although it is desirable to produce totally biodegradable polymer blends, nonbiodegradable polymers might also help researchers to obtain toughened PLA
meeting the needs of consumers. As in the case of biodegradable polymer blends,
problem of immiscible phases appear for non-biodegradable polymers therefore
compatibilizers are utilized in a number of cases.
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Linear low density PE (LLDPE) was melt blended with PLA in the presence of
PLLA-b-PE diblock copolymers as a compatibilizer at a constant ratio of 80 wt. % of
PLA and 20 wt. % of LLDPE [96]. According to the SEM images, addition of
PLLA-b-PE block copolymer into the binary blend yieled in enhanced interfacial
adhesion and as a result better dispersion of LLDPE in PLA matrix. In addition,
toughness of the blend was found to be affected by the crystallinity of PLA such that
semi-crystalline PLA blends revealed toughening even in the absence of PLLA-b-PE
block copolymer.
In order to have enhanced interactions and fine dispersion between the materials,
chemically complementary groups are preferred in the structure of either modifier or
compatibilizer in reactive blending. For instance, epoxide group is reactive towards
the functional end groups of PLA (hydroxyl and carboxyl groups). This knowledge
leads to the utilization of glycidyl methacrylate (GMA) copolymers in PLA blends.
For instance, Oyama [97] studied toughening of PLA via melt blending with
poly(ethylene-co-glycidyl methacrylate). In this study, it was reported that the blend
of low molecular weight PLA (L-PLA) with 20 wt. % E-GMA had a much higher
elongation (>200%) relative to pristine L-PLA (5%). The increase in the notched
Charpy impact strength was not as significant as of elongation at break, and it was
only two times that of neat L-PLA. One distinct result obtained in that study is the
increase in impact strength after the annealing of injection molded specimens. The
annealing step was performed at 90oC for 2.5 hours and as a result the impact
strength was considerably increased to 72 kJ/m2 which is about 50-fold higher than
that of pristine L-PLA. With the higher molecular weight PLA (H-PLA) effect of
annealing on impact strength seemed to be comparatively less outstanding.
Most recently, PLA was toughened using hydrogenated styrene-b-butadiene-bstyrene copolymer (SEBS) and E-GMA [98]. Notched Izod impact strength of 92
kJ/m2 and an elongation at break of 185% were achieved with PLA/SEBS/E-GMA
(70/20/10, w/w) blend. Similar to the previously mentioned work of Oyama [97],
samples were annealed in this study for 48 hours at 80°C. Annealing resulted in
decrease in both impact strength and elongation at break. Going one step further,
quaternary blends with the addition of polycarbonate (PC) were produced. For

57

PLA/PC/SEBS/E-GMA (40/40/15/5, w/w) blends, it was reported that the heat
deflection temperature and aging resistance were improved, but the notched impact
strength was relatively decreased compared to those of ternary blends.
Besides the particular attempts in designing PLA blends, many commercial impact
modifiers are available in the market. These modifiers are either linear elastomers
with low Tg or crosslinked core-shell polymers [4]. For example, a commercial
acrylonitrile-butadiene-styrene (ABS) resin, BlendexTM 338, was used to toughen
PLA by NatureWorks and at 20% BlendexTM 338 content notched Izod impact
strength of 518 J/m and an elongation of 281% was achieved, whereas the
corresponding values of neat PLA were 26.7 J/m and 10%, respectively. On the
other hand, tensile strength of the blend reduced 30% compared to neat PLA.
Biomax® Strong series, which are ethylene–acrylate copolymers, are produced by
DuPont particularly to enhance toughness without major transparency loss.
Sukano®, OnCapTM BIO are other elastomeric impact modifiers which are
commercially available. BiostrengthTM, on the other hand, is a core-shell impact
modifier produced by Arkema.

PLA-Organoclay Nanocomposites
Nanoparticles have been extensively used in the property improvement of
engineering plastics for some decades. Based on the experiences gained with
petroleum based plastics, over the last decade, PLA has been reinforced with various
nanoparticles,

including

clays,

carbon

based

nanofillers,

metal

oxides,

polysaccharide nanoparticles, etc. Among all these alternatives, probably the most
popular and promising nanofiller for PLA have been layered silicates.
The first attempt to prepare PLA nanocomposite using organophilic montmorillonite
was performed by Ogata and coworkers [9]. Solution intercalation method was
utilized in that study, but the results were not promising. The layered silicates were
not well dispersed, but rather formed tactoids consisting of several stacked silicate
monolayers. As a result, although the geometrical structure of the tactoids caused
improved Young’s modulus with increasing clay content, the goal of producing

58

nanocomposites were not achieved. After that many successful studies reporting
well dispersion of layered silicates in PLA matrix have been published until today,
some focusing on thermal and mechanical properties, some on morphology and
rheology, and some on biodegradability.
In one of the PLA nanocomposite studies, PLA/clay nanocomposites loaded with 3
wt. % organomodified montmorillonite (dimethyl 2-ethylhexyl (hydrogenated tallow
alkyl) ammonium cation) and PLA/clay microcomposites containing 3 wt. % sodium
montmorillonite were prepared by melt blending and the properties of these
composites materials were compared with those of neat PLA processed in the
manner. It was shown that the PLA-based microcomposite formed a phase-separated
microstructure. According to the X-ray diffraction patterns, an increase in the
interlayer spacing from 21.0 Å in the nanoclay filler to 31.4 Å is said to be a proof of
some intercalation occurring during the component blending. Additionally, thermal
investigations showed an improvement in the nanocomposite thermal stability under
oxidative conditions in comparison to those for the microcomposite and unfilled
PLA [99].
After that, Krikorian and Pochan [100], successfully prepared exfoliated materials
via solvent intercalation in the presence of Cloiste 30B (C30B). It was discussed
that, the long alkyl chain and hydroxyl groups of C30B enhanced the interactions
between C=O functional groups of the PLA backbone, and hence favored
exfoliation. As a result, the mechanical properties were improved such that the
storage modulus increased by 61% with 15 wt. % of C30B.
Effect of forming nanocomposites on biodegradibility of PLA is another issue that
researchers have been focusing. Paul et al. [101] studied the hydrolytic degradation
of PLA filled with organically modified montmorillonite (MMT) by hydrolysis test
in a phosphate buffer medium. On the other hand, Ray et al. [102] investigated
biodegradation of the PLA/MMT nanocomposites under composting conditions.
According to these studies, the biodegradation of the nanocomposites occurs more
rapidly than the biodegradation of unfilled PLA. In the former study, an increase in
the opacity of the samples during degradation period was seen which was correlated
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to an evolution in crystallinity of the polymer matrix. This result supports the claim
that the hydrolytic degradation preferentially takes place in amorphous regions,
leading therefore to an increase of the polymer global crystallinity. A conflicting
result was reported by Pluta et al. [99], where both types of clay used in that study
showed a tendency to limit PLA degradation. Recently, Ozkoc and Kemaloglu [103]
also claimed that increasing crystallinity obtained by the inclusion of clay results in a
lower biodegradation rate, 30% weight loss happens in the first 30 days for PLA,
while only 10% is lost at the end of 100 days for PLA and plasticized
nanocomposites. Furthermore, it was reported that the presence of organofiller does
not improve the tensile strength of PLA whereas it gives a higher Young’s modulus.
Blends of PLA with flexible polymers usually show toughening, however this
enhancement comes together with reductions in tensile strength and tensile modulus.
Contrarily, incorporation of rigid fillers results in improvement in modulus and
reduction in elongation. Therefore, some researchers are trying to balance the
outcomes of flexible polymers and rigid fillers by producing ternary composites [4].
One alternative was produced by Chen et al. [104] with Cloisite 25A (C25A) in PLA
and poly(butylene succinate) (PBS) blends. 75 wt. % PLLA and 25 wt. % PBS blend
containing 10 wt. % C25A showed almost 80% increase in tensile, but elongation at
break decreased from 71.8% to 3.6%. Elongation at break of this nanocomposite was
lower than that of pristine PLLA. In addition, using an organoclay with epoxy
functionality resulted in approximately the same tensile modulus and increased
elongation at break (118%).
A core–shell rubber impact modifier ParaloidTM EXL 2330 was utilized in
PLA/clay/core-shell rubber ternary composites by Li et al. [105], but the results were
not very promising. With 20% EXL 2330 and 5 wt. % C30B clay, the notched Izod
impact strength increased from 2.2 kJ/ m2 of neat PLA to 5.2 kJ/m2, which is more
than twice. However, the tensile modulus decreased from 1.81 MPa to 1.79 MPa
accompanied with a decrease in tensile strength from 61.0 MPa of neat PLA to 43.8
MPa. Elongation at break showed little change, being 7% compared to 6.6% of neat
PLA.
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Jiang et al. [106] investigated the effects of organically modified clay and nano-sized
precipitated calcium carbonate (NPCC) on mechanical properties of ternary
composites containing PLA, poly(butylene adipate-co-terephthalate) (PBAT) and
nanofiller. Higher tensile strength and modulus were obtained for the composites
containing OMMT, but elongation at break was lower compared to the elongation at
break of NPCC containing composites. In the same study, by replacing 25 wt. % of
the PLA by maleic anhydride grafted PLA (PLA-g-MA), significant increases were
obtained in the elongation at break. This might have been attributed to the
improvement of surface interactions with the presence of epoxide functional groups.
As a result, PLA/PBAT/OMMT (87.5/10/2.5 w/w) where 25 wt. % of PLA was
replaced with PLA-g-MA gave the best results. The tensile strength was retained at
87% of neat PLA. Additionally, slightly higher modulus and notably increased strain
at break (16.5 times higher than that of neat PLA) were obtained.
Finally, Martino et al. [107] produced nano-biocomposites based on PLA plasticized
with 15 wt. % polyadipates to improve the polymer ductility. These materials
showed enhanced ductility and barrier properties. In the production, the clay was
swollen in liquid polyadipates prior to their blending with PLA. In certain processing
conditions (melt blending at 100 rpm, 170oC and for 20 min.), homogeneous and
exfoliated structures were obtained which was supported by X-ray diffraction (XRD)
and transmission electronic microscopy (TEM) results. Without the addition of clay,
plasticized PLA showed high deformation at break values, around 250–300%
compared to 5% for the neat PLA. The incorporation of OMMT at 2.1 wt. % resulted
in an increase in the elastic modulus values and decrease in the elongation at break,
as usual for the composite materials.
Ternary nanocomposites of many commercial plastics with layered silicates were
characterized in terms of mechanical properties, morphology and rheology.
Determination of rheological behavior is important in order to enable effective
processing. In addition, melt rheology can be used as a method to characterize the
nanocomposite structure and filler dispersion, therefore rheology measurements of
polymer nanocomposites are almost always coupled with morphology investigations.
There are a number of studies concerning the rheological behavior of binary and
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ternary PLA nanocomposites. Di and coworkers [11] studied PLA/organically
modified clay nanocomposites with two different types of organoclays.
Nanocomposites showed higher viscosity and noticeably higher elastic properties
compared to those of pure PLA. Organoclay content was increased up to 10 wt. %,
and higher values of viscosity (*), storage modulus (G’) and loss modulus (G”)
were obtained in the frequency range studied for all the nanocomposites prepared
using Cloisite 30B (C30B) as the nanofiller. Furthermore, even at lowest the filler
loadings, disappearance of Newtonian plateau at low frequencies was observed.
These increases in modulus values and disappearance of Newtonian plateau at low
frequencies were mainly attributed to the strong interaction between C30B and PLA
molecules and effective nanodispersion of filler in polymer matrix. Recently, Singh
et al. [12] extensively studied the rheological behavior of binary PLA
nanocomposites with C30B as the filler material. As the nanoclay content increased,
an increase of the values of *, G’ and G” was observed. In addition, thermal
stability up to 100 seconds was reported. The stress relaxation data showed that the
slopes of relaxation curves decreased with the increase in clay content indicating that
the relaxation time increased with the clay content. Increases in the moduli and
viscosity values were attributed to an interconnected structure and reinforcement of
the molten PLA by C30B owing to hydrogen bonding of hydroxyl groups in the
organic modifier of the nanoclay and carbonyl groups of PLA chains. More recently,
rheological behavior of ternary PLA nanocomposites were also studied. Bhatia [13]
examined the rheological behavior and thermal properties of ternary PLA, PBS, and
C30B nanocomposites. At a constant PLA/PBS ratio, strain sweep measurements
showed that the limit of linearity of viscoelastic region tended toward low strain
amplitudes at high organoclay concentrations. Interestingly, storage modulus of
PLA/PBS blend was always higher as compared to low filler content (1-3 wt. %)
nanocomposites over the entire frequency range (0.1–100 rad/s). This situation is
valid for G” and * which was explained by the presence of little interparticle
interactions compared to higher clay contents. Shear-thinning behavior at high shear
rates and the change from Newtonian to pseudo-plastic behavior at high clay
contents were emphasized. Another ternary blend of PLA with poly[(butylene
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succinate)-co-adipate] (PBSA) and nanoclay was studied by Eslami and Kamal [14].
They used different PLA/PBSA ratios at a single clay concentration (3 wt.%) and
investigated the rheological properties with a particular interest on elongational flow
behavior. Blends with PBSA content higher than 25 wt. % exhibited distinct strain
hardening behavior. Oscillatory shear experiments showed that above 50 wt. %
PBSA, strong solid-like behavior is exhibited due to the large amounts of clay
platelets located at the PLA/PBSA interface resulting in polymer–particle and
particle–particle network-like structures.
There has been a considerable interest on PLA blends and nanocomposites. Their
rheological behaviors have also been studied in some cases since it provides valuable
information about the nanocomposite structure and the processibility of the final
product. Majority of the studies concerning the rheology of PLA based binary or
ternary organoclay nanocomposites investigated the effect of either nano-filler
content or blending ratio. Studies concerning the effects of modifier structure are
limited and all are focused on the morphology based on X-ray diffraction (XRD)
patterns and thermal properties. Krikorian and Pochan [15] studied the effects of
modifier miscibility and the extent of clay modification on overall nanocomposite
formation with three commercial organophilic clay types (Cloisites 15A, 25A and
30B) using solution-intercalation film-casting method. Based on morphological
studies, they claim that the degree of miscibility of the organic modifier and the
PLLA is the key factor for good dispersion of the filler. Findings from both
quantitative and qualitative analyses were supported with theoretical solubility
parameters computations, and Cloisite 30B was selected as the most suitable
organoclay for good dispersion and exfoliation due the enthalpic interaction between
the diols in its modifier structure with the C═O bonds in the PLLA backbone. Pluta
et al. [16] studied three different modified clays (Cloisites 20A, 25A and 30B) with
poly(ethylene glycol) (PEG) plasticized PLA by considering the effects of the filler
concentration, the nature of clay modifier and the effects of plasticization. The
intercalation of silicate layers were shown to depend on the structure of organic
modification. Among the three organoclays, C30B is more prone to get intercalate
than the other types. Higher interaction of PLA with C30B was explained by
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hydrogen-bonding between the carbonyl group in the main chain of PLA molecules
and the hydroxyl group in the organic modifier of C30B [11].

Fabrication of Polymer/Graphite Nanocomposites
Carbonaceous nanofillers are also popular to be use with bio-based polymers.
Especially carbon nanotubes and graphene sheets exhibit unique electrical,
mechanical and thermal properties which make them attractive fillers for reinforcing
polymers to form functional and structural composite materials [108]. In this study,
expanded graphite (EG) is used as a filler to improve properties of PLA. EG is an
industrial term for exfoliated graphite obtained from sulfuric acid-based graphite
intercalation compound precursor [108].
As in the case of all other nanofillers, the main difficulty in manufacturing
polymer/graphite nanocomposites is the dispersion and distribution of the fillers in
the polymer matrix. Most of the studies published in the literature investigate
effective distribution of these graphitic fillers in various polymer matrices. Three
conventional techniques are mainly employed to provide good dispersion and
distribution. These are in situ polymerization, solution compounding and melt
blending.
In situ polymerization and solution mixing together with ultrasonication are reported
to be effective in providing good dispersion and intercalation for a number of
polymers such as poly(methyl methacrylate) (PMMA),

poly(arylene disulfide),

silicone rubber (SR) and Nafion [109, 110, 111, 112]. These two methods also
appear to be adequate to process thermosetting polymer/GNP nanocomposites [113].
Particularly, the production of composites containing thermosetting polymers as
matrix and GNPs as filler starts with dispersing GNPs in liquid monomers of the
polymer via solution mixing. This is followed by in situ polymerization. However, in
a recent review it was reported that these two methods face a number of important
problems. First, hazardous chemicals are involved, second, these approaches are not
suitable for industrial applications [10]. These two important hitches reveal the fact
that there is a big demand for production methods based on melt mixing. In both of
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the recent reviews on graphite based nanocomposites, it is indicated that the melt
mixing is not enough for good dispersion and final material properties of the
nanocomposite containing GNP [10, 40]. As a result, different melt blending
methods with some alterations have been developed. These alterations generally
involve two steps, first of which can said to be the premixing step followed by the
melt mixing. The mixing procedure before melt compounding can be either in
solution, melt, and solid states. For example, Drzal et al. [43] developed a novel
coating approach, in which, before melt compounding polypropylene (PP) powder
and graphitic fillers are premixed in an alcohol solution with the help of sonication.
It was reported that composites produced by this new technique had improved
flexural properties compared to those produced by direct melt mixing. Improved
electrical conductivity is another promising result obtained by the coating approach
when compared to the solution method.
Another approach to provide good dispersion is the masterbatch filling technique. In
this method, polymer masterbatch containing high amounts of nano scale graphitic
fillers (70-80 wt. %) was prepared by dissolving acrylonitrile-styrene copolymer
(AS) resin in 2-butanone at room temperature. After the addition of GNPs, the
mixture was sonicated to form a homogeneous dispersion of graphite particles in AS
solution. Aqueous alcoholic solution was added to precipitate the graphite particles
coated with AS resin. Then, this precipitate is filtered and dried, and designated as
the masterbatch which is then diluted in the polymer matrix by extrusion. High
density polyethylene (HDPE)/GNP composites and acrylonitrile-styrene copolymer
composites have been successfully produced with this approach [114].
Mechanical mixing is another premixing step reported in the literature. Solid-state
shear pulverization (SSSP) has been shown to be a successful method to use with
graphite-polymer nanocomposites [44]. Manually blended polypropylene (PP) and
graphite mixture were co-pulverized in a continuously cooled pulverizer with a very
similar configuration as a twin-screw extruder, but using specially designed screws
to yield moderately harsh shear/compression conditions. The resulting powder is a
homogeneous mixture of the polymer and the filler. The properties of the resultant
nanocomposites were compared with the composite having the same filler content
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fabricated via single-screw melt extrusion. Compression molded samples produced
with SSSP showed superior tensile, impact and crystallization properties. Exfoliation
of the graphite nanosheets were also proven via X-ray diffraction and transmission
electron microscopy analysis.
In addition to the conventional techniques summarized above, surface modification
of nanofillers can be used to provide better interaction between the polymer matrix
and nanofillers. Surface modifications of GNPs usually result in oxidization, so that
some hydroxyl moeties, epoxide funcitionalities, and carbonyl groups are attached to
GNPs. These functional groups are able to form strong interactions with polymeric
resins with polar groups, and they also provide sites for further modifications. Some
of the chemicals used for GNP surface modifications of used in literature are
octadecylamine (ODA) [109], maleated ethylene-propylene copolymer (EP-g-MA)
[115], and PP-g-MAH [116]. The basis of modification of the surface based on the
oxidized graphite. This usually results in poor physical properties because of the
transformation from sp2 to sp3 carbons during acid oxidization. Sp2 configuration is
responsible for the electrical conductivity. Therefore, surface modifications cause a
decrease in electrical conductivity. Meng et al. [117] suggested a new attitude to
sustain the electrical conductivity property of nanocomposites produced with GNPs,
by first producing GNP oxide nanocomposites. After that reducing the oxides via
heat treatment under vacuum at 200°C. As a result, the electrical conductivity
revealed a considerable increase from 10−7 S/cm to 0.51 S/cm.

PLA-Expanded Graphite Nanocomposites
There are some studies which employ EG as a reinforcement for PLA. Kim and
Jeong [118] produced polylactide/exfoliated graphite (PLA/EG) nanocomposites by
melt-compounding and investigated their morphology, structure, thermal stability,
mechanical, and electrical properties. It was reported that EG was dispersed
homogeneously in the PLA matrix without forming crystalline aggregates, unlike
natural graphite. Thermal degradation temperatures of PLA/EG nanocomposites
increased substantially with the EG content up to 3 wt. %. Mechanical properties
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were also enhanced such that Young’s moduli of PLA/EG nanocomposites increased
noticeably with the EG content up to again 3 wt. %.
In another study, again melt compounding was used for the preparation of PLA
based nanocomposites expanded graphite and organically modified montmorillonites
[119]. It was reported that the addition and co-addition of these nanofillers to PLA
result in nanocomposites that showed significant enhancements in rigidity, thermal
stability and fire retardancy of the polymer matrix. For example in thermal analyses,
it was observed that EG particles significantly accelerated the crystallization process
of the PLA matrix. The synergistic effect of using both fillers were emphasized such
that the Young's modulus and the tensile strength of PLA/EG/Clay nanocomposites
were improved significantly compared to PLA/EG composites.
There are other studies investigating the synergistic effects of different fillers
incorporated into PLA matrix. Zhu et al. [120] studied the expanded graphite (EG)
and ammonium polyphosphate (APP) on flame retarded polylactide (PLA). Han et
al. [121] studied the potential synergy between nanomaterials such as exfoliated
graphite nanoplatelets (xGnP) and micro-size reinforcements such as kenaf natural
fibers, in poly(lactic acid) based composites produced via melt compounding. Prior
to melt-mixing the kenaf fibers were coated with xGnP using sonication.
Morphological analyses revealed that the interfaces in ternary systems were void free
and the reinforcement wetting by the polymer was better compared to PLA
composites where only one reinforcement was used at a time. Dynamic viscosity of
PLA was significantly altered upon addition of kenaf fibers with the viscosity
increasing by three orders of magnitude for the highest loading of 40 wt. % fiber
content. Furthermore, addition of xGnP up to 3 wt. % to neat PLA did not alter these
properties. However, when both xGnP and kenaf fibers were added to PLA, the
viscosity was lower compare to the viscosity of kenaf fiber-PLA composites. This
result was explained such that xGnP promotes better dispersion of the kenaf fibers
and the higher amount of xGnP contributes to good adhesion between kenaf fiber
and the polymer matrix. Tait et al. [11] studied vapor grown carbon nanofibers and
exfoliated graphite to prepare poly(lactic acid) composites at various concentrations
varying from 0 to 20 wt. %. The synergistic effect of the two fillers were also
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investigated, but differently two compounding processes, melt mixing and polymer
dissolution, and two forming methods, injection and compression molding, were
used to manufacture the composites. Various properties such as flexural behavior,
impact strength, storage and loss modulus, and electrical conductivity of the neat
matrix and composites were determined as a function of the filler type and content,
and the processing method. It is reported that compounding by solution mixing
followed by compression molding leads to composites with the lowest percolation
threshold in terms of electrical conductivity and highest storage modulus, whereas
extrusion injection molding results in composites with the highest mechanical
properties. For example, exfoliated graphite improves the impact energy for all
loadings with the largest increase in strength, by more than 65%, for 8 and 10 wt. %
loadings. It is claimed that upon further addition of filler, homogeneous dispersion
becomes challenging and filler agglomeration is unavoidable leading to decrease in
impact energy.
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CHAPTER 3

3. EXPERIMENTAL METHODS
EXPERIMENTAL METHODS

3.1. Materials

3.1.1

Polymer Matrix

A transparent, injection grade of PLA with 5 % D-lactide stereoisomer content,
weight average molecular weight (Mw) of 278000 and polydispersity (Mw/Mn) of
1.78 was purchased from NaturePlast, France. The properties of PLA provided by
the manufacturer are listed below in Table 3.1, and the chemical formula of PLA is
shown in Figure 3.1.

Table 3.1 Properties of PLA (NaturePlast PLI-005) [122]
Physical Properties

Method

Unit

Value

Density

ISO 1183

g/cm3

1.25 (±0.05)

Melt Index

ISO 1133

g/10 min

10-30

Melt Temperature

-

°C

144-155

Degradation Temperature

-

°C

240-250
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Figure 3.1 Chemical structure of PLA

3.1.2

Compatibilizers

A random copolymer of ethylene (E) and glycidyl methacrylate (GMA) with a trade
name of Lotader® AX8840, and a terpolymer of ethylene (E) butyl acrylate (BA)
and maleic anhydride (MAH) with a trade name of Lotader 2210 were used (Arkema
Chemicals, France) as compatibilizers, which also act as impact modifiers. The
chemical structure of Lotader® AX8840 and its properties are given in Table 3.2 and
Figure 3.2, respectively.

Table 3.2 Properties of the impact modifier Lotader® AX8840 (E-GMA) [123]
Property

Unit

Value

GMA Content

% wt.

8

g/10 min

5

°C

105

Tensile Strength

MPa

8

Young’s Modulus

MPa

104

%

420

Density

g/cm3

0.94

Hardness

Shore D

92

Melt Index
Melting Point

Elongation at Break
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Figure 3.2 Chemical structure of Lotader® AX8840

The chemical structure of Lotader® 2210 and its properties are given in Table 3.3
and Figure 3.3, respectively.

Table 3.3 Properties of the impact modifier Lotader® 2210 (E-BA-MAH) [123]

Property

Unit

Value

MAH Content

% wt.

2.6

BA Content

% wt.

8

Melt Index

g/10 min

3

°C

107

MPa

12

%

600

Shore D

46

Melting Point
Tensile Strength
Elongation at Break
Hardness
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Figure 3.3 Chemical structure of Lotader® 2210

3.1.3 Fillers
Two different filler types were used in this study: organically modified clays and
expanded graphite.

3.1.3.1 Organoclays
Five different natural montmorillonites: Cloisites®15A (C15A), 25A (C25A) and
30B (C30B), and Nanofils®5 and Nanofils®8 (N5 and N8) modified with various
quaternary ammonium salts were purchased from Southern Clay Products, TX. They
are natural off-white montmorillonites modified with quaternary ammonium salts
and they were used as additives for improving various physical properties like
reinforcement, heat distortion temperature and barrier effects.
Cloisites®
Three different types of Cloisites® were used in this study. Organic modifier of
Cloisite®15A contains dimethyl, dihydrogenated tallow, quaternary ammonium
cation with chloride anion where hydrogenated tallow is predominantly composed of
chains with 18 carbons (~65 %), to a lesser degree chains with 16 carbons (~30 %)
and 14 carbons (~5 %). The chemical structure of the organic modifier can be seen in
Figure 3.4.
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Figure 3.4 Chemical structure of organic modifier of Cloisite®15A

Dimethyl, dehydrogenated tallow, 2-ethylhexyl quaternary ammonium cation
(2MHTL8) with methyl sulfate anion constitutes the chemical structure of the
organic modifier of Cloisite®25A, where hydrogenated tallow contains chains
mostly with 18 carbons (~65%), to a lesser degree chains with 16 carbons (~30%)
and 14 carbons (~5%). Chemical structure of the organic modifier of Cloisite® 25A
can be seen from Figure 3.5.

Figure 3.5 Chemical structure of organic modifier of Cloisite®25A

Quaternary ammonium salt cation and anion of the organic modifier of
Cloisite®30B are methyl, tallow, bis-2-hydroxyethyl quaternary ammonium
(MT2EtOH) and chloride, respectively. Almost 65% of the carbon chains have 18
carbons, 30% has 16 carbons and 5% has 14 carbons in the tallow structure.
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Chemical structure of the organic modifier of Cloisite®30B can be seen from Figure
3.6. Properties of Cloisites® are summarized in Table 3.4.

Figure 3.6 Chemical structure of organic modifier of Cloisite®30B

Table 3.4 Properties of Cloisites® [124]
Property
Modifier concentration

Cloisite®15A Cloisite®25A Cloisite®30B
125

95

90

Moisture (%)

<2

<2

<2

Weight loss by ignition (%)

43

34

30

31.5

18.6

18.5

Off white

Off white

Off white

Specific gravity (g/cc)

1.66

1.87

1.98

Loose bulk density (Ibs/ft3)

10.79

12.08

14.25

Packed bulk density (Ibs/ft3)

18.64

20.48

22.71

Dry particle size (µ, by

10% < 2

10% < 2

10% < 2

volume)

50% < 6

50% < 6

50% < 6

90% < 13

90% < 13

90% < 13

(CEC meq/100g clay)

d-spacing (Å)
Color
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Nanofils®
Two different types of Nanofils® were used in this study. Properties of Nanofils® 5
and Nanofils®8 are given in Table 3.5. Chemical structures of the organic modifiers
of these bentonite based clays are typically the same as Cloisite®15A. The main
difference between Nanofils®5 and Nanofils®8 are the modifier contents and dspacing values.

Table 3.5 Properties of Nanofils® [124]
Property
Modifier concentration
(CEC meq/100g clay)
Moisture (%)
Weight loss by ignition (%)
d-spacing (Å)
Bulk density (g/l)
Dry particle size (µ, by volume), 50%

Nanofil®5

Nanofil®8

93

125

1.3
38
28
270
8

1.6
43
35
270
5

3.1.3.2 Expanded Graphite
Graphite was provided by TIMCAL with the trade name of Timrex® C-Therm 001.
It is a type of expanded graphite (EG), but the manufacturer classifies it as
confidential, therefore there is not much data about the properties of this specific
product. It is reported to impart superior effects on thermal and electrical properties
of the composite. Properties provided by the supplier are shown in Table 3.6.

Table 3.6 Properties of Timrex® C-Therm 001 [125]
Property

Unit

Value

Ash Content

% wt.

0.3

Scott Density (bulk density)

g/cm3

0.15
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3.2. Nanocomposite Preparation
In this study, PLA composites containing organically modified clays as fillers were
prepared by melt compounding method only. For the composites containing
expanded graphite as filler, two different production methods were compared, which
are melt compounding and solution mixing. Solution mixing can also be referred as
solvent assisted ultrasonication. Before each method, all raw materials were dried
overnight under vacuum (0.2 bar) at 80-85°C.

3.2.1. Melt Compounding
PLA based nanocomposites were prepared by melt blending in a co-rotating,
intermeshing Thermoprism TSE 16 TC twin screw extruder (L = 384 mm, D = 16
mm). Figure 3.7 shows a picture of the extruder used in this study. Regardless of the
filler type, the feed rate was kept at 25 g/min and the temperature profile in the barrel
was set to 150-170-170-170-170°C from the main hopper to the die. For the
composites containing organoclays, the screw speed was 250 rpm, whereas it was
100 rpm for the ones containing EG.

Figure 3.7 Thermoprism TSE 16 TC twin screw extruder
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After the extrusion step, the extrudate was cooled on a specially designed cooling
band with a length of 120 cm which is carrying the extrudate with the help of a
frequency control drive. Cooling process was accelerated using a compressor
blowing air on to the band. Cooled strips of polymer composites were pelletized in a
grinder. The pellets obtained at the end of the process were stored in polyethylene
bags in desiccators. Before all molding and/or characterization processes, the
composites were dried overnight under vacuum at 80-85°C. Schematic
representation of melt compounding from the first drying step up to characterizations
can be seen in Figure 3.8.

Vacuum drying
PLA
Compatibilizers
Nanofillers

Conveyer

T1

T2

Characterization

T3

T4

Injection or
Compression
Molding
Melt Temp.: 170°C
Mold Temp.: 55°C
Pressure: 10-12 bar

belt

Chopper

Vacuum
drying

Figure 3.8 Preparation of nanocomposites through melt blending method

3.2.2.

Solution Mixing

Solution mixing method was used only for the samples containing EG as filler. This
process can also be referred to as “solvent assisted ultrasonication”. In this process,
PLA was dissolved in xylene (0.2 g/ml) in a glass reactor with the help of a
mechanical stirrer at 800 rpm and 95°C. Total dissolving took 3 hours. In the
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meantime, EG was dissolved in xylene (0.01 g/ml) with the help of ultrasonication at
45°C for one and a half hour. At the end of the third hour of PLA dissolution, the
sonicated EG/xylene solution was added dropwise into the PLA/xylene solution and
this mixture was also mechanically mixed for one hour. Then the mixture is
transferred to the ultrasonic water bath and the whole solution was further
mechanically mixed for 3 hours assisted by sonication at 80°C. In some of the
experiments, compatibilizer was also added to the solution. In that case, the
compatibilizer (0.1 g/ml in Xylene) ultrasonicated for one hour at 80°C was added to
the reactor just before the transfer of the reactor to the ultrasonic bath. At the end of
the solution mixing process, the jelly mixture was poured on aluminum trays and left
for drying under the hood at least for 7-8 days. Before further processing, the
solution mixed nanocomposites were further dried in vacuum oven for 2-3 days. A
simple schematic representation of nanocomposite preparation with solution mixing
method can be seen in Figure 3.9.
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Figure 3.9 Preparation of PLA nanocomposites through solution mixing method

3.2.3. Composite Compositions
The experiments conducted throughout this study are based on PLA as the polymer
matrix but they can be basically divided into two sections. A flowchart of the study
can be seen in Figure 3.10.
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PLA NANOCOMPOSITES
Organoclays
Cloisites: 15A, 25A, 30B
Nanofils 5 and 8
Compatibilizer:
E-GMA
Conc: 10 wt.%

Compatibilizer:
E-BA-MAH
Conc: 10 wt.%

w/o
Compatibizer

Expanded Graphite
0.5, 1, 2 wt.%

Extrusion

w/o
Compatibilizer

Compatibilizer:
E-GMA
Conc: 10 wt.%

Solution

w/o
Compatibilizer

Compatibilizer:
E-GMA
Conc: 10 wt.%

Figure 3.10 Flowchart of the study

The compositions and codes of the experiments done to investigate the effects of
compatibilizer and organoclay types on PLA matrix are shown in Table 3.7. Not
only ternary nanocomposites of PLA/compatibilizer/organoclay, but also binary
nanocomposites of PLA/organoclay and PLA/compatibilizer blends were prepared
with the same process conditions in order to compare their properties with the
properties of the ternary nanocomposites. Except for the PLA analyzed as received,
all compositions were prepared via melt blending at 170°C with 250 rpm screw
speed.
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Table 3.7 Sample compositions prepared to investigate the effects of organoclays
and compatibilizers
Code

Method

Composition
PLA

PLA
(wt.%)
100

Compatibilizer
(wt.%)
-

Filler
(wt.%)
-

A-00

AR*

A-01

Extrusion

PLA

100

-

-

A-02

Extrusion

PLA/E-GMA

90

10

-

A-03

Extrusion

PLA/E-BA-MAH

90

10

-

A-1

Extrusion

PLA/E-GMA/C15A

88

10

2

A-2

Extrusion

PLA/E-GMA/C25A

88

10

2

A-3

Extrusion

PLA/E-GMA/C30B

88

10

2

A-4

Extrusion

PLA/E-GMA/N5

88

10

2

A-5

Extrusion

PLA/E-GMA/N8

88

10

2

B-1

Extrusion

PLA/E-BA-MAH/C15A

88

10

2

B-2

Extrusion

PLA/E-BA-MAH/C25A

88

10

2

B-3

Extrusion

PLA/E-BA-MAH/C30B

88

10

2

B-4

Extrusion

PLA/E-BA-MAH/N5

88

10

2

B-5

Extrusion

PLA/E-BA-MAH/N8

88

10

2

C-1

Extrusion

PLA/C15A

98

0

2

C-2

Extrusion

PLA/C25A

98

0

2

C-3

Extrusion

PLA/C30B

98

0

2

C-4

Extrusion

PLA/N5

98

0

2

C-5

Extrusion

PLA/N8

98

0

2

*AR= As received

In the second part of the study, the filler used to modify properties of PLA was
expanded graphite. Apart from the former experiments conducted with organoclays,
two different production methods were applied to PLA/EG composites. In this part
of the study, only one compatibilizer which resulted in promising results with
organoclays was used, which is E-GMA. The codes and compositions of the
experiments conducted with EG are tabulated in Table 3.8, below. For the
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compositions prepared via extrusion, the temperature was 170°C and the screw
speed was 100 rpm.

Table 3.8 Sample compositions prepared to investigate the effects of different
production methods for PLA/EG composites
Code

Method

Composition
PLA

PLA
(wt.%)
100

Compatibilizer
(wt.%)
-

EG
(wt.%)
-

E-0

Extrusion

E-1

Extrusion

PLA/EG

99.5

-

0.5

E-2

Extrusion

PLA/EG

99

-

1

E-3

Extrusion

PLA/EG

98

-

2

E-4

Extrusion

PLA/E-GMA

90

10

-

E-5

Extrusion

PLA/E-GMA/EG

89.5

10

0.5

E-6

Extrusion

PLA/E-GMA/EG

89

10

1

E-7

Extrusion

PLA/E-GMA/EG

88

10

2

S-1

Solution

PLA/EG

99.5

-

0.5

S-2

Solution

PLA/EG

99

-

1

S-3

Solution

PLA/EG

98

-

2

S-4

Solution

PLA/E-GMA

90

10

-

S-5

Solution

PLA/E-GMA/EG

89.5

10

0.5

S-6

Solution

PLA/E-GMA/EG

89

10

1

S-7

Solution

PLA/E-GMA/EG

88

10

2

3.2.4. Sample Preparation
For most of the characterization studies such as mechanical, thermal and
morphological analyses, injection molded samples were used. For rheological
analyses, compression molded samples were used.
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3.2.4.1 Injection Molding
The injection molded samples were prepared using a laboratory scale injectionmolding machine, DSM Micro 10 cc Injection Molding Machine, shown in Figure
3.11. During molding; barrel and mold temperatures were 170°C and 55°C,
respectively. The maximum pressure achieved during sample preparation was 12
bars.

Figure 3.11 A photograph of injection molding device

Before molding the samples, the pellets were put into the barrel cylinder with the
help of a funnel. After waiting for five minutes for the material to melt, the melt was
injected into the mold. In each molding operation, two specimens were obtained, one
of which had the shape of a dog-bone, whereas the other one was the sample of the
impact test with rectangular shape.

3.2.4.2 Compression Molding
A laboratory size compression molding device which can be seen in Figure 3.12 was
used to prepare samples for rheological analyses. Processing temperature was
adjusted as 180°C. During compression molding the challenge was to eliminate the
bubbles in the samples. To achieve samples without any bubbles, the mold was filled
with samples and preheated for 5 minutes without any pressure. After that a small
amount of pellets was added on to the molten material to provide positive pressure
which would push the small amount of air or moisture trapped in the material. After
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waiting for another 5 minutes to ensure that all the material in the mold was totally
molten, the pressure was increased gradually to 2500 psi and kept there for 5
minutes. Compression molded samples were cooled down to room temperature
before removing from the mold.

Figure 3.12 A photograph of the compression molding device

3.3. Characterization of Nanocomposites
In order to investigate the effects of the compatibilizers and fillers on the final
properties of polymer matrix morphological, chemical, thermal, mechanical and
rheological analyses were conducted on the samples. Morphology of the
nanocomposites was investigated by XRD, SEM and TEM analyses. To investigate
the reactive groups of polymer matrix and compatibilizers FTIR was done. Melting
point and crystallinity of the nanocomposites were studied with DSC analysis.
Mechanical behavior of the nanocomposites was evaluated by measuring tensile
properties (tensile strength, Young’s modulus, elongation at break). Impact
toughness values of the samples were measured with Charpy impact test.
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Rheological properties of the nanocomposites were investigated using oscillatory
rheometer.

3.3.1. Analysis of Morphology

3.3.1.1 X-Ray Diffraction
X-ray diffraction (XRD) patterns of organoclays and nanocomposites were obtained
by using Rigaku Ultima-IV X-Ray diffractometer (METU Central Laboratories) that
generates a voltage of 40 kV and current 40 mA from Cu Kα radiation source (λ =
1.5418). The diffraction angle 2θ was scanned from 1° to 10° with scanning rate of
1°/min and a step size of 0.01° for PLA/organoclay nanocomposites. For PLA/EG
compositions the scanned diffraction angle range was 1° to 40° and the scanning
rate and step size were 1°C and 0.02°, respectively. To calculate the distance
between the filler layers Bragg’s equation was used as indicated in (2.5 in the
previous chapter of this dissertation. X-Ray analysis of organoclays and graphite
were done in powder form whereas injection molded tensile bars were used for
nanocomposites.

3.3.1.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) analysis was performed with QUANTA 400F
Field Emission SEM (METU Central Laboratories). In order to examine the failure
mechanism and elastomer dispersion, the impact fracture surface of the
nanocomposites were scanned. The elastomeric phase in binary blends and ternary
nanocomposites was dissolved by using n-heptane as the solvent. The etching
process was achieved at 60°C in an ultrasonic bath. The surfaces of the samples were
kept in n-Heptane until deterioration occured. SEM photographs of the impactfractured surfaces were taken at x500 and x3000 magnifications.
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3.3.1.3 Transmission Electron Microscopy
For TEM analysis ultra-thin sections of 120 nm in thickness were cryogenically cut
with a diamond polymer knife at a temperature of -80°C for PLA/organoclay binary
and PLA/elastomer/organoclay ternary nanocomposites and at -120°C for the
PLA/EG binary and PLA/elastomer/EG nanocomposites. These samples were
examined by a high-resolution transmission electron microscopy (FEI, Tecnai G2
F30) at an acceleration rate of 300 kV in UNAM Laboratories at Bilkent University.
All samples were trimmed perpendicular to the molding direction.

3.3.2 Spectroscopic Analysis

3.3.2.1 Fourier Transform Infrared Spectroscopy
FTIR which stands for Fourier Transform InfraRed spectroscopy was used to
investigate PLA-compatibilizer interactions. FTIR analyses of the nanocomposites
were performed in METU Chemical Engineering Department on attenuated total
reflectance (ATR) mode. No preliminary treatments were done on the samples cut
from injection molded samples.

3.3.3 Thermal Analysis

3.3.3.1 Differential Scanning Calorimetry
Differential scanning calorimetry analysis was performed by using a differential
scanning

calorimeter

DSC-60

Shimadzu

in

METU-Chemical

Engineering

Department. Measurements were carried out in the temperature range of 30°C to
200°C with a heating rate of 10°C/min under nitrogen atmosphere. Cold
crystallization and melting points of the samples and the degree of crystallinity were
determined with these analyses. H mo value of 100% crystal PLA structure was
taken as 93 J/g [97] in the calculations.
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For the elastomers used as compatibilizer DSC 8000 in METU-Central Laboratory
was used since lower temperatures should be scanned.

3.3.4

Mechanical Tests

Tensile and impact tests were conducted at room temperature and the properties were
obtained on at least five samples to calculate the standard deviation.

3.3.4.1 Tensile Test
Tensile tests were performed at room temperature according to ISO 527 with
Shimadzu AG-IS 100 kN test machine at METU-Chemical Engineering Department
(Figure 3.13). Crosshead speed and strain rate were 3 mm/min and 0.1 min-1,
respectively.

Figure 3.13 A photograph of the tensile testing machine

Dog-bone type injection molded samples were used for tensile testing. The shape of
the specimen was shown in Figure 2.25 and its dimensions can be seen in Table 3.9,
below.
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Table 3.9 Tensile test specimen dimensions according to ISO 527-2 Standards
Type of Specimen

5A

Overall length, minimum, l2

≥ 75

Width at ends, b2

12.5 ± 1

Length of narrow parallel sided portion, l1

25 ± 1

Width of narrow parallel sided portion, b1

4 ± 0.1

Small radius, r1

8 ± 0.5

Large radius, r2

12.5 ± 1

Initial distance between the grips, L
Gauge length, L0
Thickness, h

50 ± 2
20 ± 0.5
≥2

3.3.4.2 Impact Test
Ceast Resil Impactor was used to perform the un-notched charpy impact test on
samples with dimensions of 80x10x4 mm according to ISO 179. Its configuration is
shown in Figure 3.14. All of the tests were performed at room temperature and the
results are the averages of five tests carried out for all the compositions.
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Figure 3.14 A photograph of the impact testing machine

3.3.5

Rheological Analysis (UMass-Lowell)

Linear viscoelastic behavior of PLA nanocomposites were analyzed by a dynamic
oscillatory rheometer in the melt state as a function of time, strain and frequency.
The Ares G2 Rheometer (Figure 3.15) was used in conjunction with 25 mm parallel
disk fixtures for the small-amplitude oscillatory shear experiments.

Figure 3.15 A photograph of Ares G2 Rheometer
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All measurements were performed at 170°C and 10 rad/s. The gap height was set at
1.5 mm. For the selected representative samples, analyses were started with time
sweep to determine the melt stability of the samples. Then an amplitude sweep
between 0.1-100% strain at 10 rad/s was done to determine the linear viscoelastic
region. After that frequency sweep was done between 0.1-500 rad/s at 5% strain to
ensure that the experiments were conducted in the linear viscoelastic region.
As a result of the experiments, elastic moduli (G’), loss moduli (G”) and complex
viscosity (ƞ*) were obtained. G’ is called as the elastic (storage) modulus and
represents the stored elastic energy. G” is called as the loss modulus and represents
the amount of energy irreversibly given off by the substance to the environment.
All rheological analyses and sample preparations for these analyses were done in
University of Massachusetts Lowell.
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CHAPTER 4

4. RESULTS AND DISCUSSION
RESULTS AND DISCUSSION

This dissertation is based on production of PLA nanocomposites with improved
mechanical properties compared to brittle neat PLA. Two different road maps were
followed to achieve this aim. In the first one, organically modified clays were
utilized together with thermoplastic elastomers as compatibilizers. Conventional
twin-screw extrusion was used as the production method. In the second roadmap, as
an alternative to the organically modified clays, expanded graphite was used as the
nanofiller. The effects of different production methods on the dispersion of expanded
graphite (EG) in the polymer matrix were investigated via extrusion and solution
mixing techniques. Results of these two different parts of the study will be presented
in different sections.

4.1. PLA/Layered Silicate Nanocomposites
The main idea behind this part of the study is to increase the potential applications of
PLA by incorporating epoxy or maleic anhydride functionalities together with
nanoclays to improve toughness. Mostly, the properties of the polymer
nanocomposites are sensitive to small changes in the polymer structure. Even very
low filler loadings can change the total mechanical, thermal and viscoelastic
behavior, and morphology of the system. In this context, five different organically
modified commercial nanoclays were used as nanofillers. In addition to that,
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presence of an elastomeric phase which acts as a compatibilizer was investigated.
For this purpose, two different commercial elastomers with different functional
groups (E-GMA and E-BA-MAH) were selected. Both the clay and the
compatibilizer contents were kept constant in order to observe the changes in the
properties of the nanocomposites with changes in the structures of the additives.

4.1.1

Determination of Processing Parameters

PLA/clay nanocomposites were prepared via extrusion method. Suitable melt
temperatures and screw speeds were scanned before production of the
nanocomposites. Temperature and screw speed of the extruder are two important
parameters for PLA processing, since PLA is susceptible to degradation at high
temperature and shear. For this purpose, the most commonly used organically
modified clay type in literature, C30B, was used as the filler. Dispersion of this clay
was investigated by XRD and the changes in the mechanical properties with varying
processing conditions were observed.

4.1.1.1 Dispersion of Clay
PLA/E-GMA/C30B nanocomposites were produced at three different temperatures
(160-170-180°C) and screw speeds (150-250-350 rpm) at pre-determined
concentrations of 88/10/2, respectively. Residence time of the polymer melt in the
extruder and the shear applied by the screws depend on the screw speed applied in
composite preparation. Processing temperature affects mainly the viscosity of the
polymer melt. Low processing temperatures might result in poor fusion preventing
uniform fluidity. High temperatures, on the other hand, decreases the melt viscosity,
and the shear needed to force polymer chains to penetrate into the layers of silicates
might not be sufficient. However, considering the XRD patterns, the clay
dispersibility was not affected either by the screw speed or the melt temperature in
the investigated ranges (Figure 4.1). For all processing conditions, the single peak
observed for pure C30B (2θ≈5.1°) showing a basal spacing of 17.3 Å turned into
two peaks, one of which was shifted towards a lower angle (2θ≈2.7°) indicating
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intercalation with a gallery spacing of about 32.7 Å. This was accompanied with a
second peak (2θ≈5.5°) which might be the reflection from the second layer (32.0 Å)
or due to some unintercalated and/or agglomerated clay (16.0 Å). Similar results
were obtained in the literature with the same clay type [99, 105].

Figure 4.1 XRD patterns at different processing conditions

4.1.1.2 Mechanical Properties
Besides clay dispersibility, changes in mechanical properties of the selected
nanocomposite type with respect to changing processing conditions were
investigated. As mentioned before, PLA is susceptible to both temperature and shear.
Harsh processing conditions and moisture may cause chain scission or degradation.
Thus, properties of the final product might be significantly affected from the
processing parameters.
In the scanned ranges, none of the mechanical properties showed a certain pattern
with temperature and screw speed as can be seen in Table 4.1. In fact, tensile
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strength and elongation at break values showed fluctuations independent of the
processing parameters. Young’s modulus, on the other hand, remained almost the
same for all the sets reaching its maximum value as 1296 MPa for T=170°C and
ω=250 rpm. Impact strength of the nanocomposites decreased slightly as the
temperature and screw speed increase.
It was decided to use the mean values of the scanned range in further investigations
(T=170°C and ω=250 rpm). This is not a naive selection, since the mechanical
properties of the nanocomposites for these processing parameters are considerably
above the mean values obtained in the scanned range. At first sight, tensile strength,
Young’s modulus and elongation at break values of this set might be considered as
outliers among the nanocomposites produced at the same temperature but it should
be noted that these properties were determined by testing at least 5 different
specimens from the same batch.

Table 4.1 Mechanical properties of PLA/E-GMA/C30B (88/10/2) nanocomposites at
different processing conditions

Temperature

160°C

170°C

180°C
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Screw
Speed

Tensile
Strength
(MPa)

Young’s
Modulus
(MPa)

Elongation
at Break
(%)

Impact
Strength
(kJ/m2)

150 rpm

45.1 0.9

1284 15

23.8 4.3

18.8 0.4

250 rpm

45.5 1.8

1258 17

16.6 3.2

18.6 0.5

350 rpm

29.9 1.9

1230 12

24.2 1.5

18.7 0.7

150 rpm

28.7 1.8

1224 18

14.5 2.6

19.3 0.9

250 rpm

44.9 0.7

1296 10

21.8 7.0

18.5 0.9

350 rpm

36.7 2.5

1269 9

17.1 2.9

17.7 0.8

150 rpm

33.3 2.6

1208 13

11.4 1.7

17.2 0.7

250 rpm

33.7 1.7

1273 12

12.2 1.7

17.0 0.8

350 rpm

33.2 0.6

1251 17

14.3 2.4

16.2 0.9

4.1.2

Effects of Clay Type and Compatibilizer Structure

4.1.2.1 Morphological Analyses
X-Ray Diffraction
X-ray diffraction patterns of the nanocomposites in the range of 2θ = 1-10° show the
interlayer spacing (d) between the silicate layers of organoclays. Interlayer spacing is
calculated using Bragg’s law Equation (2.5). A shift in the peak to the left is
indicative of an increase in the interlayer spacing of the silicate layers whereas
disappearance of the characteristic peak indicates exfoliated structure [4].
Figure 4.2 to Figure 4.6 show the XRD patterns of binary and ternary
nanocomposites together with neat PLA and the organoclay used in that particular
set. Neat PLA does not show any reflection peaks in the scanned range. The basal
spacing values of the organoclay powders are 33.1 Å, 18.3 Å, 18.1 Å, 34.2 Å, and
36.1 Å for C15A, C25A, C30B, N5 and N8, respectively. Under the same processing
conditions, each type of nanoclay resulted in different degrees of layer expansion. It
is known that the chemical compatibility between the polymer matrix and the
nanoclay is the most important parameter determining the final morphology [126]. In
this study, peak shifts are more apparent for the nanocomposites prepared with C25A
(Figure 4.3) and C30B (Figure 4.4). Affinities of C25A and C30B to PLA were
previously compared in the literature [100, 127], and C30B had shown to have more
affinity to this polymer matrix. Changes in d-spacing values calculated from the
XRD patterns obtained in this study are in accordance with the findings in the
literature. PLA/C30B reached 37.1 Å gallery height, whereas it is 18.1 Å for pure
C30B powder and PLA/C25A reached 31.9 Å, whereas C25A itself has a gallery
height of 18.3 Å. Addition of the compatibilizer also resulted in changes in the peak
positions especially when E-GMA was used. To illustrate, the peak showing basal
spacing of 18.3 Å is shifted to 40.3 Å, and a second peak showing a basal spacing of
17.4 Å due to unintercalated clay appeared for PLA/E-GMA/C25A. On the other
hand, the shift in the interlamellar space of PLA/E-BA-MAH/C25A is smaller (33.5
Å). Interestingly, the nanocomposites without a compatibilizer reached almost the
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same interlamellar distances with the ones containing E-BA-MAH. This is probably
due to better polarity matching between GMA as a functional group and the organic
modifiers of C30B and C25A. Among the Cloisites®, C30B has the lowest
hydrophobicity. C15A has the highest hydrophobicity which results in the lowest
degree of intercalation according to the XRD patterns. In addition, XRD patterns of
the nanocomposites containing C15A, N5 and N8 shown in Figure 4.2, Figure 4.5
and Figure 4.6 follow similar trends to each other. These three nanoclays contain
modifiers of similar chemical structures and the changes in the gallery height of the
nanocomposites containing either of these clay types are lower than the other two.

(a) C15A
(b) PLA/C15A
(c) PLA/E-GMA/C15A
(d) PLA/E-BA-MAH/C15A
(e) Neat PLA

33.1 Å

Intensity (a.u)

47.9 Å

12.6 Å
35.3 Å

(a)

18.3 Å

(b)

21.0 Å

36.7 Å

(c)

18.4 Å

(d)
(e)

1

2

3

4

5

6

7

8

9

10

2θ

Figure 4.2 XRD patterns of neat PLA, C15A and PLA/C15A nanocomposites
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(a) C25A
(b) PLA/C25A
(c) PLA/E-GMA/C25A
(d) PLA/E-BA-MAH/C25A
(e) Neat PLA

18.3 Å

Intensity (a.u.)

40.3 Å

31.9 Å

15.9 Å

(a)
(b)
17.4 Å

33.5 Å

(c)
(d)
15.8 Å
(e)

1

2
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6

2θ

7
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10

Figure 4.3 XRD patterns of neat PLA, C25A and PLA/C25A nanocomposites

(a) C30B
(b) PLA/C30B
(c) PLA/E-GMA/C30B
(d) PLA/E-BA-MAH/C30B
(e) Neat PLA

18.1

Intensity (a.u.)

37.2 Å

(a)

16.1 Å

44.6 Å

(b)
19.3 Å
(c)

35.6 Å

17.2 Å

(d)

(e)
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Figure 4.4 XRD patterns of neat PLA, C30B and PLA/C30B nanocomposites
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34.2 Å
12.7 Å

Intensity (a.u.)

37.4 Å
48.2 Å

(a) N5
(b) PLA/N5
(c) PLA/E-GMA/N5
(d) PLA/E-BA-MAH/N5
(e) Neat PLA
(a)

18.5 Å
(b)

36.8 Å
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Figure 4.5 XRD patterns of neat PLA, N5 and PLA/N5 nanocomposites

38.9 Å

(a) N8
(b) PLA/N8
(c) PLA/E-GMA/N8
(d) PLA/E-BA-MAH/N8
(e) Neat PLA

36.1 Å
49.5 Å
Intensity (a.u.)

18.4 Å
(a)
19.5 Å
(b)
22.4 Å
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Figure 4.6 XRD patterns of neat PLA, N8 and PLA/N8 nanocomposites

98

10

For some nanocomposites, i.e., PLA/C15A, PLA/C25A and PLA/E-GMA/C25A,
intensities of characteristic peaks are considerably low compared to neat clay, but in
none of the nanocomposites there is an obvious disappearance of the basal reflection
peak. This decrease can be attributed to the presence of mostly exfoliated structures
since in general delamination of the silicate layers prevents diffraction of X-ray from
the layers resulting in the disappearance of the diffraction peaks [34]. However,
diffraction peaks of some of the samples gave higher intensities than the pure clay
powder (i.e., pure N8 and PLA/N8 nanocomposite). It was expected to obtain lower
intensities from the nanocomposites, because they contain only 2 wt. % clay, but it
should be noted that the nanocomposites were analyzed as injection molded articles,
whereas pure clays were in powder form. The nature of the sample affects the XRD
patterns. Preferred orientation of crystallites in solid samples, particularly in
injection molded samples, might be disappeared in powder form [128]. Alternatively
in some samples clay layers are intercalated but still retain an ordered structure.
Although XRD is a good method to determine the changes in the interlayer spacing
of the silicate layers, it does not provide enough information about the spatial
distribution of clay nano-particles and possible structural non-homogeneities in
nanocomposites [34, 129]. Therefore, high resolution transmission electron
microscopy was used to understand these discrepancies and the interactions between
the polymer-compatibilizer-nanoclay.

Scanning Electron Microscopy
Blending with a rubbery polymer is one of the widely used methods to improve the
toughness of a brittle polymeric material. The enhancement is mainly related with
the dispersion of the rubbery phase in the polymer matrix. SEM is a useful tool to
observe the dispersion on a fracture surface and the sizes of the rubbery phases.
Besides, failure mechanism of the final product can be investigated through SEM
images.
In this dissertation, impact fractured surfaces of the specimens were imaged, and the
images at x500 and x3000 magnifications were taken for each specimen. For the
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nanocomposites without a rubbery phase, SEM images are used to investigate the
fracture mechanism. For the nanocomposites containing a rubbery phase, the
fractured surfaces of the samples were etched with n-heptane at 60°C in a constant
temperature water bath in the presence of ultrasonication. Etching was applied to
remove the elastomeric phase on the surface so that the domain size analyses would
be easier. The average size of the dispersed phase was analyzed by using Image J
software program at least for 1000 different rubber domains. At least three images
with a magnification of x3000 were analyzed. The area of each hole in the samples
was determined by using the image analysis software by transforming these black
holes into ellipsoids and calculating the area of these ellipsoids. Then, the average
domain size (average diameter) was calculated statistically with the box plot method.
Details of this procedure can be found in Appendix E.
First of all, the fracture surface of neat PLA was investigated (Figure 4.7). The main
limitation in PLA applications is its inherent brittleness. As expected in a brittle
polymer, the impact fracture surface of PLA exhibits straight crack propagation
lines. These straight lines enhance further growth and make it easier to fracture the
specimen with a small amount of energy [130].

(a)

(b)

Figure 4.7 SEM micrographs of neat PLA with (a) x500 and (b) x3000
magnifications
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PLA/organoclay nanocomposites have similar fracture surfaces to neat PLA (Figure
4.8 – Figure 4.12). Most of the crack propagation lines are distinct and long.
However, in nanocomposites, crazing which is commonly observed in thermoplastic
glassy polymers upon shearing can be observed more clearly. Surfaces of the
nanocomposites are rougher compared to those of neat PLA. There are smaller
cracks developed in different directions due to the presence of organoclays. The
results of mechanical property investigations will be discussed in the forthcoming
sections, but it can be stated here that addition of nanofillers did not result in a
considerable enhancement in impact toughness compared to the impact toughness of
neat PLA. This means, addition of organoclays deflected the cracks and increased
their path to some extent, but they did not act as barriers to stop crack propagation.
Fibril structures formed during the impact test can be seen in almost all the images.
Compared to the nanocomposites, short fibrils bridging the cracks are more apparent
on neat PLA surface (Figure 4.7). Additionally, clay in the samples seems to be
homogeneously dispersed in the nanocomposites. There are no big agglomerated
stacks seen in the samples at these magnifications.

(a)

(b)

Figure 4.8 SEM micrographs of PLA/C15A nanocomposite with (a) x500 and
(b) x3000 magnifications
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(a)

(b)

Figure 4.9 SEM micrographs of PLA/C25A nanocomposite with (a) x500 and
(b) x3000 magnifications

(a)

(b)

Figure 4.10 SEM micrographs of PLA/C30B nanocomposite with (a) x500 and
(b) x3000 magnifications
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(a)

(b)

Figure 4.11 SEM micrographs of PLA/N5 nanocomposite with (a) x500 and
(b) x3000 magnifications

(a)

(b)

Figure 4.12 SEM micrographs of PLA/N8 nanocomposite with (a) x500 and
(b) x3000 magnifications

Blending PLA with compatibilizers resulted in phase separated morphologies for
both E-GMA and E-BA-MAH. However, sizes of the rubbery domains of these two
blends are considerably different. Just by considering the images of these blends at
x3000 magnification (Figure 4.13-b and Figure 4.14-b) bigger rubber droplets in
PLA/E-BA-MAH blend are seen. The average domain sizes of PLA/E-GMA and
PLA/E-BA-MAH blends are 714 and 1023 nm, respectively. Namely, average
droplet size of E-BA-MAH is 1.4-fold larger than E-GMA droplets, blended at the
identical conditions with PLA. In addition to the chemical interactions between the
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polymer matrix and the rubbers, the viscosities of different rubbers might result in
different coalescence mechanisms. For example, the viscosity of E-BA-MAH is
slightly higher than the viscosity of E-GMA. Increased viscosity of the blend results
in increase in the shear stress applied on the platelets during extrusion. However,
increasing viscosity also prevents the elastomeric phase to disperse into small
droplets, because the shear stress that is applied on to the material becomes
insufficient. So the coalescence rate increases.

(a)

(b)

Figure 4.13 SEM micrographs of PLA/E-GMA blend with (a) x500 and (b) x3000
magnifications

(a)

(b)

Figure 4.14 SEM micrographs of PLA/E-BA-MAH blend with (a) x500 and
(b) x3000 magnifications
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Morphologies of the ternary nanocomposites are different than the morphologies of
the binary nanocomposites and blends. Since the fracture surfaces are etched and
etching procedure annihilates the crack propagation lines, fracture mechanisms
cannot be elaborated. However, the phase separation between the polymer matrix
and the compatibilizer and the dispersion of the rubbery phase in the matrix can be
seen obviously. SEM micrographs of PLA nanocomposites containing E-GMA can
be seen in Figure 4.15 – Figure 4.19.

(a)

(b)

Figure 4.15 SEM micrographs of PLA/E-GMA/C15A nanocomposite with (a) x500
and (b) x3000 magnifications

(a)

(b)

Figure 4.16 SEM micrographs of PLA/E-GMA/C25A nanocomposite with (a) x500
and (b) x3000 magnifications
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(a)

(b)

Figure 4.17 SEM micrographs of PLA/E-GMA/C30B nanocomposite with (a) x500
and (b) x3000 magnifications

(a)

(b)

Figure 4.18 SEM micrographs of PLA/E-GMA/N5 nanocomposite with (a) x500
and (b) x3000 magnifications

(a)

(b)

Figure 4.19 SEM micrographs of PLA/E-GMA/N8 nanocomposite with (a) x500
and (b) x3000 magnifications
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In Figure 4.15 to Figure 4.19, etched fracture surfaces of the ternary nanocomposites
in which E-GMA is used as compatibilizer can be seen. Size and shape of spherical
vacuoles that remained after etching reveal the distribution of the domains, which is
an indication of the stability of the system. Domain sizes should be optimum since
both too small and too large domains can affect the final mechanical properties
adversely. For example, if the two phases are highly compatible, ultra-fine domains
could be formed. Finely distributed tiny domains might result in lower impact
strength values since they cannot act as barriers on the cracks, and the cracks can
propagate without touching the rubbery phases. On the other hand, too large domains
can form large cavities when they are deformed [131]. As mentioned before, domain
sizes of blends and nanocomposites were determined using Image J software and the
results are summarized in Table 4.2. In the samples containing E-GMA, narrow size
distribution of dispersed phase with sub-micron sizes could be attributed to the
compatibility of the phases with low interfacial tension and the achievement of
efficient reactive blending. The reactivity of epoxide group towards the functional
end groups of PLA (hydroxyl and carboxyl groups) results in good compatibilization
effect. These interactions between epoxide groups and PLA were proved in the
literature by FTIR analyses [132, 133]. FTIR spectra of the nanocomposites, which
will be given in the following sections, also support the presence of reactive
blending.
Increased domain sizes in the nanocomposites containing C25A and C30B could be
attributed to the positions of the clay nanoplatelets in the nanocomposite. If the
organoclay particles were dispersed in the PLA matrix, the clay platelets would
suppress the agglomeration of the elastomeric domains and cause a barrier effect that
hinders the recombination of elastomeric domains [134]. However, for C25A and
C30B, the average domain sizes increase with organoclay addition, no matter if they
are well dispersed or not, because the clay particles reside at the interphase between
the PLA and elastomeric material. Thus, the interfacial tension is reduced and the
domain sizes are enlarged. However, ternary nanocomposites of C15A, N5 and N8
with E-GMA as the rubber resulted in smaller domain sizes compared to those of
PLA/E-GMA binary blend. This indicates that these clay types are probably not
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compatible with E-GMA. Thus, they are dispersed in the PLA matrix, suppressing
the rubber droplets.

Table 4.2 Average domain sizes of all samples
Sample

Compatibilizer
Type

Clay Type

dav
(nm)

A-02

E-GMA

-

714

A-03

E-BA-MAH

-

1023

A-1

E-GMA

C15A

547

A-2

E-GMA

C25A

732

A-3

E-GMA

C30B

792

A-4

E-GMA

N5

540

A-5

E-GMA

N8

573

B-2

E-BA-MAH

C25A

1255

B-4

E-BA-MAH

N5

1146

Shapes of the vacuoles remained after etching are ellipsoids rather than spherical
droplets. This also indicates that there is a good interaction between the dispersed
phase and the matrix such that the impact load is shared between the phases. The
copolymer formed at the interface of the two phases acts a bridge which transfers the
load and increases the toughness [129, 135].
For the samples with E-BA-MAH, SEM images were taken only for C25A and N5
containing nanocomposites (Figure 4.20 and Figure 4.21). Similar to the difference
in binary blends, E-BA-MAH containing nanocomposites contain larger rubber
droplets than their equivalent samples prepared with E-GMA. In the ternary
nanocomposites containing E-GMA, increase in domain size was attributed to the
higher compatibility of the particular clay types with both polymer matrix and the
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compatibilizer, which in result decreased the surface tension between the phases.
However, this is probably not the case in E-BA-MAH containing nanocomposites.
As discussed previously, large droplets might be a result of increased coalescence
rate due to increased viscosity in extrusion or weaker compatibility of maleic
anhydride functional group to PLA, compared to epoxide functional group.
Changing morphologies of E-GMA and E-BA-MAH containing nanocomposites are
reflected in both mechanical and rheological properties, which will be discussed later
in this dissertation.

(a)

(b)

Figure 4.20 SEM micrographs of PLA/E-BA-MAH/C25A nanocomposite with
(a) x500 and (b) x3000 magnifications

(a)

(b)

Figure 4.21 SEM micrographs of PLA/E-BA-MAH/N5 nanocomposite with
(a) x500 and (b) x3000 magnifications
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Transmission Electron Microscopy
TEM provides information about the spatial distribution of clay nano-particles. Four
selected samples, which are nanocomposites of C25A and N5 were imaged, but the
samples containing E-BA-MAH as the rubbery phase were not considered. The
selection was mainly based on the XRD patterns of the nanocomposites which were
discussed previously. As mentioned before, the interlayer spacings in the presence of
E-BA-MAH were not increased. Furthermore, both mechanical and rheological
properties, which will be discussed in the following sections, were not enhanced with
the addition of E-BA-MAH to the nanocomposites.
Low magnification bright field TEM image of binary PLA/C25A nanocomposite can
be seen in Figure 4.22. Even though there are a number of large tactoids, most of the
clay particles are dispersed homogeneously.

2 μm

Figure 4.22 Low magnification TEM micrograph of PLA/C25A nanocomposite

At higher magnifications, it is possible to see three different dispersion states of the
clay nanoplatelets (Figure 4.23). Tactoids are clearly seen at all magnifications.
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Interlayer spacing between the intercalated layers are measured using Image J and
they are in accordance with the XRD results (~3.2 nm).

50 nm

20 nm

20 nm

20 nm

Figure 4.23 High magnification TEM micrographs of PLA/C25A: (A) tactoids, (B)
intercalated and (C) exfoliated clay nanoplatelets

According to the XRD analyses, addition of E-GMA to the binary PLA/C25A
nanocomposite resulted in increases in the interlayer spacing. TEM micrograph of
this nanocomposite at low magnification shows the dispersion of clay nanoplatelets
(Figure 4.24). Tactoids are rare in this micrograph where intercalated and orderly
exfoliated silicate layers can be seen. Because of the low contrast difference between
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the polymer matrix and the rubbery phase, positions of clay nanoplatelets cannot be
exactly determined. They might be dispersed in the continuous phase, in the rubber
phase or on the interface between the two phases. XRD patterns suggest that addition
of E-GMA resulted in increases in interlayer spacings. Therefore, clay nanoplatelets
are most probably embedded in the E-GMA phase or positioned on the interface. As
discussed by Baouz et al. [19] some of the clay nano-particles could be located in the
rubber phase, since its melting point is lower than that of PLA. During the extrusion
process, the rubber is melted before PLA so that fillers might be encapsulated in the
rubber before PLA melts. Increased domain sizes of ternary nanocomposites
containing C25A and C30B, seen in SEM images, suggest that the clay platelets are
also located at the interface of PLA and the rubber, decreasing the surface tension.
Thus, none of the morphology analyses directly indicate the position of clay
nanoplatelets, but they just show evidences supporting the possibilities of being
located on the interface between the two phases or embedded in the rubber phase.

0.1 μm

Figure 4.24 Low magnification TEM micrograph of PLA/E-GMA/C25A
nanocomposite

112

At higher magnifications (Figure 4.25) clay tactoids and orderly exfoliated silicate
layers can be seen in PLA/E-GMA/C25A nanocomposite. Compared to PLA/C25A
nanocomposite, the tactoids are smaller. There are many orderly exfoliated layers
close to the clay stacks.

50 nm

20 nm

20 nm

20 nm

Figure 4.25 High magnification TEM micrograph of PLA/E-GMA/C25A
nanocomposite
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According to the XRD results, increases in interlayer spacing of C15A, N5 and N8
are smaller compared to those of C25A and C30B, in both binary and ternary
nanocomposites. In order to represent these three clay types, N5 nanocomposites
were imaged with TEM. Figure 4.26 shows low magnification TEM micrograph of
PLA/N5 binary nanocomposite. The clay nanoplatelets are homogeneously dispersed
in the polymer matrix with varying sizes of tactoids.

0.2 μm

0.1 μm

Figure 4.26 Low magnification TEM micrographs of PLA/N5 nanocomposite

At higher magnifications (Figure 4.27), different dispersion states can be seen as in
the case of C25A binary nanocomposite. The layer spacings were analyzed with
Image J software at the intercalated sections, and the results are consistent with the
XRD analyses. Intercalated structures have interlayer spacing of about 3.7 nm
according to the XRD analyses. In the high magnification micrographs, gallery
heights varying between 3.5-4.0 nm were detected.
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50 nm

20 nm

50 nm

20 nm

Figure 4.27 High magnification TEM micrographs of PLA/N5 nanocomposite

When E-GMA is added to the binary PLA/N5 nanocomposite, relatively larger
tactoids were observed at low magnification images (Figure 4.28). However, at
higher magnifications, as in the case of C25A, exfoliated and intercalated structures
can be seen together with the tactoids (Figure 4.29).
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0.2 μm

0.1 μm

Figure 4.28 Low magnification TEM micrographs of PLA/E-GMA/N5
nanocomposite

Effects of clay dispersion on the mechanical and thermal properties of the
nanocomposites will be discussed in the forthcoming sections. Apart from those
inferences, only the spatial distributions of clay nanoparticles can be evaluated with
TEM, and the gallery heights calculated from XRD patterns of these nanocomposites
can be compared. In general, all of the nanocomposites imaged with TEM contain
multiple clay dispersion types. In every sample, intercalated/exfoliated structures
with tactoids of changing sizes are observed. Lengths of the tactoids in N5
nanocomposites are obviously shorter which can be attributed to the lower aspect
ratio of the N5 nanoparticles.
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50 nm

20 nm

20 nm

20 nm

Figure 4.29 High magnification TEM micrographs of PLA/E-GMA/N5
nanocomposite

4.1.2.2 Spectroscopic Analyses
FTIR analyses were performed to find evidences of the interactions between the
polymer matrix and the additives. The expected bands in the infrared spectra of PLA
are given in the literature and listed in Table 4.3. These peaks are characterized also
for the PLA used in this dissertation and shown Appendix A.
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Table 4.3 Characteristic bands in IR spectrum of PLA [133, 136]
Characteristic Peak

Bonding

Type

-C-C-

Stretching

868, 926

-OH

Bending

1047

-C-O-

Stretching

1093, 1130, 1194

-CH3

Bending

1456

-C=O-

Bending

1268

-C=O

Carbonyl stretching

1748

Symmetric bending deformation

1382

Asymmetric bending deformation

1365

Symmetric bending

2950

Asymmetric bending

2996

Positions (cm-1)

-CH-

-CH-

The interactions between the compatibilizers and the polymer matrix can be
followed through the changes in FTIR spectra of the blends and nanocomposites. As
an example, FTIR spectra of nanocomposites of C15A with and without
compatibilizers, together with neat PLA, neat E-GMA and neat E-BA-MAH are
shown in Figure 4.30. The reaction expected to occur between the end groups of
PLA (–COOH and/or –OH) and the epoxide group of E-GMA can be detected from
the decreasing intensity or disappearance of the epoxide peak seen at 910 cm-1 in the
FTIR spectra of neat E-GMA [133, 137]. Similarly, the possible reaction between
PLA end groups and maleic anhydride functional group of E-BA-MAH can be
observed from the decreasing intensity or disappearance of the maleic anhydride
peak seen at 1785 cm-1 [133, 138]. Both of the elastomers interacted with PLA
during melt blending so that both epoxide and maleic anhydride peaks disappeared in
the spectra of the corresponding nanocomposites. Similar results were obtained for
other clay types and FTIR spectra of them can be seen in Appendix A.
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(a)

(b)

910 cm-1

(c)

1785 cm-1

(d)
(e)
(f)
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Wavenumber (cm-1)

Figure 4.30 FTIR spectra of (a) PLA, (b) E-GMA, (c) E-BA-MAH, (d) PLA/C15A,
(e) PLA/E-GMA/C15A, (f) PLA/E-BA-MAH/C15A

4.1.2.3 Mechanical Analyses
Tensile and impact tests were done on neat PLA, PLA/compatibilizer binary blends,
PLA/organoclay binary nanocomposites and PLA/compatibilizer/organoclay ternary
nanocomposites. For every set of samples, tensile strength, Young’s modulus and
elongation at break values were determined using the stress-strain curves, and the
average values and standard deviation of the results are reported. Tabulated form of
mechanical test results can be found in Appendix B.
The impact strength of PLA is comparable with polystyrene which is another
relatively brittle polymer used extensively in industry. The tensile strength and
elastic modulus of PLA are comparable to PET, but the elongation at break for PLA
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is quite low, indicating low tensile toughness [139]. A typical stress-strain curve
obtained with neat PLA used in this study can be seen in Figure 4.31.
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Figure 4.31 Typical stress-strain curve of neat PLA

As stated previously, in order to improve material properties of the PLA, organically
modified clay nanoparticles were used as fillers. In order to improve toughness, two
different elastomers were blended to these nanocomposites. These elastomers were
also act as compatibilizers between the polymer matrix and the silicate layers.
Usually, blends of brittle materials with flexible polymers are expected to show
toughening, but this enhancement is accompanied by sacrifices in tensile strength
and modulus. Addition of fillers, on the other hand, leads to reductions in elongation
at break and impact strength while improving the tensile strength and modulus. The
main parameter underlying these property changes is the interfacial interactions
between the constituents of the nanocomposites. For example, the filler, which is
supposed to be strong and stiff, bears most of the load or stress applied to the matrix
while the polymer matrix, which has lower strength but higher toughness, effectively
transmits the load to the filler only if the interfacial interactions are strong enough
[140].
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The

mechanical

properties

of

PLA/organoclay

and

PLA/compatibilizer/organoclay nanocomposites discussed in this section reflect the
importance of the interactions between the constituents. FTIR spectra of both binary
PLA/compatibilizer

blends

and

ternary

PLA/compatibilizer/organoclay

nanocomposites revealed that reactive blending was achieved during extrusion with
both E-GMA and E-BA-MAH. However, morphologies of the nanocomposites
showed that the dispersion of clay nanoplatelets and elastomeric phases differ from
sample to sample. All nanocomposites were prepared at constant compatibilizer
and/or filler content; i.e., for binary PLA/compatibilizer blends the ratio is 90/10
(w/w); for binary PLA/organoclay nanocomposites the ratio is 98/2 (w/w); and for
ternary PLA/compatibilizer/organoclay nanocomposites the ratio is 88/10/2 (w/w/w).
Furthermore, processing conditions are identical for all the nanocomposites.
Therefore, the only reason that the material properties differ from each other could
be the interactions between the constituents.
Consistent with the expectations, addition of the compatibilizers resulted in
decreases in tensile strength and modulus values (Figure 4.32 and Figure 4.33). Both
of the binary blends have the same tensile strength and comparable modulus values,
both are lower than the neat PLA values. Surprisingly, PLA/organoclay
nanocomposites resulted in reductions in tensile strength with the maximum
reduction of 34% in PLA/N8 nanocomposite. In fact, addition of nanofillers is
expected to result in an enhancement in tensile strength. The reason of the reductions
obtained in this study might be weak spots in the matrix due to the clay agglomerates
in the non-compatibilized samples. Compatibilization, on the other hand, resulted
consistently with the general expectations of increasing tensile strength with addition
of nanoclay. For example, drastically decreased strength of the PLA/E-GMA blend
was improved with the addition of nanofillers up to 3.3-fold in PLA/E-GMA/N5
nanocomposite. Similar tensile strength reductions in binary nanocomposites and
improvement in ternary nanocomposites were reported recently in the literature [129,
141]. Nanocomposites containing E-BA-MAH also showed tensile strength
improvement with the addition of organoclay, but these enhancements are very low
compared to E-GMA containing samples.
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Figure 4.32 Effect of organoclay and compatibilizer types on tensile strength

Changes in Young’s modulus of binary blends and, binary and ternary
nanocomposites can be seen in Figure 4.33. Due to the elastomeric nature of the
rubbers modulus values of blends are lower than that of neat PLA [129]. Blending
with 10% E-GMA and E-BA-MAH caused 37% and 30% reductions in the tensile
modulus. These reductions are a little higher than the similar studies published in the
literature. For example, at 20 wt. % rubber content, the decrease is around 31% for
PLA/E-GMA blend in a study of Oyama [97].
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Figure 4.33 Effect of organoclay and compatibilizer types on Young’s modulus

In binary nanocomposites, enhancement was seen only with C25A and C30B while
the other clay types resulted in slight decreases. These two types of clays were
previously used in literature with PLA as polymer matrix. Affinity of C30B has
shown to be higher than that of C25A due to hydrogen-bonding between the
carbonyl group in the PLA structure and the hydroxyl group in the organic modifier
of 30B [100, 142, 143] even though modulus enhancement of C25A is slightly
higher in this study. Furthermore, compared to C15A, C25A has also shown to have
higher affinity to PLA [100]. According to the manufacturer, C15A, N5 and N8
involve similar organic modifiers and the main differences between them are the
modifier contents and d-spacing values. Reminiscently, according to the XRD
patterns, lower affinity of these clay types resulted also in lower degree of
intercalation. Thus, dispersion of the filler and mechanical properties are highly
affected by the intermolecular affinities of organic modifier with the polymer matrix
even at low concentrations, i.e., 2 wt. %.
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Positive effect of addition of nanofiller on the tensile modulus is clearer in ternary
nanocomposites. Modulus reductions due to blending are highly compensated with
addition of 2 wt. % organoclay for each sample. This is owing to the stiffening effect
of the clay nanoplatelets which promotes chain immobilization [141, 144, 145, 146].
The most interesting results obtained from tensile tests are probably the elongation at
break values. Neat PLA is known to elongate not more than 10% indicating that it is
hard and brittle. Figure 4.34 shows the changes of elongations of binary blends and
binary and ternary nanocomposites. Blending with E-GMA resulted almost 8-fold
increase in elongation at break. However, blending with E-BA-MAH caused
reduction in elongation. Ternary nanocomposites containing E-BA-MAH also failed
at very low elongations, such that all of these nanocomposites failed at a lower
percent elongation value compared to neat PLA. Petersson et al. [147] reported
decreases in elongation at break of PLA/organically modified layered silicates with
the addition of maleic anhydride grafted PLA (PLA-MA) to the nanocomposites. For
example, elongation at break of PLA/bentonite nanocomposite with 5 wt. % clay
decreased from 46% to 9% with the addition of PLA-MA. This decrease was from
70% to 32% for PLA/hectorite nanocomposite. Previously presented SEM images of
PLA/E-BA-MAH binary blend and PLA/E-BA-MAH/organoclay nanocomposites
involve considerably larger rubber droplets in their structure. Average droplet sizes
of E-BA-MAH containing samples are almost 1.4-fold larger than the ones
containing E-GMA. The change in morphology might be the reason of these drastic
decreases in elongation at break values.
It is well known that the addition of stiff reinforcements can reduce the elongation at
break of the matrix, because the reinforcements will cause stress concentrations.
However, this is not the case in PLA/organoclay nanocomposites produced in this
study. Contrarily, all clay types increased the percent elongations even at higher
level than blending with E-GMA. For PLA/organoclay nanocomposites, increases in
elongation values are also reported in literature. For example, Chang et al [148]
claimed that the elongation at breaks of PLA increased with the introduction of an
organoclay and with increasing organoclay content. However, 3 wt. % of organoclay
loading corresponds to a maximum value, giving a 36 – 49 % increase in the
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elongation at break. Thus, it was concluded that in a certain organoclay content
range, the introduction of organoclay will lead to both strengthening and toughening
of the PLA matrix. This may be regarded as a feature of nanocomposites. A further
increase in the organoclay content leads to a decrease in the elongation at break. In
that study [148], elongation at break started to decrease after 4 wt. % clay loading.
Until a certain loading, both the small clay tactoids and the exfoliated/intercalated
structures can be aligned during injection molding and also during tensile testing.
This alignment in the direction of extension may also help distribution and transfer
of load between the matrix and the filler, resulting in an increase in elongation.
However, at higher filler contents, mobility of the constituents might decrease,
causing a reduction in elongation at break.

Figure 4.34 Effect of organoclay and compatibilizer types on percent elongation at
break
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For the samples in which E-GMA is used as the rubbery phase, the elongations of
samples containing C15A, N5 and N8 are significantly higher than the elongations of
other clays. XRD patterns of E-GMA containing ternary nanocomposites showed
that C25A and C30B reached higher degrees of intercalation. Additionally, SEM
micrographs of these nanocomposites suggest that in these nanocomposites clay
nanoplatelets are more probably located at the interface between the matrix and the
rubber droplets. These situations might prevent the alignment of silicate layers in the
direction of extension, lowering the final strain at break.
Unnotched Charpy impact strength of neat PLA, PLA binary blends and PLA
nanocomposites are shown in Figure 4.35. The unnotched impact strength is a
measure of the energy to initiate and propagate a crack, in other words resistance to
crack initiation and propagation [149]. Incorporation of 2 wt. % clay into the
polymer matrix caused a minor decrease in the impact strength, independent of the
type of clay. SEM images of the binary nanocomposites involved smaller cracks
compared to that of neat PLA surface. However, as discussed before, deflection of
the cracks obviously did not act as barriers to stop crack propagation and did not
increase the energy absorbed.
The binary blends reached the highest impact strength values such that blending with
E-GMA and E-BA-MAH resulted in increases of 1.5 and 1.4-fold compared to neat
PLA. The mechanical properties and the morphological studies revealed that the
interaction between different compatibilizers and PLA resulted in different structures
and properties such that the clay dispersions, droplet sizes and tensile properties are
very distinct in the presence of different rubbers. Although, they resulted in different
structures; the reactive interaction between both rubbers and the polymer matrix was
proven by FTIR results. The copolymer formed at the interface of the two phases, as
a result of the reaction that occurred during extrusion, acts a bridge which transfers
the load and increases the toughness [129, 135]. Furthermore, ellipsoidal shape of
the vacuoles that remained on the fracture surface (presented in Section 4.1.2.1)
indicates that there is good interaction between the dispersed phase and the matrix
such that the impact load is shared between the phases. Otherwise, the droplets
would probably have spherical shapes.
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Figure 4.35 Effect of organoclay and compatibilizer types on impact strength

Impact strength values of ternary nanocomposites containing E-GMA are all higher
than that of neat PLA, but lower than that of the binary PLA/E-GMA blend. The
trends of E-BA-MAH containing nanocomposites are similar, but all of these
samples resulted in a reduction compared to that of neat PLA. The improvement of
impact strength by blending with block copolymers is directly related to the size of
the dispersed elastomeric domains in the polymer matrix. Usually, as the domain size
increases the impact strength increases owing to lower stress concentration effect of
the domains. However, the domain size should not be too high to obtain high
toughness, because large domains form large cavities that cannot stop the crack
propagation. Image analyses of SEM micrographs showed that the droplet sizes of EGMA and E-BA-MAH are significantly different than each other. Namely, E-BAMAH droplets are almost twice the E-GMA droplets, both in binary blends and
ternary nanocomposites. This difference in rubber domain sizes and the
incompatibility of E-BA-MAH, which is observed in almost all material properties,
are the main reasons of reduced impact strength values.
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4.1.2.4 Rheological Analyses
Time Sweep Measurements
The melt stability of the nanocomposites can be determined via time sweep
measurements at constant frequency and strain amplitude. Figure 4.36 shows the
change of the storage modulus curves of processed neat PLA and its blends with
respect to time. Decreases in storage modulus values after 15 minutes of testing are
16, 6 and 12% for PLA, PLA/E-GMA and PLA/E-BA-MAH, respectively,
indicating that blending affects thermal stability positively. Additionally, decreases
in storage modulus of PLA and PLA blends can be said to be reasonable when no
thermal stabilizers were used [150, 151]. Although not shown here, the decreases in
storage modulus curves of layered silicate filled nanocomposites are observed to be
smaller owing to the increased thermal stability of polymer-layered silicate
nanocomposites [5, 2]. As a result, in order to be sure that the samples have a stable
viscoelastic response, the frequency sweep tests that were carried on later were
limited to 10 minutes.
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Figure 4.36 Time sweep curves of processed neat PLA, and PLA/E-GMA and
PLA/E-BA-MAH blends at 170°C, at 5% strain amplitude and 10 rad/s

Strain Sweep Measurements
Strain sweep test is important to determine the Linear Viscoelastic Range (LVR) of
materials. Frequency sweep tests should be conducted in the LVR. Figure 4.37
shows strain sweep curves of neat PLA and its binary and ternary nanocomposites
for only one organoclay type, C25A, as an example. Even though actual values are
different, trends for all clay types are quite similar.
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Figure 4.37 Strain sweep curves of processed neat PLA, PLA blends and, binary and
ternary nanocomposites produced with C25A

Since the filler loading is relatively low, a critical strain value at which a pronounced
nonlinear behavior starts could not be clearly observed, but there is a slight decrease
in storage modulus at higher strain amplitudes. Such behavior can be considered as a
characteristic of polymer-layered silicate nanocomposites, and it is prominent at high
loadings [2, 152]. In the linear range, applied strain is not enough to disturb the
microstructure, but as the strain increases layered silicates start to align in the
direction of shear, paving the way of polymer chains to flow. Blends and ternary
nanocomposites have higher storage modulus values than that of the simple
nanocomposites, but the nonlinear behavior is observed more clearly in the blends
and ternary nanocomposites. Especially PLA/E-BA-MAH/C25A showed an abrupt
change in the limit of non-linearity compared to its binary combinations.
Nanocomposites with different types of organoclays were investigated similarly. In
terms of the limit of linearity, all nanocomposites resulted in a similar trend but with
different orders of magnitudes of rheological properties due to the varying polymer
matrix-compatibilizer-modifier interactions in the microstructure.
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Frequency Sweep Measurements
Frequency sweep measurements were performed at a common strain amplitude (5%)
at which all of the nanocomposites are within their LVR. Figure 4.38 and Figure
4.39 show G’ and G” data of PLA nanocomposites containing different organically
modified clay types. Even though all the nanocomposites show the same trend, small
differences provide evidences about the modifier-matrix interactions. There are no
obvious changes in the slopes of the curves, either in low or high frequencies,
compared to those of processed neat PLA. In fact, drastic increases in solid-like
behavior can be seen at elevated filler loadings due to the formation of a network
structure. At the current filler loading, storage modulus of nanocomposites
containing C25A and C30B are only slightly higher than that of the neat PLA.
Compatibility of these clays with the polymer matrix was also supported by the XRD
patterns obtained in this study and the previous studies reported in the literature [100,
142]. Therefore, these clay types are more likely to form network structures resulting
in enhancement in solid-like behavior. Nanocomposite containing N5 attained almost
the same modulus values as neat PLA did, whereas in the presence of C15A and N8
modulus values are lower than that of the neat polymer at all frequencies. Since the
rheological behaviors of nanocomposites are influenced by the intercalation of the
polymer and formation of interconnected structures, enhancements in dynamic
modulus values are expected for C25A and C30B.
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Figure 4.38 Storage modulus as a function of frequency for PLA/organoclay
nanocomposites produced with different clay types
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Figure 4.39 Loss modulus as a function of frequency for PLA/organoclay
nanocomposites produced with different clay types
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Changes in G” are less pronounced, but the complex viscosity reveals the alterations
more evidently (Figure 4.40). Usually, the consequence of adding fillers on
rheological properties is an increase in the melt viscosity. However, in this study, 2
wt. % clay loadings resulted in lower complex viscosity for some clay types. It is not
a coincidence that these reductions are encountered with C15A, N5 and N8
containing nanocomposites. Similar modifier structures with different modification
levels and hallow tail contents of these three clay types resulted in viscosity
reductions at different levels. Additionally, such decreases in viscosities of
nanocomposites were seen in literature at low clay loadings [152].
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Figure 4.40 Complex viscosity as a function of frequency for PLA/organoclay
nanocomposites produced with different clay types

Based on the binary nanocomposites’ rheological behavior, clay types can be
classified under two groups. C25A and C30B resulted in higher interaction with the
polymer matrix reaching higher degrees of intercalation and improved dynamic
modulus and viscosity values. However, C15A, N5 and N8, with their similar
modifier structures, resulted in lower degree of intercalation and reductions in the

133

complex viscosity. The reason for the latter case may be the incompatibility of the
modifier-matrix system resulting in stacks of silicate layers which could align easily
even at low frequencies. This is, in fact supported by the low magnification TEM
results where clay stacks of N5 are larger than C25A.
Addition of the ternary phase was carried out for both groups of clays. There are
mainly two reasons for adding a rubbery phase to the nanocomposite system. First, it
is expected to act as a compatibilizer between the clay surface and the polymer
matrix. Secondly, in practical applications of the nanocomposites, if selected
properly, the presence of a rubbery phase provides superior mechanical properties.
Effects of adding two different types of rubbery compatibilizers were examined
again for C25A and N5 nanocomposites. Figure 4.41 shows the storage modulus
curves of nanocomposites with C25A. In order to follow the effect of addition of
both filler and compatibilizer step by step, curves of neat PLA and its binary blends
are also shown.
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Figure 4.41 Storage modulus as a function of frequency for neat PLA, PLA blends
and, binary and ternary nanocomposites produced with C25A
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In the low frequency region, PLA/E-GMA blend and its nanocomposite resulted in
considerably higher modulus values. Especially the slope of PLA/E-GMA blend
changes significantly with an elevated elastic behavior. Addition of the nanoclay to
PLA/E-GMA system reduced the solid-like behavior in the low frequency region. In
the presence of organoclay, the reaction between PLA and compatibilizer could be
limited due to the preferential placement of the silicate layers on the interface of the
matrix polymer and the elastomeric phase. In PLA/E-BA-MAH blend, increase in
solid-like behavior was not that high; it is even lower than that of PLA/EGMA/C25A nanocomposite. This might be due to higher reactivity of the epoxide
group of GMA towards the functional end groups of PLA (hydroxyl and carboxyl
groups) in comparison to the MAH functional group. Decrease in G’ in the low
frequency region was also seen with the addition of C25A to PLA/E-BA-MAH
blend. In the high frequency region, G’ of all the nanocomposites were quite similar,
indicating that the addition of nanoclay had no substantial influence on the shortrange dynamics of the blend and the chain relaxation modes are almost independent
of the presence of the silicate layers [152, 153]. G” curves also exhibit comparable
modulus values at higher frequencies, supporting the previous interpretation (Figure
4.42). Reflection of the changes in both dynamic moduli of nanocomposites to the
complex viscosities can be seen in Figure 4.43. Interestingly, PLA/E-BAMAH/C25A has the lowest viscosity values, whereas viscosity of the PLA/E-BAMAH blend is almost unchanged compared to that of neat PLA. The reason might be
the increased chain mobility and alignment of silicate layers easily due to weak
interactions in the ternary system. On the contrary, PLA/E-GMA and its
nanocomposite have high viscosity values through the whole frequency range which
can be attributed to higher compatibility of E-GMA with PLA and successful
reactive blending achieved in melt extrusion. Enhanced melt viscosity could be
attributed to the flow restrictions due to the strong interaction between PLAcompatibilizer-organoclay system. Newtonian plateau in the low frequency range
disappeared in the nanocomposites and it is followed by a shear thinning behavior.

135

1000000
100000

G'' (Pa)

10000

1000
Neat PLA
PLA/E-GMA
PLA/E-BA-MAH
PLA/C25A
PLA/E-GMA/C25A
PLA/E-BA-MAH/C25A

100
10
1
0.1

1

10

100

1000

Frequency, ω (rad/s)

Figure 4.42 Loss modulus as a function of frequency for neat PLA, PLA blends
and, binary and ternary nanocomposites produced with C25A
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Figure 4.43 Complex viscosity as a function of frequency for neat PLA, PLA blends
and, binary and ternary nanocomposites produced with C25A
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Even though the degree of clay dispersion and binary nanocomposite rheological
behaviors are different, N5 nanocomposites revealed very similar traces to C25A
nanocomposites in terms of storage modulus (Figure 4.44). Solid-like behavior of
PLA/E-GMA blend reduced with the addition of nanoclay and G’ of all binary and
ternary nanocomposites are below the PLA/E-GMA blend. Both dynamic moduli
curves reach approximately the same values indicating that the chain relaxation
nature of nanocomposites depends barely on the presence of layered silicates (Figure
4.44 and Figure 4.45).
Melt viscosity of N5 nanocomposites (Figure 4.46), on the other hand, exhibit the
effect of compatibilizer structure. Independent of the presence of N5, addition of EGMA resulted in enhanced melt viscosity values. Accordingly, effect of blending,
when successful reactive blending is achieved, is to suppress the effect of the
modifier compatibility at low filler contents.
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Figure 4.44 Storage modulus as a function of frequency for neat PLA, PLA blends
and, binary and ternary nanocomposites produced with N5
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Figure 4.45 Loss modulus as a function of frequency for neat PLA, PLA blends and,
binary and ternary nanocomposites produced with N5
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Figure 4.46 Complex viscosity as a function of frequency for neat PLA, PLA blends
and, binary and ternary nanocomposites produced with N5
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4.1.2.5 Thermal Analyses
Thermal properties of neat PLA, PLA/compatibilizer binary blends, PLA/organoclay
and PLA/compatibilizer/organoclay nanocomposites were investigated using DSC.
Thermal properties, especially the changes in glass transition temperature and degree
of crystallinity, give information about the material properties. Changes in the glass
transition, for instance, provide information about the toughness of the composites,
while degree of crystallinity provides information about the molecular chain
configuration and the possibility of nucleation effect of compatibilizers and the
fillers in the final product at the applied processing conditions. Thermal properties of
the PLA nanocomposites can be seen in Table 4.4 Percent crystallinities of the
samples were calculated according to Equation (2.4) using DSC curves given in
Appendix C.
It is known that twin-screw extrusion leads to degradation of the PLA with chain
scissions. This degradation, generating smaller chains and higher chain mobility
might result in an increase in degree of crystallinity. Hence, 7% increase in
crystallinity of neat PLA by extrusion can be attributed to chain scission. Oyama
reported that the dispersed E-GMA in PLA played the role of nucleating agent and
promoted the crystallization of the matrix [97]. In this study, PLA/E-GMA/clay
nanocomposites exhibited slightly higher crystallinities compared to those of binary
nanocomposites; however, the difference is not that significant. Addition of E-BAMAH to the nanocomposites resulted in the highest crystallinity values. Weaker
compatibility of E-BA-MAH with the polymer matrix and the clay nanoparticles
might result in easier alignment of polymer chains due to decreased restrictions.
Another point to be noted is that Tg values of PLA/organoclay nanocomposites are
slightly lower than that of pristine PLA and its ternary nanocomposites. Similar
decreases are also reported in the literature [154, 155] .
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Table 4.4 Thermal properties of neat PLA, PLA/compatibilizer binary blends,
PLA/organoclay and PLA/compatibilizer/organoclay nanocomposites determined by
DSC
Code

Content

Tg (°C)

Tm (°C)

Xc (%)

A-00

Neat PLA (unext.)

62.1

148.0

3.3

A-01

Neat PLA (ext.)

60.4

147.2

10.0

C-1

PLA/C15A

57.9

147.0

6.3

C-2

PLA/C25A

58.2

146.5

6.7

C-3

PLA/C30B

58.1

146.7

6.7

C-4

PLA/N5

58.7

146.8

6.4

C-5

PLA/N8

58.6

145.8

7.0

A-1

PLA/E-GMA/C15A

61.1

148.4

6.4

A-2

PLA/E-GMA/C25A

60.5

147.0

6.7

A-3

PLA/E-GMA/C30B

60.9

146.0

7.6

A-4

PLA/E-GMA/N5

60.1

146.8

7.6

A-5

PLA/E-GMA/N8

60.4

148.1

7.2

B-1

PLA/E-BA-MAH/C15A

60.4

148.6

9.1

B-2

PLA/E-BA-MAH/C25A

60.0

148.4

8.4

B-3

PLA/E-BA-MAH/C30B

60.6

147.8

9.9

B-4

PLA/E-BA-MAH/N5

60.7

149.4

9.4

B-5

PLA/E-BA-MAH/N8

60.1

148.0

9.3

4.2. PLA/Expanded Graphite Nanocomposites
In this part of the study, expanded graphite was used as filler material where PLA
was used again as the polymer matrix. In the literature, graphite and its derivatives
were shown to be promising alternatives to nanoclays to produce nanocomposites,
since they have low mass density compared to the conventional fillers. Additionally,
their electrical and thermal conductivities are high owing to the sp2 hybridized
carbons in the graphene layers [10]. As in the case of all other nanofillers, the main
difficulty in manufacturing polymer/graphite nanocomposites is the dispersion and
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distribution of the fillers in the polymer matrix. In the literature, three conventional
techniques are mainly employed to provide good dispersion and distribution. These
are in situ polymerization, solution compounding and melt blending, which are
explained in detail in Chapter 2 of this dissertation. To see the effects of different
production methods on the dispersion problem of expanded graphite (EG) in the
polymer matrix, extrusion and solution mixing techniques were compared. In the
meantime, effect of EG content in the composites and addition of E-GMA as impact
modifier were investigated. To the best of our knowledge, addition of a ternary
elastomeric polymer was tried for the first time in this study.
Since the expanded graphite used in this study was provided from the manufacturer
as a confidential product, the technical data about it is limited. Therefore, EG studies
started with the characterization of EG itself. Then, the PLA/EG composites and
PLA/E-GMA/EG composites were produced and characterized.

4.2.1 Characterization of Expanded Graphite

4.2.1.1 Energy-Dispersive X-Ray Spectroscopy
EDX is an analytical technique used for the elemental analysis or chemical
characterization of a sample. The methods followed by the producer to expand the
graphene layers in the EG structure such as acid intercalation or alkali metal
treatment might result in some impurities in the structure of EG. Only carbon and
oxygen could be detected in the elemental analysis and no metal contaminants exist
in the structure as shown in Figure 4.47. This indicates the formation of graphite
oxide (GO) during the EG fabrication. In EDX analysis it is known that elements in
low abundance will generate X-ray peaks that may not be resolvable from the
background radiation [156]. This might indicate that GO formation is in very small
amounts since the oxygen peak is at very low intensity compared to carbon peak.
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Figure 4.47 EDX spectrum of EG (Timrex® C-Therm 001)

4.2.1.2 Brunauer–Emmett–Teller (BET) Surface Area Analyses
Surface area of the filler is an important parameter, the higher the surface area the
higher the polymer-filler interaction. The BET surface area analysis on Timrex® CTherm 001 exhibited a surface area of 23.9 m2/g. This surface area is comparable to
the other commercially produced products of the same manufacturer [119, 157].

4.2.1.3 X-Ray Diffraction
XRD analyses provide information about the interlayer spacing between graphene
sheets comprising the graphite structure. XRD pattern of EG shows an intense peak
at a 2θ value of approximately 26.5°, which is assigned to the stacking of single
graphene layers at a distance of 0.335 nm (Figure 4.48). This interlayer spacing is
consistent with the values reported in the literature [119, 157].
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Figure 4.48 XRD pattern of pure EG (Timrex® C-Therm 001)

4.2.2 Characterization of PLA/Expanded Graphite Composites

4.2.2.1 Morphological Analyses
X-Ray Diffraction
XRD patterns are important since they provide information about the structure of
polymer-filler interaction. However, in terms of quality of EG dispersion, the term
‘complete exfoliation’ has no exact meaning like in the case of OMLS. Accordingly,
it was revealed that using different procedures of premixing and various processing
conditions, EG mostly yields partially exfoliated graphite, because the carbon
nanosheets in the structure remain interlinked with each other [158].
XRD patterns of composites are given in Figure 4.49 and Figure 4.50, showing
samples produced via melt blending and solution mixing, respectively.
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Figure 4.49 XRD patterns of PLA/EG nanocomposites prepared by extrusion

Figure 4.50 XRD patterns of PLA/EG nanocomposites prepared by solution mixing
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The presence of the sharp peak at 26.5o confirms not only the presence of pure
graphite based on stacks of parallel graphene sheets, but also the fact that both melt
blending and solution mixing applied in this study are not able to exfoliate or
completely separate the graphene layers, and some sheets still exist in aggregate
form. Since EG is fragile and breaks down during blending with different polymers it
is generally assumed that in polymer/EG composites it is difficult to completely
delaminate the nano-filler, and even in advanced mixing conditions a dense stacking
of single graphene layers still exists [157].
Reduced intensity of the peaks as the EG concentration is attributed to lower number
of aggregates and graphite layers. In other words, the increased intensity recorded at
higher EG content is probably due to the higher number of graphene layers
organized in stacks. In short, XRD patterns confirm that with both production
methods the graphite platelets remain organized at least partially in multilayers and
thus, maintain their original d-spacing.
Addition of E-GMA has no effect on layer spacing of EG structure. In this part of the
study, addition of the rubber just improves the mechanical properties of the final
product. In this study, EG is used without making any modifications on the surface.
This probably resulted in lack of wetting of the EG surface. E-GMA might act as a
compatibilizer if the EG structure is chemically modified and better polarity
matching between the filler and the rubber is achieved. In the literature, two different
methods were employed for this purpose: 1- oxidative plasma treatments to populate
the graphite surface with carboxyl and hydroxyl groups; 2- bonding of epoxy
oligomers to the nano-reinforcements using reactive coupling agents. Both of these
approaches have proven to be successful with graphite structures [159]. Modification
of EG surface could be considered as a suggestion for the continuation of this study.

Scanning Electron Microscopy
As mentioned in the previous part, blending with a rubbery polymer is one of the
mostly used methods to improve the toughness of a brittle polymeric material. The
enhancement is mainly related to the dispersion of the rubbery phase in the polymer
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matrix. In order to investigate the fracture surface and the dispersion of the rubbery
phases SEM is used.
Impact fractured surfaces of the specimens were imaged, and the images at x500 and
x3000 magnifications were taken for each specimen. The average size of the
dispersed phase was analyzed by using Image J software program. At least two
images with a magnification of x3000 were analyzed. The area of each hole in the
samples was determined by using the image analysis software by transforming these
holes into ellipsoids and calculating the area of these ellipsoids. Then, the average
domain size (average diameter) was calculated statistically with the box plot method.
Figure 4.51 shows the dispersion of EG in the PLA matrix at the lowest
concentration (0.5 wt. %) when melt blending was employed as the preparation
method. At the lowest magnification (Figure 4.51–a) stacks of EG can clearly be
seen. At the lowest EG concentration, PLA/EG composites mostly exhibit straight
crack propagation lines. These straight lines enhance further growth and make it
easier to fracture the specimen with a small amount of energy [130]. However,
especially around the large stacks, small short cracks extending to different
directions can be seen. The stacks seen in higher magnification images are different
in size, but all are in micron scale in two directions. Therefore, it would be
appropriate to consider these final products as “composites” rather than
“nanocomposites”. Again in Figure 4.51, graphene sheets forming the graphite
structure can be seen. There is no evidence of polymer penetration into the graphene
layers supporting the XRD results.
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Figure 4.51 SEM micrographs of PLA/EG-0.5 prepared via extrusion at
(a) x500 and (b), (c) and (d) x3000 magnifications

Figure 4.52 shows the SEM micrographs when the EG concentration is increased 4fold. At low concentrations, it is difficult to elaborate on the EG dispersion, but at
higher concentrations it is clearly seen that the EG stacks are distributed
homogeneously in the polymer matrix, but the polymer chains still could not
penetrate into the graphene sheets. However, the sizes of the stacks are varying as
expected since EG is fragile and breaks down during blending [157]. Furthermore,
the crack propagation lines are not distinct as seen in neat PLA (Figure 4.7) and in
PLA/EG-0.5 binary composite (Figure 4.51). Many short cracks are seen around the
stacks. The results of mechanical property investigations will be discussed in the
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following sections, but beforehand it should be stated that addition of EG did not
result in drastic enhancement in impact toughness compared to that of neat PLA.
This means, addition of EG deflected the cracks and increased their path to some
extent, but they did not act as barriers to stop crack propagation. Conversely,
presence of large EG agglomerates might create weak spots due to lack of wetting of
the filler surface, namely due to weak interface interactions.

Figure 4.52 SEM micrographs of PLA/EG-2 prepared via extrusion at (a) x500 and
(b), (c) and (d) x3000 magnifications
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At the same processing conditions with the PLA/EG composites, PLA/E-GMA
(90/10) binary blend was also produced and imaged (Figure 4.53). Etching was not
applied to the samples containing E-GMA in the structure. Nevertheless, the phase
separation between the PLA matrix and elastomer E-GMA can apparently be seen in
samples produced by extrusion.
Phase separation between PLA and E-GMA occurs such that E-GMA forms droplets
in the polymer matrix. Droplet matrix morphologies are expected to increase the
toughness of the blend, but the final properties depend upon the average domain size
and inter-domain distances. Small inter-particle distance suppresses craze or crack
growth and facilitate the overlap of the stress fields around the adjacent rubber
articles. By this way, local shear yielding is promoted and high impact energies are
absorbed [160]. However, the size of the domain should be neither too small nor too
big. When there is high adhesion owing to good compatibilization, ultra-fine
domains of elastomers can be formed, and this structure results in low impact
strength values, because crack propagation lines progress without touching the
elastomer domains. Larger elastomeric domains also influence the toughness
negatively, since they form large regions that could not stop the crack propagation.
In this case, SEM micrograph of this blend shows evenly distributed rubbery phases
with the crack propagation lines that are denser and shorter. This indicates
toughening of the blend and the results of the mechanical property investigation
studies will be discussed later. The radius of the distributed rubber phase is
determined as 837 nm for PLA/E-GMA blend. Furthermore, shapes of the vacuoles
on the fracture surface are all ellipsoidal which indicates that there is a good
interaction between the dispersed phase and the matrix so that the load is
successfully shared between the phases.
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Figure 4.53 SEM micrographs of PLA/EG (90/10) binary blend prepared via
extrusion at (a) x500 and (b) x3000 magnifications

Addition of 0.5 wt. % EG to the binary blend has the effects is shown in Figure 4.54.
Distribution of EG seems homogeneous. However, graphite structures seen at higher
magnifications are not different than in the samples in which E-GMA was not
present. In this respect, SEM images support XRD results where there are no
changes in the characteristic peak of EG with the addition E-GMA. Moreover, the
EG agglomerations are still in micron sizes and the average radius of E-GMA
droplets are 668 nm, which is 20% smaller than the droplets observed in PLA/EGMA binary blend. Presence of large EG tactoids in the polymer matrix might
suppress the rubber droplets, although the EG loading is very low.
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Figure 4.54 SEM micrographs of PLA/E-GMA/EG-0.5 prepared via extrusion at
(a) x250 and (b), (c) and (d) x3000 magnifications

As an alternative to the melt blending method, polymer matrix, PLA, and the filler,
EG, was also mixed in solution. During mixing, ultrasound was applied to the
mixture as well as to the EG solution before mixing in order to enhance EG
dispersion. However, XRD analyses revealed that the interlayer spacing of the EG
structure was identical to the one obtained in melt blending. SEM images of the
samples prepared via solution mixing are given below.
In Figure 4.55-a agglomerates of the filler can be seen. The crack propagation lines
are distinct and straight. However, there are also shorter cracks especially around the
agglomerates. Even though the XRD patterns of solution mixed samples are almost
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identical to the complementary composites prepared by extrusion, in Figure 4.55-c
and Figure 4.55-d exfoliated graphite structures are detected at low EG content.
Improved mechanical properties of solution mixed samples, which will be discussed
later, could be attributed to these rare but exfoliated EG structures. Fiber structures
formed during shearing are seen at higher magnifications.

Figure 4.55 SEM micrographs of PLA/EG-0.5 prepared via solution mixing at
(a) x500 and (b), (c) and (d) x3000 magnifications
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When the EG concentration was increased 4-fold, similar to the extruded
composites, crazing on the fracture surface becomes more obvious (Figure 4.56).
Stacks of EG show similar structures both in extruded and solution mixed samples.
However, in the solution mixed samples some graphite structures with lower number
of graphene layers compared to the agglomerates are observed. This structure
indicates that solution mixing method used in this study is partially successful to
separate carbon layers in the graphite structure, but it is still not enough to totally
disperse them in the polymer matrix.

Figure 4.56 SEM micrographs of PLA/EG-2 prepared via solution mixing at
(a) x500 and (b), (c) and (d) x3000 magnifications
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Mixing PLA and E-GMA in a solution results in a very different morphology
compared to the one obtained with melt blending. In melt blending, the rubbery
phase E-GMA forms droplets in the polymer matrix. As shown in Figure 4.57 the
same blend prepared via solution mixing show a continuous morphology with no
visible interface between the phases. As indicated before, etching procedure was not
applied to these samples. However, in the melt blended PLA/E-GMA, phase
separation between the matrix and the rubber was apparent though etching was not
applied.
It is generally difficult to predict the mechanical properties of a mixture, and
understanding the effects of mixing is necessary. One should know the conditions
under which polymers would form either a homogeneous phase or a two-phase
structure. It is obvious that the thermodynamics of mixing in extrusion and solution
mixing are different. The factors that affect the miscibility of two polymeric
materials are: interacting surface areas, coil dimensions as a function of temperature,
molar mass and concentration, molar mass distribution and free volume [161]. Each
of these factors changes in different production methods. Furthermore, in melt
blending, though high magnitudes of shear are applied and there is continuous
mixing throughout the extruder, the polymeric materials can interact only at the
interface of the coalesced droplets. In solution mixing, the possibility of interaction
between the polymer matrix chains and the elastomer chains is higher. Thus, the
final morphologies are different.
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Figure 4.57 SEM micrographs of PLA/E-GMA (90/10) binary blend prepared via
solution mixing at (a) x500 and (b) x3000 magnifications

Addition of EG to the PLA/E-GMA blend prepared by solution mixing did not also
show any phase separation morphology (Figure 4.58). EG stacks are still in micron
sizes with no evidence of polymer or rubber intercalation between the carbon layers.
The single phase obtained with solution blending of PLA and E-GMA resulted in
rough fracture surface indicating high energy absorbance during impact. However,
compared to PLA/EG-0.5 nanocomposite prepared via solution mixing (Figure 4.55),
the crack propagation lines are superficial and some small holes are observed which
might cause decreases in energy absorbed in the case of an impact load.
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Figure 4.58 SEM micrographs of PLA/E-GMA/EG-0.5 prepared via solution at
(a) x250 and (b), (c) and (d) x3000 magnifications

Transmission Electron Microscopy
PLA/EG-2 and PLA/E-GMA/EG-2 samples were selected to obtain more
information on the structure using TEM. In fact, the presence of large agglomerates
can be seen in SEM images presented in the previous section. Almost all of the
agglomerates seen in SEM images are in micron sizes. In TEM micrographs, smaller
EG structures can be seen. Figure 4.59 shows TEM micrographs of PLA/EG-2 at
different magnifications. At low magnification (Figure 4.59-a) a large tactoid is
observed. At higher magnifications, especially in Figure 4.59-c together with a
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tactoid in sub-micron size, some single EG layers or smaller assemblies with a few
number of graphene sheets can be observed.
Addition of E-GMA to PLA/EG-2 composite has no significant effect on layer
separation. Similar to PLA/EG-2, both tactoids and intercalated assemblies are
observed. However, for both samples prepared via melt blending, the shear applied
during extrusion is not enough to totally separate the graphene layers, although a
number of well dispersed single layers are observed. In both PLA/EG-2 and PLA/EGMA/EG-2, most of the EG in the structure is still in the form of tactoids with a
large number of graphene sheets positioned on one another. These sheets are
obviously seen in Figure 4.59-f and Figure 4.60-f, respectively. These structures are
fully consistent with the strong peak observed at 26.5° in XRD patterns.
Most of the studies on polymer nanocomposites prepared with graphite derivatives
reported that direct melt mixing is not sufficient for a good dispersion of the filler
material in the matrix polymer [10, 119, 157]. In literature, observation of
unexpected single layer dispersions in TEM has been associated with the presence of
hydroxyl, carboxyl and/or carbonyl functional groups on graphite structure that
remained from the acid or high temperature treatment. These functional groups could
promote hydrogen bonding between PLA and graphite [119]. In fact, this approach
could be valid since presence of some oxygen in the EG structure was previously
proven with EDX analyses.
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Figure 4.59 TEM micrographs of PLA/EG-2 produced via melt blending at different
magnifications
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Figure 4.60 TEM micrographs of PLA/E-GMA/EG-2 produced via melt blending at
different magnifications
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PLA/EG-2 and PLA/E-GMA/EG-2 composites produced via solution mixing were
also investigated with TEM. Figure 4.61 shows the binary composite micrographs at
different magnifications. Large EG tactoids are still present as can be seen in Figure
4.61-a. However, smaller tactoids, intercalated assemblies and dispersed single
graphene layers in polymer matrix are seen more frequently (Figure 4.61-b and
Figure 4.61-c). Addition of E-GMA to the binary composite did not change the fact
that mixed EG structures are seen in the composite (Figure 4.62). Even though
presence of exfoliated graphene layers are detected more frequently in solution
mixed samples compared to the melt blended ones (Figure 4.62-d and e), presence of
EG agglomerates with high number of graphene layers organized in stacks explains
the single peak seen in XRD patters, which is identical to the ones seen in samples
prepared via extrusion.
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Figure 4.61 TEM micrographs of PLA/EG-2 produced via solution mixing at
different magnifications
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Figure 4.62 TEM micrographs of PLA/E-GMA/EG-2 produced via solution mixing
at different magnifications
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4.2.2.2 Spectroscopic Analyses
FTIR analyses were performed to find evidences of the interactions between the
polymer matrix, PLA, and the rubber, E-GMA. The characteristic peaks of PLA and
E-GMA structures were shown previously in Section 4.1.2.2. A similar approach
was followed: the reaction expected to occur between the end groups of PLA
(COOH and/or OH) and the epoxide group of E-GMA can be detected from the
decreasing intensity or disappearance of the epoxide peak seen at 910 cm-1 in the
FTIR spectra of neat E-GMA [133, 137]. For this purpose, FTIR spectra of four
selected samples were compared (Figure 4.63).
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PLA/E-GMA (extruded)
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Figure 4.63 FTIR spectra of E-GMA, PLA and their binary blends prepared via melt
blending or solution mixing

FTIR spectra of blends prepared with different methods are identical which means
that in both methods, PLA is reactively blended with E-GMA. As shown in previous
section concerning the morphologies of the samples prepared by different methods,
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binary blends of PLA/E-GMA resulted in totally distinct structures. However, FTIR
spectra of these blends revealed that chemical interactions between the matrix and
the rubber are not affected by the production method.

4.2.2.3 Mechanical Analyses
Mechanical properties of the nanocomposites are very important to pursue and
evaluate the effects of different procedures applied in production processes and the
changes in the material contents. These results should be discussed in accordance
with the morphological structures of the samples.
First, mechanical properties of different production methods will be presented
separately to show the effects of different compositions. Then the analogous
compositions will be compared for different production techniques. Tabulated form
of mechanical test results can be found in Appendix B.
Effect of Composition in Melt Blending
Figure 4.64 shows changes in tensile strength of neat PLA and ternary
nanocomposites prepared by melt blending as EG concentration is increased.
Blending PLA with a rubber caused 32% decrease in tensile strength. This is an
expected reduction owing to the elastomeric nature of E-GMA.
Addition EG does not significantly affect the tensile strength so that all PLA/EG
binary composites, independent of the EG content, have a tensile strength value in
the same order of magnitude of neat PLA. Similar results were obtained in a study of
Fukushima et al. [119] where PLA/EG binary composites were prepare in a
Brabender internal mixer in a range of 3-9 wt. % EG content. They reported that for
all binary nanocomposites, tensile strength remains practically constant as compared
to neat PLA. In fact, addition of exfoliated graphite structures resulted in three
different reinforcing behaviors reported in the literature: strength might descend with
increasing loading or strength goes up with increasing loading or finally strength
goes up to a peak value at a critical concentration, and then goes down with further
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loading, which is considered as the unsuccessful dispersion at higher loading of the
filler, causing more stress concentration sites [10].
Usually, addition of a nanofiller is expected to increase tensile strength. Although
this is not observed in PLA/EG binary composites, increasing EG concentration
caused a gradual increase in tensile strength of ternary nanocomposites. In other
words, decreasing strength of brittle polymer due to blending with an elastomer is
compensated with addition of stiff filler to a certain extent. However, this
compensation is not enough to totally recover to neat PLA strength in the EG range
used in this study.

Figure 4.64 Tensile strength of neat PLA, PLA/E-GMA binary blend and PLA/EGMA/EG ternary composites prepared via melt blending

Tensile modulus values are also not affected noticeably from addition of EG to the
polymer matrix (Figure 4.65). The main parameter affecting the modulus is the
addition of the rubbery phase. Consistently with the expectations, Young’s modulus
of PLA/E-GMA is 16% lower than that of neat PLA. However, contrary to the
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tensile strength, modulus values are not recovered at a considerable extent with the
addition of EG. The effect of EG concentration on Young’s modulus was also
reported in the literature, however, the results are not consistent with this study. For
example, in a study PLA/EG nanocomposites were prepared in an internal mixer
with EG concentrations varying between 3 to 9 wt. %. Addition of 6% and 9% EG
into PLA led to increases of Young's modulus of about 30% and 50%, respectively,
compared to that of neat PLA [119]. In another study, PLA/EG composites were
prepared in a twin-screw extruder with EG contents in between 0.1-7 wt. %. In that
study, Young’s modulus of PLA/EG nanocomposites increased noticeably with the
increase of EG content, which was more pronounced at filler concentrations less than
2 wt. % [162].

Figure 4.65 Young’s modulus of neat PLA, PLA/E-GMA binary blend and PLA/EGMA/EG ternary composites prepared via melt blending

Figure 4.66 represents percent strain at break under the applied tension. Elongation
of the material is an indication of toughness and blending with the rubber caused a

166

drastic increase in elongation. On the other hand, increasing EG concentration made
the PLA matrix more brittle. At the highest EG concentration (2 wt. %), PLA/EG
binary nanocomposite has the lowest strain at break.
In ternary nanocomposites, elongations at break do not follow a pattern with
increasing or decreasing EG concentration. However, all PLA/E-GMA/EG
nanocomposites failed at a strain lower than the PLA/E-GMA blend and higher than
neat PLA and/or PLA/EG binary composites.

Figure 4.66 Elongations at break of neat PLA, PLA/E-GMA binary blend and
PLA/E-GMA/EG ternary composites prepared via melt blending

Another indication of toughness is the impact strength of the composite material. In
the literature, there are a few studies that succeeded in improving the impact
toughness of polymer/expanded graphite nanocomposites. For example, Wang et al.
[162] reported that impact strength of HDPE/EG system increases with EG loading
less than 2 wt. %, but decreases markedly with EG loading over 4 wt. % as
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compared with that of neat HDPE. It is claimed that when the EG content is low, the
nanosheets that are successfully dispersed in the matrix absorb part of the impact
energy, but as the loading is increased, the movement of polymer molecular chains is
intensively restricted. In another study, it is reported that addition of exfoliated
graphite nanoplatelets in PLA matrix improves the impact energy with the largest
increase in the impact strength observed for filler contents of 8 and 10 wt. %.
However, in most of the studies, elevated EG loadings result in sacrifices in impact
strength [44, 163, 164].
Figure 4.67 shows the changes in absorbed energies of unnotched samples in Charpy
impact test. In PLA/EG binary nanocomposites, effect of EG loading on impact
strength is about ± 3%, which is in the experimental error range. Therefore, it can be
said that EG loadings employed in this study did not affect the impact strength
significantly. As discussed in detail on SEM micrographs of PLA/EG binary
composites, PLA/EG composites mostly exhibit straight crack propagation lines on
their fracture surfaces. These lines usually enhance further growth and make it easier
to fracture the specimen with a small amount of energy. However, short cracks
extending to different directions were also seen around the large stacks. This crazing
effect around the EG stacks might compensate the stiffening effect of the filler and
the impact strength remains in the same order of magnitude.
The main influence on impact strength is obtained by addition of E-GMA to the
composite system. Blending E-GMA with neat PLA yields almost 50% increase in
impact toughness. In the ternary systems, a synergistic effect of E-GMA and EG can
be seen at the lowest EG loading. As the EG content increases, impact strength starts
descending but it does not go down to the impact strength of neat PLA. This
decrease of the impact strength in ternary nanocomposites is most probably due to
the insufficient dispersion of the filler.
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Figure 4.67 Impact strength of neat PLA, PLA/E-GMA binary blend and PLA/EGMA/EG ternary composites prepared via melt blending

Effect of Composition in Solution Mixing
Compared to neat PLA, both tensile strength and modulus decreased significantly by
blending with E-GMA as can be seen in Figure 4.68 and Figure 4.69, respectively.
The reductions are 59% and 35%, respectively, for strength and modulus. The
elastomeric nature of E-GMA is the main reason of these reductions. In addition,
tensile strength of PLA/EG binary nanocomposites prepared via solution mixing
showed a decreasing trend with increasing EG loading. In fact, addition of a
nanofiller is expected to increase the tensile strength, but there are some studies
reporting a number of polymer/EG nanocomposites with lower strength caused by
increasing loading [165, 166]. Young’s modulus values of binary nanocomposites
are not affected from the EG loading, and regardless of the filler content all binary
nanocomposites have approximately the same modulus values. PLA/E-GMA/EG
nanocomposites show a synergistic effect where reduction modulus is compensated
with the presence of a rigid filler to certain extent.
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Figure 4.68 Tensile strength of neat PLA, PLA/E-GMA binary blend and PLA/EGMA/EG ternary composites prepared via solution mixing

Figure 4.69 Young’s modulus of neat PLA, PLA/E-GMA binary blend and PLA/EGMA/EG ternary composites prepared via solution mixing
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Another important information obtained from tensile test is the strain at break, which
is an indicator of tensile toughness. The lowest EG loading (0.5 wt. %) increased the
elongation at break of the binary nanocomposite for about 50% compared to that of
the neat PLA (Figure 4.69). However, as the EG loading increased to 2 to 4-fold,
elongations decreased to lower values than that of the neat PLA. As discussed in
Section 4.2.2.1 considering the TEM micrographs, there are smaller tactoids well
dispersed in polymer matrix of solution mixed samples, and intercalated assemblies
and dispersed single graphene layers are seen frequently. At the lowest EG loading,
these well dispersed mixed EG structures might align in the direction of extension,
providing good transfer of the load and therefore increase the toughness. At higher
loadings, this effect might be suppressed due the presence of larger tactoids.
The main enhancement in tensile toughness is obtained in the presence of E-GMA.
Just by blending PLA with E-GMA via solution mixing method yields 8-fold
increase in strain at break. The increase in elongation at break reaches its highest
value for PLA/E-GMA/EG-0.5 nanocomposite 169%. Increased EG loading caused
a gradual decrease in elongations, but still the nanocomposites containing E-GMA
and prepared via solution mixing can be considered as super-toughened compared to
neat PLA. SEM micrographs of solution mixed binary PLA/E-GMA blend and
ternary nanocomposites showed no phase separation behavior.
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Figure 4.70 Elongations at break of neat PLA, PLA/E-GMA binary blend and
PLA/E-GMA/EG ternary composites prepared via solution mixing

Changes in impact toughness of nanocomposites prepared via solution mixing are
very different than tensile toughness. Blending with E-GMA without adding the
nanofiller resulted in 2-fold improvement, however, as the filler is added to this
binary blend, impact strength decreased systematically with increasing filler loading.
Interestingly, among all nanocomposites prepared via solution mixing, the maximum
impact strength was achieved at the lowest EG loading without addition of E-GMA.
As the filler content increases, impact strength also decreases. At every filler
concentration, PLA/EG binary nanocomposites exhibited slightly higher impact
strength compared to those of PLA/E-GMA/EG nanocomposites. According to the
SEM micrographs, PLA and E-GMA constitute a continuous phase when mixed in
solution, but addition of a stiff filler like EG might cause weaker points in the
structure. Furthermore, as mentioned previously in Section 4.2.2.1, the crack
propagation lines seen on the fracture surface images of PLA/E-GMA/EG-0.5
nanocomposite prepared via solution mixing are more superficial compared to the
binary nanocomposite (PLA/EG-0.5) with the same loading of EG without E-GMA.
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Figure 4.71 Impact strength of neat PLA, PLA/E-GMA binary blend and
PLA/E-GMA/EG ternary composites prepared via solution mixing

Comparison of Production Methods
Mechanical properties such as strength, modulus, and toughness of a polymer
nanocomposite depend extremely on the dispersion quality and interface bonding
between polymer matrix and nanofillers. A uniform dispersion and strong interface
bonding can assist the load transfer within the composites. However, in composites
of graphite derivatives, there are stress concentrations due to the multiple filler
structures (heterogeneous microstructures) which are harmful to the mechanical
performance [10]. According to the results published in the literature, two
conventional methods used in this study (melt blending and solution mixing) to
produce PLA/EG nanocomposites result in different dispersion states and probably
different interface interactions. From industrial point of view, melt blending is the
preferred compounding technique for the preparation of composites since it is a
direct, cost effective and environmental friendly process. No solvents are involved
during melt blending. Traditional mixing equipment such as extruder, internal mixer,
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and two-roll mill can be implemented for the melt blending operations and are
usually available in most compounding units [40]. There are no published studies
directly comparing the material properties obtained with these two methods but it is
well known that melt blending is usually not successful in dispersing EG in various
polymer matrices. Better dispersion obtained via solution mixing is accompanied
with the requirement of high amounts of solvent usage in order to dissolve both the
polymer matrix and the filler. In this study, the comparison between melt blending
and solution mixing is done at low EG loadings to decrease solvent usage. In fact,
improvement with low filler loading with low amount of solvent usage is one of the
main objectives.
Figure 4.72 shows tensile strength values of PLA/EG binary composites prepared via
melt blending and solution mixing methods. Filler loading range (0.5-2 wt. %) has
no significant effect on the samples prepared with the same method, i.e.; 4-fold
increase in EG (from 0.5 to 2 wt. %) caused only 2% increase in melt blended
samples. Tensile strength of samples mixed in solution also did not vary among
themselves. However, solution mixed composites have significantly lower strength
compared to melt blended samples. Usually, a decrease in tensile strength is
evaluated as poor dispersion of the filler and poor interaction between the filler and
the matrix. There are some studies on different polymer matrices and fillers in which
higher tensile strength values with melt blending were obtained compared to solution
mixing. For instance, sisal fibers in PP matrix are reported to be exposed to breakage
during melt blending which was claimed to result in effective mixing and orientation
in comparison to that of solution mixed samples [167].
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Figure 4.72 Comparison of tensile strength values of PLA/EG binary composites
prepared via extrusion and solution mixing

In this study, XRD patterns of the samples suggest that there are no differences
between the two production methods in terms of final interlayer distances. This is
valid for both binary and ternary composites. TEM micrographs also suggest that
smaller tactoids together with some intercalated assemblies and dispersed single
graphene layers in polymer matrix can be observed in solution mixed composites.
Thus, morphology analyses suggest that solution mixed samples should compete
with melt blended samples or even show better tensile performance. The decrease in
tensile strength could be attributed to the possible changes in physical properties of
PLA such as reduction in molecular weight. Detailed studies on glassy polymers
revealed that MW has significant effect on tensile properties [168, 169, 170]. For
example, tensile strength of PS was found to increase sharply with the molecular
weight of the material through the range 50000 to 200000 reaching a value of more
than ten times the value at low molecular weights.
Comparison of tensile strength values of binary blends and ternary nanocomposites
produced with the addition of elastomeric E-GMA is shown in Figure 4.73. The
extent of the decrease in tensile strength is more apparent in the PLA/E-GMA blend
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prepared via solution mixing. As aforementioned, the morphologies of the blends are
also substantially different such that spherical droplet shaped phase separation was
observed in melt blended sample, whereas solution mixed sample resulted in a
continuous structure.

Figure 4.73 Comparison of tensile strength values of PLA/E-GMA/EG ternary
composites prepared via extrusion and solution mixing

As in the case of PLA/EG composites, melt blended ternary composites exhibited
higher tensile strength values compared to those of solution mixed samples.
However, the difference between these two methods is considerably lower than the
difference observed in binary composites (Figure 4.72). Additionally, the drastic
decrease in strength of binary blend produced via solution mixing was compensated
to some extent with the addition of filler. This recovery is at its maximum at the
lowest filler content due to the better dispersion and filler-matrix interactions
obtained at lower concentrations. The rubber obviously acts as compatibilizer
between the matrix and filler, but with increasing EG loading, slight decrease in
strength was observed. However, samples prepared via melt mixing show
incremental increase as EG content is increased.

176

The changes in modulus of the binary composites are shown in Figure 4.74.
Regardless of the filler loading and production method, binary composites attained
modulus values in the same order of magnitude, which are also comparable to that of
the neat PLA. Enhancements in rigidity with addition of EG to different polymer
matrices were reported in literature at relatively higher loadings (ca. 3 wt. %) [119,
171, 172].

Figure 4.74 Comparison of Young’s modulus values of PLA/EG binary composites
prepared via extrusion and solution mixing

When the binary blends are considered, it is obvious that both methods result in
decreases in rigidity (Figure 4.75). Blending with an elastomeric copolymer was
expected to result as such. The reduction in elastic modulus is more apparent in the
binary blend prepared via solution mixing. Addition of EG to solution mixed PLA/EGMA binary blend successfully recovers the lost rigidity. In melt blended samples,
there is a gradual increase in modulus with increasing filler content, however, the
recovery is not as explicit as in solution mixing.
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Figure 4.75 Comparison of Young’s modulus values of PLA/E-GMA/EG ternary
composites prepared via extrusion and solution mixing

Tensile strength and rigidity of samples mixed in solution obviously remained below
those of melt blended nanocomposites. However, changes in elongation at break,
which is an indication of tensile toughness, are significantly different. As shown in
Figure 4.76, binary composites still have low toughness. Only the solution mixed
composite with the lowest EG loading show considerable increase, but still all binary
composites show brittle behavior. The main enhancement in tensile toughness was
achieved when E-GMA is added to the nanocomposites (Figure 4.77). Elongations of
binary PLA/E-GMA blends are also considerably higher compared to that of neat
PLA. To illustrate, melt blended PLA/E-GMA sample reached 7-times higher
elongation at break (~44%) in comparison to neat PLA. Addition of EG to this blend
caused a drastic decrease to almost half of the value of the blends. Contrarily, in
solution mixed composites, addition of EG to the binary blend with the lowest
loading resulted in the highest strain at break. Then, as EG content increases,
elongation starts decreasing.
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Figure 4.76 Comparison of elongation at break of PLA/EG binary composites
prepared via extrusion and solution mixing

Figure 4.77 Comparison of elongation at break of PLA/E-GMA/EG ternary
composites prepared via extrusion and solution mixing
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Considering all the tensile test results, it is obvious that the extent of intermolecular
interactions changes significantly with the production method. Previously mentioned
FTIR spectra of E-GMA containing samples showed that both production methods
resulted in successful reactive blending. SEM analyses, on the other hand, revealed
that morphology of solution mixed blends and composites have no phase separation
behavior when E-GMA is added. This final continuous structure loses its strength
and rigidity more than the phase separated structures. However, compensation of
these reductions with the presence of rigid filler is more apparent. Furthermore,
graphite is known for its self-lubricating behaviour, which arises from the weak
binding between the graphene sheets kept together only by weak Van der Waals
forces. These weak interactions allow for the interlamellar sliding [157]. This selflubricating effect might result in easier sliding of both EG layers and polymer chains
interacting with the filler surface. Increased chain mobility might result in decreasing
ultimate tensile strength and elastic modulus, but increased strain without failure.
Besides the tensile test, unnotched Charpy impact test provides information about the
toughness of the final product. Figure 4.78 and Figure 4.79 show the comparison of
impact energies of the samples with and without elastomer addition, respectively.
PLA/EG nanocomposites prepared via melt blending reached almost the impact
strength of neat PLA. Short cracks around EG stacks seen in SEM images of these
samples obviously were not enough to increase the energy absorbed during the
impact load. Analogous compositions prepared via solution mixing, on the other
hand, exhibited higher impact strength values. Interestingly, addition of E-GMA to
the composites resulted in opposite behavior. Even though solution mixing of PLA
with E-GMA imparts significantly higher energy absorbance compared to both neat
PLA and PLA/E-GMA blend prepared via melt blending, ternary nanocomposites
behaved quite the opposite manner. Melt blended ternary nanocomposites reached
higher impact strength values at all EG loadings. As aforementioned in the
morphology analyses part, the E-GMA droplets are ellipsoidal in shape rather than
being smooth spheres. This is an indication of sharing of the impact load between the
dispersed phase and the matrix. The continuous phase formed in PLA/E-GMA/EG
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nanocomposites and the small hole-like structures seen on fracture surface might
result in easier failure of the samples.

Figure 4.78 Comparison of impact strength values of PLA/EG binary composites
prepared via extrusion and solution mixing

Figure 4.79 Comparison of impact strength of PLA/E-GMA/EG ternary composites
prepared via extrusion and solution mixing
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4.2.2.4 Rheological Analyses
Time Sweep Measurements
Stability of the nanocomposites in the melt state can be investigated through time
sweep measurements at constant frequency and strain amplitude. Figure 4.80 shows
the change of the storage modulus curves of processed neat PLA and its blends with
respect to time. Decreases in storage modulus values after 15 minutes of testing are
25, 11 and 4% for neat PLA and PLA/E-GMA blends prepared via extrusion and
solution mixing, respectively. These results revealed that thermal stability is
significantly enhanced after blending. Addition of EG to PLA (not shown here)
further increased the thermal stability, i.e., storage modulus of PLA/EG-2 decreased
16% after 10 minutes of time sweep, which was 25% for extruded neat PLA.
Enhanced thermal stability of polymer/graphite nanocomposites were also reported
in the literature for PLA [119, 118] and other polymer matrices [173, 174, 175]. Kim
and Macosko [176] also reported the increase in thermal stability during time sweep
measurements for polycarbonate/graphite composites e.g. G’ of PC containing 1 and
3 wt. % of graphite remained nearly unchanged over 8000–11000 s. Considering that
both filler loading and blending improve thermal stability of the final product, no
thermal stabilizers were used. In order to be sure that the samples have a stable
viscoelastic response, the frequency sweep tests that were carried on later were
limited to 10 minutes.
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Figure 4.80 Time sweep curves obtained at 170°C, at 5% strain amplitude and 10
rad/s for processed neat PLA, and PLA/E-GMA blends prepared via extrusion and
solution mixing

Strain Sweep Measurements
In order to determine LVR of the blends and composites, strain amplitudes between
0.1-100% were swept at 10 rad/s frequency. For PLA/EG nanocomposites,
amplitude sweep should be discussed from two different views: filler content and
production method. In terms of filler concentration in melt blended samples, slight
decreases in G’ was observed at high amplitudes but these are not detectable on the
logarithmic scale for PLA/EG binary composites since relatively low loadings were
used. In fact, the limit of linearity slightly decreases with increasing filler content.
This decrease is more apparent for the ternary composites. Results of strain
amplitude measurements of melt blended samples are shown in Figure 4.81. Strain
amplitude curves of solution mixed samples are similar to the melt blended ones
(Figure 4.82). In this set, the shear thinning behavior at high amplitudes are more
prominent for the highest EG loading. Since the storage modulus (G’) is a more
sensitive rheological function than the loss modulus (G”) to the structural changes of
the nanocomposites, only the storage modulus curves are given for the strain sweep
tests [177].
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Figure 4.81 Strain sweep curves of processed neat PLA, PLA/E-GMA binary blend,
PLA/EG binary composites and PLA/E-GMA/EG ternary composites prepared via
melt blending

Figure 4.82 Strain sweep curves of processed neat PLA, PLA/E-GMA binary blend,
PLA/EG binary composites and PLA/E-GMA/EG ternary composites prepared via
solution mixing
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The rheological measurements, which would provide the main information about the
melt behavior of the final product, should be performed in the LVR, since in this
region the microstructure of the material would not be affected by shear alignment
during the experiment. Blends and ternary nanocomposites have higher storage
modulus values than that of the simple nanocomposites, but the nonlinear behavior is
observed more clearly and at lower amplitudes for the blends and ternary
nanocomposites in both production methods. Therefore, considering the two
amplitude sweep graphs presented above (Figure 4.81 and Figure 4.82) the
subsequent frequency sweep measurements are decided to be performed at a constant
strain amplitude (5 %) for all the batches in order to have comparable results.

Frequency Sweep Measurements
Rheological behavior of PLA/EG composites produced in this part of the study will
be evaluated again from the point of different production methods, and at the same
time, effects of EG loading and E-GMA addition will be elaborated. Then, the
effects of production methods on the viscoelastic behavior of composite materials
will be compared based on a single loading.
Figure 4.83, Figure 4.84 and Figure 4.85 show G’, G” and * of the nanocomposites
produced via melt compounding. There is a substantial increase in storage modulus
with increasing EG loading, especially at low frequencies. This increase in G’,
together with a decrease in the slope of the curve, indicates increase in solid-like
behavior, or elastic nature of the nanocomposites, at higher filler contents, probably
due to the formation of a network structure. Usually, interconnected network
structures of anisometric fillers like layered silicates and graphite derivatives lead to
noticeable qualitative changes in the dynamic moduli and viscosity. Similar
observations were reported also in literature [152, 176]. Effect of filler content in
ternary nanocomposites, on the other hand, is suppressed by the presence of the
rubber. The PLA/E-GMA blend showed higher storage modulus as compared to all
the nanocomposites at all frequencies.
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Figure 4.83 Storage modulus as a function of frequency for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via melt blending method

Similarly, G” of the PLA/E-GMA blend and all binary and ternary composites are
higher than that of neat PLA as can be seen in Figure 4.84. G” is a viscoelastic
parameter that indicates the viscous or liquid-like behavior of the material, and it
gives information mainly on the viscous or energy dissipation during flow [178].
Loss modulus of all samples increased monotonically over the whole frequency
range investigated. At high frequency region, the anisotropic EG sheets or stacks
probably get aligned in the direction of the flow, therefore, less increase in G” is
observed. In fact, this interpretation of limited contribution at high frequencies is
observed for both dynamic moduli for all the nanocomposites.
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Figure 4.84 Loss modulus as a function of frequency for PLA, PLA/E-GMA binary
blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via melt blending method

The complex viscosity behavior of all samples are similar, such that the Newtonian
plateau seen in the low frequency range disappeared in the nanocomposites
accompanied with a shear-thinning behavior. The disappearance is clearer in the
ternary nanocomposites which also showed significant increase in elastic behavior at
low frequencies as G’ values suggest. There is a slight increase in the viscosity of
PLA/EG-0.5 compared to that of pristine PLA. Thus, addition of 0.5 wt. % EG is
obviously not enough for an enhancement compared to pristine PLA. However, the
overall enhanced viscosity with increased EG loading in binary PLA/EG
nanocomposites could be attributed to the flow restrictions caused by the relatively
large stacks. The shear thinning behavior starting at lower frequencies for 1 and 2 wt.
% PLA/EG composites could be due to the inherent lubricating nature of graphite
containing graphene sheets resulting from the weak Van der Waals forces.
Similar to the storage modulus results, incorporation of E-GMA into the composites
suppressed the effect of EG on viscosity in ternary nanocomposites. Dynamic
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frequency test results of E-GMA can be seen in Appendix D. The viscosity of EGMA in melt state is significantly higher than that of pristine PLA at low
frequencies (almost 7 times larger) with no Newtonian behavior. At high frequency
region, on the other hand, the complex viscosity of pure E-GMA becomes
comparable to that of pure PLA. Incorporation of E-GMA to pristine PLA and
PLA/EG nanocomposites through melt compounding showed considerable increases
in complex viscosity with earlier disappearance of the Newtonian range. This
indicates good interaction between the polymer matrix and the rubber with a
dominant shear-thinning behavior at high frequencies.

Figure 4.85 Complex viscosity as a function of frequency for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via melt blending method

The so-called modified Cole–Cole plots (the curve of log G’ versus log G”) are very
sensitive to a variation in the morphological state of multicomponent or multiphase
polymer systems such as immiscible polymer blends, micro phase-separated block
copolymers and liquid crystalline polymers [179].
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Figure 4.86 shows Cole-Cole plots for PLA nanocomposites prepared via melt
compounding [86]. Pristine PLA is on the very right side of the equimoduli line
indicating liquid-like behavior. The slope of PLA/E-GMA blend is considerably
smaller than that of neat PLA. The blend becomes more elastic as it is compounded
with E-GMA. The curve for pure E-GMA lies on the equimoduli line. It is indicated
in literature that, according to the molecular theories, modified Cole-Cole plot gives
a master curve whose slope is 2 for homogeneous polymer melts and solutions [180,
181, 182]. Slopes less than 2 suggest heterogeneous systems [182, 183]. The slope of
the log G’ versus log G” plot of neat PLA is 1.7, which is consistent with the value
given in literature [183]. Slope of the blend and ternary composites are smaller than
that for pure PLA (around 1.3 for blends). This suggests that all melt mixed PLA/EGMA blends are immiscible forming a phase separated structure, confirming the
result of SEM observations.

Figure 4.86 Storage modulus as a function of loss modulus for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via melt blending method
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Previously presented properties of composites produced via solution mixing method
revealed that both filler and the rubber interacted differently with the polymer matrix
compared to melt compounded samples. There are also some differences between
solution mixed composites and melt compounded samples in terms of rheological
behavior. Figure 4.87, Figure 4.88 and Figure 4.89 show G’, G” and * of the
nanocomposites produced via solution mixing. The enhancements in storage
modulus of PLA/EG binary nanocomposites are not very different than melt
compounded analogous compositions in terms of order of magnitude. At low
frequencies, the increase in G’ with increasing EG loading in binary composites
supports the TEM results where smaller tactoids, intercalated assemblies and
dispersed single graphene layers in polymer matrix are seen more frequently
compared to melt blended samples. The increase in the solid-like behavior at higher
filler contents is attributed to the formation of a network structure. However, the
incorporation of E-GMA in the solution mixed samples resulted in almost 100-fold
increase compared to melt compounded samples at the low frequency region. This
tremendous increase in solid-like behavior, in which storage modulus is almost
independent of the frequency, is more clearly reflected on the modified Cole-Cole
plot (Figure 4.90). Similar to the melt blended ternary nanocomposites, effect of
filler content is suppressed by the presence of the rubber at low frequencies.
However, different from the melt blended samples, at higher frequencies, the curves
are separated and the highest EG loading reaches the highest storage modulus.
It is well known that the phase morphology is an important factor in the rheology of
immiscible polymer blends. Most binary polymer blends are immiscible and usually
the characteristics of these immiscible polymer blends are determined by the state of
the interface between the components [184]. SEM micrographs revealed that melt
blending results in phase separation while solution mixing forms a continuous
morphology. Interactions between PLA and E-GMA chains probably occur only on
the surfaces of the dispersed droplets in melt blending. However, in solution mixing,
single polymer chains dissolved in the solvent have the chance to directly interact
with each other. Therefore, in the melt blended samples the interaction is provided
by the copolymer formed on the droplet surface, whereas it is probably in the form of
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chain extension in solution mixed samples. Even though no molecular weight
determination studies were performed on the samples produced in this study, it is
assumed that reactive blending was achieved for both methods based on the FTIR
results. The potential chain extension and decreased chain mobility in the overall
system might result in the enhanced solid-like behavior. Incorporation of EG into the
system further restricts the easy flow of the chains especially in the higher loadings
resulted in higher storage modulus values at higher frequencies.

Figure 4.87 Storage modulus as a function of frequency for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via solution mixing method

Figure 4.88 shows the loss modulus of samples prepared via solution mixing. Similar
to the storage modulus, G” of the PLA/E-GMA blend and all binary and ternary
composites showed increases. Loss modulus of all samples increased over the whole
frequency range investigated, with a smaller slope at low frequencies indicating
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lower frequency dependence. In the high frequency region, aligned EG stacks in the
direction of the flow caused less increase in G” similar to the melt blended
analogues.

Figure 4.88 Loss modulus as a function of frequency for PLA, PLA/E-GMA binary
blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via solution mixing method

Figure 4.89 shows the dependence of complex viscosities of solution mixed
composites. PLA/EG composites, with a rise in viscosity together with the increasing
EG loading, exhibited a Newtonian plateau followed by shear thinning at high
frequencies. In the low filler loading levels used in this study, only slight changes in
the inception of this shear thinning was observed, but this non-Newtonian behavior
is of great importance in processing and fabrication of polymer composites. The
decreased viscosity enables easier processing of the polymer melt [7]. As mentioned
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before, melt compounded samples containing E-GMA showed shear–thinning at
lower frequencies compared to the binary composites. Analogous samples prepared
via solution mixing, on the other hand, showed no Newtonian behavior. All E-GMA
containing samples exhibited high viscosities compared to pristine PLA and their
binary composites at low frequencies. At higher frequencies, the viscosities became
comparable.
The solid-like behavior observed in the rheology of polymer composites due to the
formation of network-like structure in the suspension is now well-established. The
effect of network-like structure is clearer at large time scales, namely at lower
frequencies. This network structure may be governed by particle-particle and
polymer-particle interactions which vary from one polymeric system to the other
[183]. In this study, both mechanisms probably affect the behavior of the
composites. The change in the matrix morphology restricts the alignment of filler
material and the changes in network structure at low frequencies, resulting in a great
increase in viscosity. This situation changes at high frequencies, and thus the effect
of filler loading is observed clearly. In addition, the potential chain extension and
decreased chain mobility in the overall system might result in increase in viscosity.
In general, as molecular weight of the continuous phase increases, shear thinning of
the complex and shear viscosity become more pronounced [185].
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Figure 4.89 Complex viscosity as a function of frequency for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via solution mixing method

The drastic increase in solid-like behavior of E-GMA addition to PLA and PLA
composites in solution mixing method is clearly reflected on the Cole-Cole plot
(Figure 4.90). Pristine PLA curve is again on the very right side of the equimoduli
line indicating liquid-like behavior. Slight increase in solid-like behavior in PLA/EG
binary composites can be observed. The PLA/E-GMA binary blend and PLA/EGMA/EG ternary nanocomposites, on the other hand, exhibit strong elastic behavior.
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Figure 4.90 Storage modulus as a function of loss modulus for PLA, PLA/E-GMA
binary blend, PLA/EG binary composites and PLA/E-GMA/EG ternary composites
prepared produced via solution mixing method

Effects of production methods on rheological behavior of PLA and EG composites
can be seen in the graphs presented below. In order to observe these results, single
EG loading (1 wt. %) was selected and G’ and * curves are shown on the same plot
in Figure 4.91 and Figure 4.92, respectively. PLA/EG binary composites behaved
similarly throughout the tested frequency range. This filler loading caused only a
slight increase in elastic behavior in the low frequency range, but still G’ depends on
frequency. The main enhancement in G’ is obtained with the addition of E-GMA to
the composites. Drastic increase in G’ of PLA/E-GMA/EG-1 composite at the low
frequencies compared to all other samples indicates that the matrix-rubber-filler
interactions were substantially improved in solution mixing method. These
interactions in turn forms an interconnected structure which is not affected by the
deformations on large time scales.
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Figure 4.91 Comparison of storage modulus of binary and ternary nanocomposites
with respect to the preparation methods

Similar to the storage modulus results, viscosity of the E-GMA containing
composites are significantly higher than that of neat PLA and PLA/EG composites
prepared via either production method. As discussed beforehand, effect of networklike structure, the obvious change in the matrix morphology, and the possible chain
extension reactions between the polymer matrix and the rubber causing a decrease in
chain mobility could be reasons of increases in viscosities.
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Figure 4.92 Comparison of complex viscosity of binary and ternary nanocomposites
with respect to the preparation methods

4.2.2.5 Thermal Analyses
Thermal properties of neat PLA, PLA/E-GM binary blends, PLA/EG and PLA/EGMA/EG nanocomposites were investigated using DSC, and the main results are
tabulated in Table 4.5. In the analysis, only the first heating cycle was considered so
that in both mechanical and thermal analysis, all the specimens have the same
thermal history. There is no obvious change in melting temperatures of different
compositions but crystallinity (Xc) values with respect to production method give
clues about different structures. In the literature it is reported that graphite loading
induces PLA crystallization [119]. Similar observations are also valid for this study.
In both production methods, binary PLA/EG composites follow a pattern of
increasing crystallinities with increasing EG loading compared to neat PLA. Except
for the PLA/EG binary composites prepared via melt blending, the peaks of
crystallization temperature (Tc) are at lower values compared to that of pristine PLA,
which supports the nucleation effect of the nanofiller. The exception for PLA/EG
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binary composites prepared via melt blending might be due to the weaker
interactions of the polymer matrix and filler due to the insufficient dispersion in melt
processing. It should be noted that addition of E-GMA to these samples also caused
a decrease in Tc, suggesting improved nucleation effect in the presence of E-GMA.
Binary PLA/E-GMA blends have lower crystallinity values compared to the binary
PLA/EG composites. This may be due the reactive blending achieved in both
methods. Lower crystallinities of solution mixed samples are more pronounced. As
discussed before, solution mixing method increased the chain-to-chain interactions
between PLA and E-GMA, asserting the continuous morphology, increased elastic
properties and decreased chain mobility, which in turn decreased the crystallinity of
the materials analyzed.

Table 4.5 Thermal properties of PLA, PLA/E-GMA binary blend, PLA/EG binary
composites and PLA/E-GMA/EG ternary composites determined by DSC
Content

Tg (°C)

Tc (°C)

Tm (°C)

Xc (%)

E-0

Neat PLA (ext.)

57.9

119.2

148.4

9.4

E-1

PLA/EG-0.5

58.9

119.1

148.1

10.4

E-2

PLA/EG-1

57.8

119.2

148.3

11.1

E-3

PLA/EG-2

57.9

118.3

148.1

11.8

E-4

PLA/E-GMA (90/10)

57.7

112.6

148.2

9.6

E-5

PLA/E-GMA/EG-0.5

57.8

111.9

148.3

11.1

E-6

PLA/E-GMA/EG-1

57.3

114.2

149.1

9.7

E-7

PLA/E-GMA/EG-2

58.2

112.5

148.3

13.5

S-1

PLA/EG-0.5

54.2

112.9

147.8

9.0

S-2

PLA/EG-1

53.6

117.2

148.9

9.7

S-3

PLA/EG-2

52.6

112.9

148.0

10.2

S-4

PLA/E-GMA (90/10)

60.3

112.7

147.4

4.2

S-5

PLA/E-GMA/EG-0.5

56.3

112.2

149.0

6.3

S-6

PLA/E-GMA/EG-1

56.4

112.9

147.6

7.6

S-7

PLA/E-GMA/EG-2

57.3

112.1

147.7

7.9

Code
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CHAPTER 5

5. CONCLUSIONS
CONCLUSIONS

PLA nanocomposites containing different nano-size fillers and commercial
elastomeric additives were produced in order to obtain improved properties
compared to the pristine PLA. The attempts made in this study to obtain enhanced
material properties can be divided into two parts: In the first one, by incorporating
epoxy and maleic anhydride functionalities together with nanoclays, it was aimed to
improve toughness. Five different organically modified commercial nanoclays were
used as nanofillers and two different commercial elastomers with different functional
groups

(ethylene-glycidyl

methacrylate

and

ethylene-butyl

acrylate-maleic

anhydride) were selected as the compatibilizers. Both the clay and the compatibilizer
contents were kept constant in order to observe the changes in the nanocomposites
with changes in the structure of the clay modifiers. Conventional twin-screw
extrusion was used as the production method for the nanocomposites. In the second
part, expanded graphite was used as nanofiller. The effects of different production
methods on the dispersion of expanded graphite (EG) in the polymer matrix were
investigated via extrusion and solution mixing techniques. Graphite loading (under 2
wt. %) was investigated together with the incorporation of a rubber. The following
conclusions can be given for the separate sections of this dissertation:
PLA/Organoclay Nanocomposites:


Among the five organoclays utilized, C25A and C30B have more affinity to the
PLA polymer matrix. Addition of E-GMA resulted in an increased degree of
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polymer intercalation into the galleries between silicate layers. But E-BA-MAH
caused no significant change clay dispersion compared to PLA/clay binary
nanocomposites.


Phase separated morphologies were obtained by blending PLA with
compatibilizers. Sizes of the rubbery domains of different rubbers are noticeably
different. Average droplet size of E-BA-MAH is almost 1.4-fold larger than EGMA droplets after blending at identical conditions.



TEM analyses revealed that all nanocomposites were comprised of multiple clay
dispersion states. In every sample, intercalated/exfoliated structures with
tactoids of changing sizes are observed.



According to the FTIR analyses, both E-GMA and E-BA-MAH interacted
reactively with PLA.



According to the tensile test results, binary blends have significantly lower
tensile strength and modulus than the pristine PLA. These decreases were
compensated with the incorporation of nanofillers to some extent, especially for
E-GMA containing nanocomposites.



Results of elongations at break, which are indicators of tensile toughness, were
totally different than the expectations. Blending with E-GMA resulted almost 8fold increase in elongation at break, but blending with E-BA-MAH caused
reduction in elongation. All clay types increased the percent elongations even at
higher level than blending with E-GMA.



Impact strength values of ternary nanocomposites containing E-GMA are all
higher than that of neat PLA, but lower than that of the binary PLA/E-GMA
blend. However, E-BA-MAH containing nanocomposites resulted in a reduction
compared to neat PLA. The difference in rubber domain sizes and the
incompatibility of E-BA-MAH with PLA could be the reasons of reduced
impact strength values.



Although the contents of all nanocomposites are the same, effects of modifier
structure and the compatibility of the dispersed phase were clearly reflected on
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the rheological behavior. E-BA-MAH containing nanocomposites showed
earlier nonlinear behavior in strain sweep measurements.


Organoclays C25A and C30B, and the compatibilizer E-GMA came into focus
in terms of increased melt viscosity and elastic behavior in the low frequency
range. Addition of E-BA-MAH, on the other hand, resulted in no significant
changes in solid-like behavior. In particular cases, both dynamic moduli and
viscosity values of E-BA-MAH containing samples remained below that of the
neat PLA, which is attributed to increased chain mobility and alignment of
silicate layers easily due to weak interactions in these ternary systems. Enhanced
melt viscosity in the samples containing E-GMA could be attributed to the high
viscosity of E-GMA itself, and flow restrictions owing to the strong interaction
between the polymer matrix and the compatibilizers.



Extrusion caused 7% increase in global crystallinity of pristine PLA due to the
chain scissions caused by extrusion.



Due to the low filler loading, effect of organoclays on the thermal properties of
nanocomposites compared to neat polymer cannot be evaluated efficiently but
the effect of rubber addition can be seen in the case of E-BA-MAH. Addition of
E-BA-MAH to the nanocomposites resulted in the highest crystallinity values
due to the weaker compatibility of this rubber with the polymer matrix and the
clay nanoparticles might result in easier alignment of polymer chains due to
decreased restrictions.

To sum up this part of the dissertation, it was observed that even at low clay
loadings the structure of modifier influences the nanocomposite properties. Clay
dispersion in the PLA matrix is highly affected by the type of organic modifier of
the clay. Even though nanocomposites exhibit both intercalated and some exfoliated
layers with some remaining tactoids, the degree of intercalation is determined by the
chemical

compatibility between

the

polymer

matrix

and

the

modifier.

Compatibilizer structure is another important parameter affecting the final
morphology. Good polarity matching between the modifier structures of C25A and
C30B and the compatibilizer E-GMA resulted in high degree of intercalation. This
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phenomenon is coupled with the high reactivity of the epoxide group of GMA
towards the end groups of PLA compared to the MAH functional group, and
possibly resulted in network structures in the final product. Effects of the changes in
microstructure were reflected in both mechanical and rheological properties. Both of
the binary blends have lower tensile strength and modulus values, which are lower
than that of the neat PLA, and tensile strength and modulus were compensated to a
certain extent with the formation of ternary nanocomposites. Increases in both
tensile and impact toughness were also observed with the addition of rubber and/or
organoclay.
In the melt state, the most explicit shear-thinning behavior was observed for E-BAMAH containing composites due to the weaker interactions. Addition of E-GMA,
obviously changed the elastic behavior of the nanocomposites at low frequencies.
Solid-like behavior of PLA/E-GMA blend was reduced with the addition of
nanoclay which might be an indication of clay positioning in the ternary
nanocomposites. All nanocomposites behaved similarly at high frequencies
indicating that chain relaxation modes are not affected by the presence of layered
silicates.
PLA/Expanded Graphite Nanocomposites:


According to the XRD analyses, both melt blending and solution mixing were
not able to exfoliate or completely separate the stacks of parallel graphene
sheets. However, there are smaller tactoids, intercalated assemblies and
dispersed single graphene layers as observed in TEM micrographs of solution
mixed samples.



SEM images of samples produced via both melt compounding and solution
mixing consist of large EG stacks in micron sizes.



Melt

blended

composites

containing

E-GMA

have

phase

separated

morphologies with ellipsoidal submicron size E-GMA droplets dispersed in the
polymer matrix. Morphologies of analogous samples produced via solution
mixing are totally different. Continuous, single phase morphology is observed in
these samples.
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FTIR spectra of blends prepared with different methods are identical which
means in both methods PLA is reactively blended with E-GMA.



Mechanical properties of the composites change significantly with EG loading,
rubber addition and preparation method. Blending PLA with E-GMA resulted
in significant reductions in tensile strength and modulus for both production
methods. This reduction is more pronounced for solution mixing, but the
compensation of these reductions with the incorporation of filler is also clearer
in solution mixed samples.



Increases in tensile toughness are more apparent in samples prepared via
solution mixing, especially in E-GMA containing ones.



Effects of changing morphological structures obtained via different production
methods were also seen in rheological behavior. Binary PLA/EG composites
behaved similarly at all frequencies, but incorporation of E-GMA into these
composites with different production methods were obviously different.
Addition of E-GMA via solution mixing resulted in drastic increase in solid like
behavior, especially at low frequencies.



Complex viscosities of binary and ternary composites were also different.
Increased EG loading in binary composites caused a gradual increase in
complex viscosities. But E-GMA addition suppressed the effect of filler loading
and at all EG concentrations ternary composites had higher viscosities with
earlier disappearance of Newtonian behavior in melt blended samples. Samples
prepared via solution mixing did not even show Newtonian behavior.



Thermal analyses revealed that in both production methods, binary PLA/EG
composites followed a pattern of increasing crystallinity with increasing EG
loading compared to neat PLA. Additionally, lower crystallization temperature
of composites compared to pristine PLA verifies nucleation effects of the
nanofiller.

To sum up this second part of the study, it was observed that the production method
determines the final properties of the product even though no significant differences
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were observed in filler dispersion with morphological analyses. High magnitudes of
shear is applied to the polymer melt during extrusion, and there is continuous mixing
throughout the extruder, but the polymeric materials can interact only on the
interface of the coalesced droplets. In solution mixing, there is the possibility of
polymer chains and the elastomer chains to interact with each other, i.e., there is
mixing at the molecular level. Thus, the final morphologies are different. Continuous
morphology observed in samples prepared via solution mixing results in lower
strength and rigidity than phase separated melt blended samples. However,
compensation of these reductions with the presence of rigid filler is more apparent.
The self-lubricating effect might result in easier sliding of both graphene sheets and
polymer chains interacting with the filler surface. Increased chain mobility might
result in decreasing ultimate tensile strength and elastic modulus but in increased
strain without failure. The rheological behavior of solution mixed ternary
nanocomposites suggest that the network-like structure, the obvious change in the
matrix morphology, and the possible chain extension reactions between the polymer
matrix and the rubber caused a decrease in chain mobility accompanied with
increases in both dynamic moduli and viscosity.
Under the light of all the results obtained in this study, PLA nanocomposites with
very low filler contents have shown to possess various mechanical, rheological, and
thermal property enhancements, and these enhancements mainly depend on polymerparticle interactions and effective dispersion of the filler in the matrix. In the first
part of the study, it was revealed that E-GMA is a better compatibilizer and impact
modifier for PLA/organoclay nanocomposites. In the second part, solution mixing
method to produce ternary nanocomposites was shown to provide better interactions
between the elastomer and the polymer matrix and thus the filler. However, the
enhancements and reductions in a particular property are usually accompanied with
changes in another property. Thus, the type of filler material, the structure of the
elastomer and the production method to be used for a specific product should be
selected according to the desired final properties.
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SPECTROSCOPIC ANALYSES

Figure A.1 The FTIR spectra of neat PLA
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Figure A.2 FTIR spectra of (a) PLA, (b) E-GMA, (c) E-BA-MAH, (d) PLA/C25A,
(e) PLA/E-GMA/C25A, (f) PLA/E-BA-MAH/C25A

Figure A.3 FTIR spectra of (a) PLA, (b) E-GMA, (c) E-BA-MAH, (d) PLA/C30B,
(e) PLA/E-GMA/ C30B, (f) PLA/E-BA-MAH/ C30B

226

Figure A.4 FTIR spectra of (a) PLA, (b) E-GMA, (c) E-BA-MAH, (d) PLA/N5,
(e) PLA/E-GMA/N5, (f) PLA/E-BA-MAH/N5

Figure A.5 FTIR spectra of (a) PLA, (b) E-GMA, (c) E-BA-MAH, (d) PLA/N8,
(e) PLA/E-GMA/N8, (f) PLA/E-BA-MAH/N8
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Table B.1 Tensile test results of neat PLA, PLA/compatibilizer binary blends,
PLA/organoclay binary nanocomposites and PLA/compatibilizer/organoclay ternary
nanocomposites

Code

Content

A-00

Neat PLA (unext.)

Tensile
Strength
(MPa)
57.1 ± 1.0

Young's
Modulus (MPa)

Elongation at
Break (%)

1372.9 ± 16

6.6 ± 0.6

Impact
Strength
(kJ/m2)
17.3 ± 0.4

A-01

Neat PLA (ext.)

57.1 ± 0.7

1463.7 ± 16

7.3 ± 0.5

15.6 ± 0.9

A-02

PLA/E-GMA

14.8 ± 1.2

914 ± 46

58.8 ± 3.6

24.9 ± 2.5

A-03

PLA/E-BA/MAH

14.7 ± 1.5

1021 ± 58

4.1 ± 1.5

22.4 ± 1.5

C-1

PLA/C15A

44.9 ± 1.5

1477 ± 12

95.7 ± 5.9

15.2 ± 0.1

C-2

PLA/C25A

43.3 ± 1.6

1502 ± 23

156.9 ± 6.9

15.5 ± 0.3

C-3

PLA/C30B

40.4 ± 0.9

1426 ± 28

181.3 ± 26.5

15.6 ± 0.3

C-4

PLA/N5

38.3 ± 1.7

1384 ± 10

118.5 ± 11.0

15.6 ± 0.5

C-5

PLA/N8

37.7 ± 2.0

1380 ± 11

118.4 ± 35.5

15.5 ±0.5

A-1

PLA/E-GMA/C15A

47.1 ± 0.5

1291 ± 11

130.0 ± 8.8

18.2 ± 0.5

A-2

PLA/E-GMA/C25A

48.4 ± 0.8

1339 ±18

27.2 ± 10.6

18.4 ±1.3

A-3

PLA/E-GMA/C30B

44.9 ± 0.7

1284 ± 16

21.8 ± 7.0

18.6 ± 1.0

A-4

PLA/E-GMA/N5

48.6 ± 1.2

1302 ± 15

58.2 ± 12.6

19.6 ± 1.3

A-5

PLA/E-GMA/N8

47.7 ± 2.7

1255 ± 14

113.3 ± 6.5

19.9 ± 1.1

B-1

PLA/E-BA-MAH/C15A

24.1 ± 2.0

1286 ± 20

5.0 ± 0.8

13.1 ± 0.8

B-2

PLA/E-BA-MAH/C25A

22.8 ± 2.0

1237 ± 30

4.5 ± 0.9

13.3 ± 1.7

B-3

PLA/E-BA-MAH/C30B

22.8 ± 2.8

1188 ± 43

6.0 ± 1.3

15.1 ± 0.4

B-4

PLA/E-BA-MAH/N5

27.0 ± 2.7

1323 ± 37

5.1 ± 0.6

12.8 ± 0.9

B-5

PLA/E-BA-MAH/N8

24.7 ± 1.7

1286 ± 18

4.7 ± 0.4

11.3 ± 0.7
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Table B.2 Tensile test results of neat PLA, PLA/compatibilizer binary blends,
PLA/EG binary nanocomposites and PLA/compatibilizer/EG ternary
nanocomposites
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Tensile
Strength
(MPa)

Young's
Modulus
(MPa)

Elongation
at Break
(%)

Impact
Strength
(kJ/m2)

0

E-GMA
Content
(wt.%)
0

48.5 ± 2.3

1466 ± 22

5.9 ± 0.7

13.8 ± 1.5

E-1

0.5

0

46.7 ± 2.4

1486 ± 33

5.7 ± 0.5

14.3 ± 0.7

E-2

1

0

49.8 ± 1.3

1455 ± 13

6.4 ± 0.6

14.3 ± 0.1

E-3

2

0

47.6 ± 2.5

1464 ± 21

4.0 ± 1.6

13.3 ± 1.2

E-4

0

10

33.1 ± 3.5

1226 ± 27

128.0 ± 16.4

20.4 ± 1.0

E-5

0.5

10

34.4 ± 4.6

1243 ± 29

19.0 ± 7.0

23.7 ± 0.8

E-6

1

10

35.9 ± 2.3

1267 ± 29

9.7 ± 2.2

21.9 ± 1.1

E-7

2

10

39.2 ± 3.4

1312 ± 33

29.5 ± 13.8

21.1 ± 0.8

S-1

0.5

0

29.4 ± 2.0

1459 ± 30

8.8 ± 3.0

20.9 ± 2.2

S-2

1

0

29.6 ± 3.0

1475 ± 35

6.1 ± 0.6

17.8 ± 2.6

S-3

2

0

26.2 ± 2.2

1496 ± 47

5.8 ± 0.9

15.4 ± 1.0

S-4

0

10

20.0 ± 1.3

955 ± 28

52.4 ± 14.6

28.1 ± 2.7

S-5

0.5

10

32.0 ± 2.4

1213 ± 16

154.9 ± 34.2

20.5 ± 1.7

S-6

1

10

30.9 ± 2.8

1208 ± 26

168.6 ± 33.0

15.5 ± 0.9

S-7

2

10

29.1 ± 2.6

1189 ± 44

97.4 ± 10.0

13.6 ± 1.1

Code

EG
(wt.%)

E-0
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Figure C.1 DSC curve of E-GMA performed under He purge between -180°C and
150°C at an heating rate of 10°C/min
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Figure C.2 DSC curve of E-BA-MAH performed under He purge between -180°C
and 150°C at an heating rate of 10°C/min

Figure C.3 DSC curve for A-00

232

Figure C.4 DSC curve for A-01

Figure C.5 DSC curve for A-1
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Figure C.6 DSC curve for A-2

Figure C.7 DSC curve for A-3
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Figure C.8 DSC curve for A-4

Figure C.9 DSC curve for A-5
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Figure C.10 DSC curve for B-1

Figure C.11 DSC curve for B-2
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Figure C.12 DSC curve for B-3

Figure C.13 DSC curve for B-4
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Figure C.14 DSC curve for B-5

Figure C.15 DSC curve for C-1
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Figure C.16 DSC curve for C-2

Figure C.17 DSC curve for C-3
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Figure C.18 DSC curve for C-4

Figure C.19 DSC curve for C-5
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Figure C.20 DSC curve for E-0

Figure C.21 DSC curve for E-1
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Figure C.22 DSC curve for E-2

Figure C.23 DSC curve for E-3
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Figure C.24 DSC curve for E-4

Figure C.25 DSC curve for E-5
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Figure C.26 DSC curve for E-6

Figure C.27 DSC curve for E-7
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Figure C.28 DSC curve for S-1

Figure C.29 DSC curve for S-2
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Figure C.30 DSC curve for S-3

Figure C.31 DSC curve for S-5
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Figure C.32 DSC curve for S-6

Figure C.33 DSC curve for S-7
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D. RHEOLOGY ANALYSES
DYNAMIC FREQUENCY TEST RESULTS

Figure D.1 Frequency dependence of G’, G” and * of E-GMA
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Figure D.2 Frequency dependence of G’, G” and * of E-BA-MAH

Figure D.3 Storage modulus as a function of frequency for neat PLA, and binary and
ternary nanocomposites produced with C15A
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Figure D.4 Complex viscosity as a function of frequency for neat PLA, and binary
and ternary nanocomposites produced with C15A

Figure D.5 Storage modulus as a function of frequency for neat PLA, and binary and
ternary nanocomposites produced with C30B
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Figure D.6 Complex viscosity as a function of frequency for neat PLA, and binary
and ternary nanocomposites produced with C30B

Figure D.7 Storage modulus as a function of frequency for neat PLA, and binary and
ternary nanocomposites produced with N8
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Figure D.8 Complex viscosity as a function of frequency for neat PLA, and binary
and ternary nanocomposites produced with N8
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SEM images of the blends and nanocomposites prepared in this study were
investigated using the image analyses program, Image J. This program was primarily
used to determine the average size of the dispersed phase (rubber domains) in the
binary blends and ternary nanocomposites. At least three images with a
magnification of x3000 were analyzed for each sample. The area of each hole in the
samples was determined by using the image analysis software by transforming these
black holes into ellipsoids and calculating the area of these ellipsoids. Then, the
average domain size (average diameter) was calculated statistically with the box plot
method. Details of these steps are given below.
1. Image to be analyzed is selected. (File  Open)
2. A straight line of the same length as the scale is drawn in order to identify the
known length to the image analyses program. Then, this scale is defined with its
given unit on the image to the corresponding number of pixels (Figure E.1).
3. The area to be analyzed is selected and duplicated by right clicking on the selected
region.
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Figure E.1 SEM image of a binary blend with x3000 magnification

4. Following these steps on the software: Image  Adjust  Threshold, colors of
the image can be adjusted. Threshold space should be selected as black and white
(B&W) in order to identify the domains clearly. Threshold vales should be selected
after the desired colors are obtained (Figure E.2).

Figure E.2 SEM image of a binary blend after thresholding
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5. On the thresheld image, following these steps: Analyze  Analyze Particles 
Ellipses; areas of all identified rubber domains can be found. The program gives the
list of all domains and their areas. The identified ellipses can be seen in Figure E.3.

Figure E.3 SEM image of a binary blend with the identified rubber domains

6. There can be very large or small ellipses in the data set obtained from the image
analyses software. These ellipses should be excluded from the data set before
calculating the average domain size. In order to determine these outliers from the
data set, box plot method was used.
7. The box plot is a graphical display that simultaneously describes several important
features of a data set, i.e., center, departure from symmetry and identification of
unusual observations or outliers.
A box plot displays the three quartiles, the minimum and the maximum data on a
rectangular box, aligned either horizontally or vertically. The box encloses the
interquartile range with the left edge at the first quartile (q1), and the right edge at the
third quartile (q3). A line is drawn through the box indicating the second quartile or
the median. A line (whisker) extends from each end of the box. The lower one is a
line from the first quartile to the smallest data point within the 1.5 interquartile
ranges from the first quartile. Similarly, the upper whisker is a line from the third
quartile to the largest data point within the 1.5 interquartile from the third quartile. A
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point beyond a whisker, but less than 3 interquartile ranges from the box edge, is
called an outlier. A point more than 3 interquartile ranges from the box edge is called
as an extreme outlier [186]. Illustration of the box plot method together with the
definitions given here can be seen in Figure E.4

Figure E.4 Description of a box plot [186]
8. After determining the outliers and extreme outliers in the data set obtained from
Image J software, the average droplet size is calculated using the remaining data.
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